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Abstract

Background: Functional heterogeneity in the tu-
mor necrosis factor a (TNF-a) gene may be respon-
sible for the TNF-a response in infectious and auto-
immune diseases. Recently, the TNF-238 promoter
polymorphism was observed as being associated
with a more destructive disease in rheumatoid ar-
thritis (RA). To determine the relation between
TNF-238 and disease progression, the extent of joint
destruction in a cohort of 101 RA patients followed
for 12 years was analyzed. Furthermore, we have
attempted to link this polymorphism to TNF-a gene
transcription in monocytes and lymphocytes in
vitro.
Patients, Materials, and Methods: The extent of
joint destruction determined on X-rays of hands and
feet assessed after 0, 3, 6, and 12 years was com-
pared with TNF-238 genotypes. Functional conse-
quences of TNF-a gene polymorphisms using re-
porter gene constructs were analyzed in cells of the
monocyte and lymphocyte lineage by means of tran-
sient transfection systems.

Results: The rate of joint damage in -238GA patients
was lower than that in the -238GG patients, indepen-
dent of HLA-DR4. Damage after 12 years was 76 ± 30
for the -238GA versus 126 ± 13 for the -238GG patients
as determined by the van der Heijde's modification of
Sharp's method. Furthermore, TNF-238A was found to
be in linkage disequilibrium with an additional polymor-
phism at position -376. Functional assays revealed no
significant differences in the level of inducible reporter
gene expression between the TNF-238/-376 promoter
constructs in the cell types tested.
Conclusion: In a prospective study, we show that the
TNF-238GG genotype contributes to progression of joint
destruction in RA, independent of the presence of HLA-
DR4. However, in vitro transfection assays indicate that
TNF-238A by itself or in combination with TNF-376A is
not likely to be of direct functional relevance for tran-
scriptional activation. Therefore, these polymorphisms
may serve as markers for additional polymorphisms in
the TNF/LT locus or neighboring genes that may influ-
ence disease severity.

Introduction

The cytokine tumor necrosis factor (TNF) a has
an essential role in the inflammatory response.
In dysregulated inflammation, such as rheu-

matoid arthritis (RA), TNF-a is directly impli-
cated in the pathogenesis. The most compelling
evidence stems from studies in which remark-
able clinical benefit was observed in RA pa-
tients treated with anti-TNF-a antibodies (1,2).
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Since the consequence of TNF-a production is
believed to depend on the timing, localization,
and extent of its release, the tight control of
TNF-a production may be critical to mount a
proper immune response. In support of this
idea, deregulated TNF-a expression in trans-
genic mice led to the induction of a symmetric
polyarthritis similar to RA (3). Moreover, mice
with one of the TNF alleles deleted (TNF'-)
showed increased susceptibility to high-dosage
lipopolysaccharide (LPS) lethality and infec-
tious agents, which suggest the biological con-
sequences of differences in gene dosage (4,5).

The regulation of TNF-a production is cell-
type specific and tightly controlled at multiple
levels including transcription, mRNA stabiliza-
tion, translation, and precursor processing. Se-
quences at the 5' end of the gene are crucial for
the control of transcription (6,7). Sequences in
the 3' UTR are implicated in regulating mRNA
stability and translational efficiency of the mRNA
(reviewed in refs. 8,9).

The search for genetic heterogeneity within
the TNF-a gene has disclosed several polymor-
phisms in the 5' regulatory region. In RA, genetic
factors influence the extent of joint damage. RA
patients who are DR4 positive suffer from a more
severe disease course than those who are DR4
negative (10). The TNF-a promoter polymor-
phism at position -238 (11) has been associated
with disease severity independent of HLA-DR. In
a case-control study, a relationship was found
between the TNF-238GG genotype and a more
destructive disease course and earlier disease on-
set in RA (12,13). Consistent with these findings,
the TNF-238GA genotype tends to correlate with
less severe disease in multiple sclerosis (14). In
systemic lupus erythematosus, the TNF-238AA
genotype was found to be a marker of a partic-
ular clinical subtype (15). Furthermore, associa-
tions of the TNF-238 polymorphism with juve-
nile onset psoriasis and psoriatic arthritis (16),
the occurrence of scarring thrachoma (17), and
susceptibility to alcoholic steatohepatitis have
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been reported (18). Considering the location of
this polymorphism in a region involved in TNF-a
gene transcription and its association with dis-
ease, we hypothesized that the -238 G to A tran-
sition might influence TNF-a mRNA expression
and as a result, facilitate deregulation of the cy-
tokine network, thereby influencing the disease
process. In order to extend the association be-
tween the -238GG genotype and joint destruc-
tion, the relation between the TNF-238 promoter
polymorphism and the progression of joint ero-
sions was determined in a prospective study. To
determine whether the -238 polymorphism has
functional relevancy, we measured the activity
of the allelic TNF-a promoters in their capacity to
drive reporter gene expression in transient trans-
fection experiments.

