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A Gene–Environment Interaction Between Smoking and
Shared Epitope Genes in HLA–DR Provides a High Risk of

Seropositive Rheumatoid Arthritis

Leonid Padyukov,1 Camilla Silva,2 Patrik Stolt,2 Lars Alfredsson,3 and Lars Klareskog,2 for the
Epidemiological Investigation of Rheumatoid Arthritis Study Group

Objective. The main genetic risk factor for rheu-
matoid arthritis (RA) is the shared epitope (SE) of
HLA–DR, while smoking is an important environmental
risk factor. We studied a potential gene–environment
interaction between SE genes and smoking in the etiol-
ogy of the 2 major subgroups of RA: rheumatoid factor
(RF)–seropositive and RF-seronegative disease.

Methods. A population-based case–control study
involving incident cases of RF-seropositive and RF-
seronegative RA (858 cases and 1,048 controls) was
performed in Sweden. Cases and controls were classi-
fied according to their cigarette smoking status and
HLA–DRB1 genotypes. The relative risk of developing
RA was calculated for different gene/smoking combina-
tions and was compared with the relative risk in never
smokers without SE genes.

Results. The relative risk of RF-seropositive RA
was 2.8 (95% confidence interval [95% CI] 1.6–4.8) in
never smokers with SE genes, 2.4 (95% CI 1.3–4.6) in
current smokers without SE genes, and 7.5 (95% CI
4.2–13.1) in current smokers with SE genes. Smokers
carrying double SE genes displayed a relative risk of

RF-seropositive RA of 15.7 (95% CI 7.2–34.2). The
interaction between smoking and SE genes was signifi-
cant, as measured by the attributable proportion due to
interaction, which was 0.4 (95% CI 0.2–0.7) for smoking
and any SE, and 0.6 (95% CI 0.4–0.9) for smoking and
a double SE. Neither smoking nor SE genes nor the
combination of these factors increased the risk of devel-
oping RF-seronegative RA.

Conclusion. The disease risk of RF-seropositive
RA associated with one of the classic genetic risk factors
for immune-mediated diseases (the SE of HLA–DR) is
strongly influenced by the presence of an environmental
factor (smoking) in the population at risk.

Rheumatoid arthritis (RA), similar to other mul-
tifactorial diseases, is believed to occur as a result of the
interaction between genetic constitution and environ-
mental triggers. However, as in most other complex
diseases, few such interactions have been described, and
it has been assumed that very large studies will be
needed to describe significant gene–environment inter-
actions in these diseases. Nevertheless, the few existing
examples, with the best one being a study of coeliac
disease (1), have demonstrated how the definition of
such interactions may open the field for new etiologic
and pathogenetic studies.

The current investigation was initiated with the
purpose of studying the interaction between the major
genetic risk factor so far defined for RA, the shared
epitope (SE) of HLA–DR (2), and smoking, which
appears to be an environmental factor of major impor-
tance (3–5). We also performed a separate analysis on
the 2 major phenotypes that are known in the disease,
i.e., rheumatoid factor (RF)–seropositive and RF-
seronegative RA. No studies using a case–control design
have previously been performed to address these issues,
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but a recent study, which involved RA cases only,
suggested that interactions between smoking and the SE
may exist (6).

Our study took advantage of a nationwide pro-
gram that was initiated in Sweden in 1996 for identifi-
cation and early treatment of patients with recent-onset
RA, from whom we have continuously collected exten-
sive information on environmental exposures, including
smoking, that occurred before the onset of the disease.
In conjunction with the first clinic visit, we also subphe-
notyped the patients according to RF status, and col-
lected blood samples for subsequent genotyping. In
parallel to the identification of cases, we collected
similar information from control individuals, who were
randomly selected from the study base.

PATIENTS AND METHODS

Study design. This study was designed as a population-
based case–control study involving incident cases of RA, which
were derived from the population ages 18–70 years in a
geographically defined area in the middle and southern parts
of Sweden. The recruitment period for the cases and controls
was May 1996 to February 2001. The general structure of the
study has been extensively described in a previous report,
which presented findings regarding the influence of smoking
on the risk of developing RA (5).

Identification of cases and controls. A case was de-
fined as a person in the study base who fulfilled the American
College of Rheumatology (ACR; formerly, the American
Rheumatism Association) 1987 criteria for the classification of
RA (7) and who had never had this diagnosis before (newly
diagnosed cases). All potential cases were examined and
diagnosed by a rheumatologist who was located at the unit in
which the case was entered. All hospital-based rheumatology
units as well as most of the privately run rheumatology units
(very few) in the study area participated in the study. RF status
was determined locally using agglutination tests, in which the
cutoff levels were selected to yield positive results in not more
than 5% of healthy controls. Results were reported as RF-
seropositive or RF-seronegative.