Patients, Materials, and Methods
Patients and Healthy Controls
From a previously reported cohort study (19),
genomic DNA was available from 101 patients.
These patients, ages 20-50 years, had visited the
outpatient clinic of the Leiden University Medi-
cal Center with symptoms of recent-onset RA for
the first time between 1982 and 1986. All pa-
tients fulfilled the American College of Rheuma-
tology criteria of 1987 for RA (20). Five RA pa-
tients were heterozygous -238GA and 96 RA
patients were -238GG. Clinical data concerning
the presence or absence of increased serum levels
of rheumatoid factor were collected from the
patients' files. Radiographs of hands and feet
were taken at study entry and after 3, 6, and 12
years. The hand and foot radiographs were
scored separately according to the van der Heijde
modification of Sharp's method (21), random
through time. This method reflects erosions and
joint-space narrowing in 44 joints. The principal
measure, the total score, is the sum of erosions
and ranges from 0 to 448. During the follow-up
period, 30 out of 101 patients did not develop
erosions. Moreover, most of these patients
showed no signs of arthritis after 1 year during
the follow-up. To test the effect of the TNF-238
polymorphism in patients with definite erosive
RA, a second analysis was carried out in the
subgroup of patients (n = 71) with erosive dis-
ease (Sharp score >5).

The typing of TNF-238 and -376 alleles for
linkage disequilibrium analysis was carried out in
403 unrelated healthy Dutch Caucasians.
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Fig. 1 Schematic repre-
sentation of the human
TNF/LT locus within MHC
on chromosome 6 and the
reporter gene constructs
used in this study. Hori-
zontal arrows indicate the
direction of transcription.

DNA Isolation, HLA-DR4 Typing, PCR, Allele-
specific Hybridization

Isolation of genomic DNA, typing of HLA-DR4,
and assessment of TNF-a genotype was carried
out as described previously (12).

DNA Constructs

Generation of the wild-type TNF-a promoter-
CAT construct TNF-238G/CAT containing the
TNF-a promoter fragment from -598 to +108
has been described previously (22). The allelic
TNF-a-CAT constructs containing the relevant
nucleotide substitutions at positions -238 and
-376, TNF-238A/CAT, and TNF-238A/-376A/CAT,
were generated by recloning a 495 bp XmaI-SstI
TNF-a PCR product from -602 to -107 contain-
ing an A at position -376 and/or at position -238
into TNF-238G/CAT. The allelic TNF-luciferase
constructs were generated by cloning the 713 bp
BamHI-HindIII TNF-238G/CAT, TNF-238A/CAT,
and TNF-238A/-376A/CAT fragment into the pXPI
luciferase plasmid (23), giving rise to the plas-
mids pXP1 -TNF238G, pXP1 TNF238A, and pXP1-

TNF-238A/-376A, respectively. A schematic repre-

sentation of the constructs is depicted in

Figure 1. Cloning procedures and CsCl-gradient
DNA preparations were carried out using stan-
dard laboratory techniques (24). All polymor-
phisms were confirmed by dideoxy sequencing.

Cell Culture, Activation, and Transfection

The cell lines U937 and Mono Mac 6, represen-

tatives of the early. and mature stages of mono-
cytic differentiation, respectively, were main-
tained in LPS-free RPMI- 1640 medium with
10% fetal calf serum (FCS; Gibco, BRL) and sup-

plements (25,26). Both cell lines were trans-
fected by electroporation using a gene pulser
(Bio-Rad, Richmond, CA) at 200 volts and 950
,uF in the presence of 15 pkg of pXPl-TNF-a fire-
fly luciferase test plasmid. As a control for trans-
fection efficiency, 2.5 ,ug of pRL-SV40 plasmid
expressing Renilla luciferase (Promega, Leiden,
The Netherlands) was cotransfected.

Twenty-four hours after transfection, Mono
Mac 6 cells were activated with LPS (1 jig/ml)
and U937 cells with a combination of LPS (1
jig/ml) and phorbol myristate acetate (PMA)
(0.01 jig/ml). Cells were harvested 4 h later and
luciferase activity of the plasmids was measured
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in a luminometer using the Dual-Luciferase re-

porter assay system (measuring both firefly and
Renilla luciferase) as directed by the manufac-
turer (Promega).

The T cell line Jurkat and B cell line Raji were
grown and transfected with TNF-a-CAT test plas-
mids as previously described (22). Twenty-four
hours after transfection, Raji B cells were activated
with PMA (0.05 ,ug/ml) and Jurkat T cells with a

combination of PMA (0.01 jig/ml) and aCD3
monoclonal antibody (CLB-T3/4.1; 0.25 ,g/ml,
kindly provided by L. Aarden, CLB Amsterdam).
Cells were harvested 24 h later and CAT assays

were carried out as previously described (22). As a

control of transfection efficiency, luciferase activity
of a cotransfected RSV-luciferase plasmid was mea-
sured in a luminometer.

Statistical Analysis

The difference between the -238GA and the
-238GG group regarding the rate of joint damage
as judged by the Sharp score was calculated by
regression analysis using mixed model ANOVA.

Pair-wise linkage disequilibrium analysis was

carried out according to the maximum likelihood
procedure, with the iterative process outlined by
Hill (27) as described by Meulenbelt et al. (28).

Statistical significance of the transfection
data was tested using a one-way ANOVA. Values
are expressed as the means ±SD.

Results
Association of TNF-238A with Radiographic
Damage in a Prospective Cohort of RA Patients

In 101 patients who had ever fulfilled the classifica-
tion criteria of RA, the joint damage was lower in the
-238GA patients than in the -238GG patients. The
median radiographic damage score for TNF-238GA
patients (n = 5) was 5 at onset and changed to 31 at
3 years, 24 at 6 years, and 79 at 12 years. TNF-238GG
patients (n = 96) showed an increased median radio-
graphic damage score: 0 at onset, which increased to
29 at 3 years, 52 at 6 years, and 111 at 12 years.

Analysis of the individual patients revealed that 30%
of the patients developed no erosions (as can be seen

by a large difference in mean Sharp score and median
Sharp score; Table 1). Since this may reflect disease
heterogeneity, the patients with erosive RA who also
had persistent arthritis were analyzed separately. In
these 71 patients, a dear association between the
TNF-238 promoter polymorphism and rate of joint
damage was observed (Table 1). The median radio-

graphic damage score for TNF-238 GA patients (n =
4) was 16 at onset and changed to 40 at 3 years, 51 at
6 years, and 90 at 12 years. TNF-238 GG patients (n =
67) showed an increased median radiographic dam-
age score: 0 at onset, which increased to 42 at 3 years,
90 at 6 years, and 165 at 12 years. Analysis with
repeated measures ANOVA revealed significant dif-
ferences in the rate of joint damage between the
groups tested: 6.2 damage units/year for the TNF-
238GA patients compared to 13.8 damage units/year
for TNF-238GG RA patients (p = 0.026). Since the
HLA-DR4 allele is known to be associated with a
more severe disease course, the association of TNF-
238GG with erosive RA might be secondary to HLA-
DR4. Subgroup analysis in the three DR4- -238GA
patients compared to DR4- -238GG patients revealed
a similar rate of joint damage. Regression analysis
revealed that after correction for HLA-DR4, the rate
of joint damage in TNF-238GA RA patients remained
significantly lower than that in the TNF-238GG
group (p = 0.022). These data confirn the observa-
tion that TNF-238GG and HLA-DR4 are independent
risk factors.