For each potential case, a control subject was randomly
selected from among a stratified random sample of the study
base, taking into consideration the subject’s age, sex, and
residential area. The selection of controls was conducted using
the national population register, which is continuously updated
(see ref. 7). If information on a control subject was incomplete,
then another control was selected using the same principles.
Initially, some of the centers also reported cases of arthritis
that did not fulfill the ACR criteria for RA, which enabled
investigations of undifferentiated arthritis. These subjects were
eventually excluded from this study, but their controls were
kept in order to improve the precision of the study.

Data collection. Cases and controls were asked to
answer a questionnaire. The patients answered the question-
naires shortly after they had received their diagnosis. All
questionnaires were supposed to be answered at home. Incom-

pletely answered questionnaires were completed by mail or by
telephone conversations conducted by specifically trained in-
dividuals.

Of the 900 identified patients with RA, 858 (95%)
completed the questionnaire (612 women and 246 men), and
of these, 64% of the women and 66% of the men were
RF-seropositive. The total number of identified controls was
1,263, and the overall response rate concerning completion of
the questionnaire for these individuals was 83%, producing a
total of 1,048 controls (736 women and 312 men). For each
case, a blood sample was obtained at the clinical center at the
time of the first visit. The blood samples from participating
control individuals were obtained in local medical wards and
were sent to us by mail. We received blood samples from 843
(98%) of all of the cases who answered the questionnaires and
from 627 (60%) of the controls (448 women and 179 men).

All patients and control individuals consented to par-
ticipate in the study after receiving written information. All
aspects of the study were approved by the ethics committee of
the Karolinska Institutet.

Definition of smoking habits. The questionnaire con-
tains a wide spectrum of questions regarding demographic and
reproductive factors, heredity, previous health, body weight
and length, lifestyle factors, occupational exposures, and psy-
chosocial and socioeconomic circumstances. The questions
posed regarding smoking, which are described in detail else-
where (5), permit stratification of cases and controls into
categories such as current smokers and never smokers. Infor-
mation was also obtained regarding the type of tobacco
smoked. The few subjects who smoked a pipe or cigars were
excluded, leaving a study group restricted to cigarette smokers
to be compared with the group of never smokers. Former
smokers of cigarettes were also excluded, thus restricting the
analysis to a comparison of current smokers of cigarettes with
those who had never smoked.

For each case, the time point at the initial appearance
of symptoms indicative of RA was used as an estimation of the
disease onset. The year in which this time point occurred was
defined as the index year, which was also used as the index year
for the corresponding control. Only data on smoking up to the
index year have been analyzed in the present study. Thus,
individuals who reported that they were regularly smoking
during the index year were defined as current smokers, and
individuals who reported that they had never smoked prior to
or during the index year were defined as never smokers.

Genotyping. DNA from blood samples in EDTA was
extracted by the salting-out method (8), and analysis of HLA–
DRB1 genotypes was made using the sequence-specific
primer–polymerase chain reaction method (DR low-resolution
kit; Olerup SSP, Saltsjöbaden, Sweden) as previously described
(9). Among the HLA–DRB1 genes, DRB1*01, DRB1*04, and
DRB1*10 were defined as SE genes. Any genotype with a
combination of 2 of these genes was considered to be a double
SE genotype. At the beginning of the study, some patients (81
cases) were subtyped for identification of HLA–DRB1*01 and
04 alleles. We determined a frequency of DRB1*0101 of 89%
and a frequency of DRB1*0401;*0404;*0405;*0408 alleles of
98%, and for practical reasons, we decided to restrict the
genotyping to only DR low-resolution analysis.

Potential confounding factors. We adjusted the data
for age, sex, and residential area according to the principle of
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control selection. Furthermore, socioeconomic group, body
mass index (BMI), marital status, parity, and oral contracep-
tive use were considered to be potential confounding factors.
In the analysis, socioeconomic group was categorized into 8
strata, and the other variables were dichotomized as follows:
BMI as �25 kg/m2 versus BMI �25 kg/m2, marital status as
married and/or cohabiting with an adult versus other status,
parity as yes or no, and oral contraceptive use as ever or never.

Statistical analysis. In the data analysis, subjects with
different genotypes and smoking habits were compared with
regard to the incidence of RF-seropositive RA, RF-
seronegative RA, and total RA, by calculating the odds ratios
(ORs) with 95% confidence intervals (95% CIs) by means of
logistic regression. ORs were interpreted as the relative risk,
because the study was population-based and the control pop-
ulation was a random sample from the study base (10). We
performed matched analyses (conditional logistic regression)
based on all available case–control pairs, as well as unmatched
analyses of the data (unconditional logistic regression) based
on all available cases and all available controls. Herein, we
present only the results from the unmatched analyses, since
these were in close agreement with those from the matched
analyses but had higher precision.