TNF-238A and -376A Are in Strong Linkage
Disequilibrium
Previously, data were reported that suggested a
complete linkage between the -238A and
-376A position (29). To document the linkage
between the two TNF-a promoter alleles, we
determined the -238 and -376 genotypes in a
large panel of healthy individuals (n = 403)
(Table 2). The data revealed that approxi-
mately 12% (4 out of 33) of individuals carry-
ing the -238A allele are also positive for the
-376A allele, whereas individuals who carried
the -376A allele were always carrying the
-238A allele. Haplotype analysis according to
Hill (27) revealed that the -238A and -376A
are in strong positive linkage disequilibrium (A
= 0.342, p < 0.001).

Consequences of TNF-238/-3 76 Promoter
Polymorphisms on TNF-a Promoter Activity in
U937, Mono Mac 6, Jurkat T, and Raji B Cells
A series of reporter gene plasmids have been
constructed to determine the functional conse-
quences of the -238/-376 polymorphism on
TNF-a gene regulation. Therefore, the poly-
morphic TNF-a 5' regulatory region, spanning
from -598 to + 108, has been fused to the CAT
or luciferase reporter gene. To compare the
transcriptional activity of the allelic TNF-a
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Table 1. Characteristics of female RA patients analyzed in a prospective case-control study

TNF Genotype TNF-238GA TNF-238GG

Cohort of 101 RA patients who had ever fulfilled the ACR criteria

No. of patients 5 96

% Increased RF levels 75 70

% HLA-DR4+ 20 45

Sharp Score

Study Entry (years) Mean ± SD Median Mean + SD Median

0 13 10 5 7±2 0

3 35+16 31 47+6 29

6 45 ±22 24 77 +9 52

12 76±30 79 126 13 111

Subgroup of 71 RA patients who suffered from definite erosive RA.

No. of patients 4 67

% Increased RF levels 75 82

% HLA-DR4+ 25 51

Sharp Score

Study Entry (years) Mean ± SD Median Mean + SD Median

0 5 12 16 9 3 0

3 44 17 40 61 7 42

6 57 +24 51 99 10 90

12 94 31 90 164 14 165

Table 2. Genotype frequencies of polymorphisms at positions -238 and -376 in a group of 403
healthy individuals

TNF Polymorphism
Allele Frequencies

-238376() -238GAa and -376GAb and
Genotypes GG GA GG GA -238A -376A -376GA (%) -238GA (%)

Healthy individuals
(n = 403) (%) 370 (91.8) 33 (8.2) 399 (99.0) 4 (1.0) 4.1 0.5 12.1 100

Delta-value for linkage disequilibrium (A = 0.342, p < 0.001) was defined according to the maximum likelihood procedure, with
the iterative process outlined by Hill (27).
aPercentage of -238GA genotyped individuals who also have a -376GA genotype.
bPercentage of -376GA genotyped individuals who also have a -238GA genotype.
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Fig. 2 Functional analysis of the pXPI-TNF238G,
pXPI-TNF 238A, or pXP1rTNF-238A-376A plasmids
in U937 (A) and Mono Mac 6 cells (B). Twenty-
four hours after transfection, U937 and Mono Mac 6
were mock stimulated (NS) or induced for 4 hr with
LPS/PMA and LPS, respectively. Shown here are the
means of three separate transfections with two dif-

promoters, U937 and Mono Mac 6 cells were

transiently transfected with the luciferase
reporter gene constructs pXP1 -TNF23sG,
pXP I -TNF238A, and pXP1 -TNF238A376A. Sub
sequently, U937 and.Mono Mac 6 cells were

stimulated with LPS/PMA and LPS, respec-

tively. Luciferase activity of the constructs was

expressed as the relative activity of the con-

struct with the highest activity (100%) in each
experiment. The different TNF-a promoter
variants did not affect constitutive or stimu-
lated TNF-a gene expression in U937 and
Mono Mac 6 cells (Fig. 2).

For analysis of TNF-a promoter activity in
a T and B cell background, Jurkat and Raji cells
were transiently transfected with the allelic
TNF-a promoter/enhancer constructs driving
the CAT reporter gene and stimulated with
aCD3/PMA and PMA, respectively. CAT activ-
ity of the constructs was expressed as the rel-
ative activity of the construct with the highest
activity (100%) in each experiment. The dif-
ferent TNF-a promoter variants did not affect
constitutive or stimulated TNF-a gene expres-
sion in Jurkat and Raji cells (Fig. 3).

In conclusion, these results reveal no signifi-
cant differences in transcriptional activity between
the TNF-238G, TNF-238A, and TNF-238A/-376A

ferent batches of plasmid DNA. The luciferase con-
structs were always tested simultaneously. Luciferase
activity of the constructs is expressed as the relative
activity of the plasmid with the highest activity
(100%) reached at 4 hr after stimulation in each ex-

periment. Relative luciferase activities (± SD) were
averaged and plotted in histograms as depicted.

promoter/enhancers in U937, Mono Mac 6, Jurkat
T, and Raji B cells.

Discussion
The major histocompatibility complex (MHC) re-

gion contains genes whose products fulfil a role
in the immune response. The importance of this
region is exemplified by the long list of patholo-
gies linked to MHC alleles. Previously, we iden-
tified the TNF-238GG genotype as a genetic fac-
tor that contributes to radiologically detected
erosions in RA in a case- control study (12). This
study was retrospective and it measured only
one parameter (the number of erosive joints in
the hands after 3 years). Therefore, we deter-
mined the progression of joint damage in a pro-
spective cohort of 101 RA patients. The rate of
joint damage in -238GA patients was lower than
that in the -238GG patients, independent of
HLA-DR4. Damage after 12 years was 76 30
for the -238GA versus 126 13 for the -238GG
patients. This cohort consisted of patients who
fulfilled the classification criteria for RA at start
of disease and were followed for 12 years even if
they did not show any signs of arthritis after the
first year. This resulted in a relatively large sub-
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Fig. 3 Functional analysis of the TNF-238G/CAT,
TNF-238A/CAT or TNF-238A/-376A/CAT plasmids in
Jurkat T cells (A) and Raji B cells (B). Twenty-
toLII hours after transfection, Jurkat and Raji cells
wxere Imock-stiimiulated (NS) or induccd for 24 hr
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DNA. The CAT coInstructs were always tested simlull-
tancously. CAT activity of the plasmids is expressed
as the relative activity of the plasmid with the higlh-
est activity (1 00%) reached at 24 hr after stimulla-
tion in each experiment. Relative CAT activities (+
SD) were averaged and plotted in histogramls as de-
picted.

grot1L) ol patients without any erosionis. In the
anialysis of joinit danmage, neither the median nor
the mean joint damage gave a good reflection of
a stibgrotup. Since patients with a nonerosive
disease of limzited duration may well represent
heterogeneity in the pathophysiology of the dis-
ease, we also analyzed the patients who devel-
oped erosioins separately. In this group of 71
erosive RA patienits, the difference in the rate of
joint destrtictioin betweeni -238GA and -238GG
RA p)atienlts was even increased: damage after 12
years was 94 ± 31 for the -238GA patients versus
164 + 14 for the -238GG patients. These findings
stup)port and consolidate our previotus report on
the -238GG TNF-a genotype being a Inew geInetic
factor that contributes to the progression of ra-
diologically detected joinit destructioin in RA.

Linikage disequilibrium betweein polymor-
phic genes within the MHC makes it difficult to
idelntily a specific allele that directly contributes
to ani observed disease association. Siince joint
daniage results from dysregulation of inflammia-
tioin, the assuiimption that functional heterogene-
ity in the TNF-a gene may result in differences in
regtilationi of inflammnation in RA is attractive.
Moreover, association of TNF-238 alleles with
disease ouLtcom1e in other diseases, stuch as psori-

asis and psoriatic arthritis (16), systemic lupus
erythematous (SLE) (30), scarring thrachoma
(17), and alcoholic steatohepatitis (18) has
strengthenied the speculation on its ftunctionality.
Initial reports have suggested an effect of the
TNF-238 polymorphism upon TNF-a genie regu-
lation is based on similarity of the sequience en-
compassiing -238 with a Y-box enhancer motif
(1 1). Moreover, deletion of the sequence froimi
-254 to -230 dramatically influenced TNF-a en-
hancer activity (31), which is indicative of the
presence of a functional motif in this regioin.
Here we have shown that a comparison of trani-
scriptional activity of the -238 allelic TNF-a en-
hancer/promoter regions did not reveal signiifi-
cant differenices when tested in monocytes, and
B and T cells. This observation excludes a role of
the -238 position in the activity of putative fuLnc-
tional elements enconmpassiing this positioIn.

Pair-wise linkage disequilibrium analysis re-
vealed that the -376A and -238A polymorphismiis
are in stronig positive linkage disequilibriumn.
Since the possibility exists that the allele carrying
the -376A and -238A positionls coulld affect
TNF-a geIne transcription, a constrtuct carrying
the G-to-A trainsitioin at positions -376 and -238
was tested. No significant differeince was ob-
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served for this construct compared to the -238A
and wild-type allelic TNF-a enhancer/promoter
constructs. Moreover, we have tested TNF-a
constructs containing an extended upstream re-
gion from - 1173 to + 130 (32) to determine
whether upstream TNF-a sequences could influ-
ence the transcriptional activity of -238 alleles. In
analogy to the -598/+108 reporter gene con-
structs, the -1173/+130 -238A and -238G
driven reporter gene expression was found to be
essentially equivalent when assayed by transient
transfection into Mono Mac 6 and the murine
macrophage cell line ANA-1 (data not shown).
This suggests that the TNF-238 polymorphism
neither contributes by itself nor synergizes with
the upstream region to influence TNF-a gene
transcription.

In this study, we have tested the allelic pro-
moter constructs in cell lines representative of
monocytes and T and B cells in combination with
the standard in vitro TNF-a-inducing stimuli
LPS/PMA, aCD3/PMA, and PMA, respectively. A
functional difference between an A and a G at
position -238 might become prominent with a
physiological TNF-a-inducing stimulus, which
may be different from the stimuli used in this
study. In this respect, it is worth mentioning that
the association between HLA-DR alleles and
TNF-a producer phenotypes was assigned with
standard in vitro TNF-a-inducing stimuli similar
to those we used (33,34). Hence, application of
these stimulation conditions in reporter gene
studies may be expected to disclose a functional
TNF-a gene polymorphism.

TNF-a is known to boost its own production by
a positive feedback on its own gene expression
(35). Through this mechanism, a minor difference
in the initial TNF-a response is amplified in an in
vivo system. This phenomenon is exemplified in
studies performed with mice heterozygous for a
deletion of the TNF-a gene (TNF+/ ), which re-
vealed that a small reduction of 50% of the initial
TNF-a gene expression gives a phenotype due to a
nonlinear response in TNF-a levels (4,5). In line
with this reasoning, the possibility that the pres-
ence of relatively small, nonsignificant differences
in allelic activity might be enough to elicit a bio-
logical effect in an in vivo system cannot be ex-
cluded. It is therefore relevant to note that the
absence of a direct effect of TNF-238 on TNF-a
enhancer/promoter activity is in agreement with a
previous study showing that monocytes derived
from TNF-238GA healthy individuals did not sig-
nificantly differ in their in vitro TNF-a production

capacity compared to that of TNF-238GG healthy
individuals (36).

In addition to the TNF-238 variant, other
TNF-a promoter polymorphisms may have a
transcriptional effect. The most well studied at
position -308 (37) is found to be associated with
severe forms of infectious diseases (38,39). How-
ever, conflicting data exist about its functionality
(22,40,41,42).

In addition to putative functional relevant pro-
moter/enhancer polymorphisms, other mecha-
nisms may account for differential TNF-a produc-
tion. Both in cis and in trans processes may be
involved. However, besides polymorphism in the
5' part of the TNF-a gene, heterogeneity in the 3'
UTR, which might indicate in cis (post) transla-
tional interference in TNF-a production, has not
been reported. Alternatively, it is also possible that
tightly linked and yet unidentified alleles at other
loci modify the production or activity of TNF-a.
Since TNF-a production has been suggested as be-
ing MHC associated, the major component respon-
sible for differential TNF-a production may reside
within the MHC locus. This locus harbors a num-
ber of genes whose products are (in)directly in-
volved in the biosynthesis of TNF-a. A candidate
gene is the SAPK-2 (stress-activated protein ki-
nase-2) gene encoding a kinase involved in the
regulation of cytokine production (43). Other can-
didates are the I-KB/NF-KB-like genes IKBL (44)
and G9a (45), which may play crucial roles in
inducible transcriptional gene activation. Muta-
tions affecting the expression of these genes or the
activity of their gene products could have an im-
pact on the expression of a wide range of cytokine
genes, including the gene encoding TNF-a, and
consequently contribute to disease susceptibility
and/or determine disease outcome.
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