Adjustment for socioeconomic class, BMI, marital
status, parity, and oral contraceptive use had minor influences
on the results of the study, and was therefore not retained in
the final analyses. Interaction between genotype and smoking
habits was evaluated, using departure from additivity of effects
as the criterion of interaction, as suggested by Rothman et al
(11). To quantify the amount of interaction, the attributable
proportion (AP) due to interaction was calculated together
with the 95% CI (12). The AP due to interaction, which is
expressed as a value between 0 and 1, is the proportion of the
incidence among persons exposed to 2 interacting factors that
is attributable to the interaction per se (i.e., reflecting their
combined effect beyond the sum of their independent effects).
Missing values occurred for only 1 variable (for 33 subjects, the
value for socioeconomic group was missing). All analyses were
conducted using the SAS software package, version 8.2 (SAS
Institute, Cary, NC).

RESULTS

Characteristics of the subjects. The study in-
volved mainly individuals born in Sweden (Table 1).
Among all of the study subjects, including those born
outside Sweden, 97% were of Caucasian origin. The
proportion of blue collar workers was somewhat higher
among male cases than among male controls. The BMI
was similar between the cases and controls. Of the cases,
�66% had seropositive RA.

Cigarette smoking as a risk factor for RA.
Among all cases and controls who responded to the
questionnaire and provided information on smoking
habits, the relative risk of developing RA was 1.5 (95%
CI 1.2–2.0) for current smokers compared with never
smokers (relative risk 1.5 in women and 1.7 in men)
(Table 2). After subdividing these RA cases according to
RF status at inclusion, the relative risk of RF-
seropositive RA in current smokers was 2.2 (95% CI
1.7–3.0), but only 0.8 (95% CI 0.6–1.2) for RF-
seronegative RA. The pattern was similar between the
women and men. Very similar relative risk values were
obtained when the analysis was restricted to those
individuals from whom blood samples were available for
subsequent genetic analysis (Table 2).

SE genes as a risk factor for RA. The relative risk
for development of RA associated with the presence of
SE genes was calculated both for the presence of single
SE genes and for the presence of double SE genes.
Women and men were analyzed separately, and subjects
were also analyzed according to RF status (RF-
seropositive RA versus RF-seronegative RA). As is
apparent in Table 3, both single and double SE genes

Table 2. Relative risk of developing RF-seropositive RA, RF-seronegative RA, and total RA among current cigarette
smokers, by sex and information source*

Women† Men† All‡

Cases/controls RR (95% CI) Cases/controls RR (95% CI) Cases/controls RR (95% CI)

Questionnaire
RF-seropositive RA 126/173 2.2 (1.6–3.0) 47/63 3.3 (1.7–6.3) 173/236 2.2 (1.7–3.0)
RF-seronegative RA 48/173 0.8 (0.6–1.3) 14/63 0.6 (0.3–1.3) 62/236 0.8 (0.6–1.2)
Total RA 174/173 1.5 (1.1–2.0) 61/63 1.7 (1.0–2.9) 235/236 1.5 (1.2–2.0)

Blood sample
RF-seropositive RA 123/100 2.3 (1.6–3.4) 47/31 3.5 (1.6–7.4) 170/131 2.4 (1.7–3.3)
RF-seronegative RA 47/100 0.9 (0.5–1.3) 13/31 0.5 (0.2–1.2) 60/131 0.8 (0.6–1.2)
Total RA 170/100 1.6 (1.1–2.2) 60/31 1.8 (0.9–3.3) 230/131 1.6 (1.2–2.2)

* Cases/controls are the number of exposed cases/number of exposed controls. The relative risk (RR) and 95% confidence
interval (95% CI) are versus never smokers. RF � rheumatoid factor; RA � rheumatoid arthritis.
† RR adjusted for age (10 strata) and residential area.
‡ RR adjusted for age (10 strata), sex, and residential area.
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were associated with an increased risk of RA in men and in
women, with double SE genes conferring a higher risk than
a single SE gene. When analyzed further, both single and
double SE genes were related to an increased risk of
RF-seropositive RA, but not of RF-seronegative RA.

Interaction between smoking and SE genes. Ta-
ble 4 depicts the results from the analysis of interaction
between cigarette smoking and occurrence of SE genes
as it relates to the development of RA (RF-seropositive
and RF-seronegative RA analyzed together). The risk of
RA associated with SE genes among never smokers
(women and men together) was only moderately in-
creased (relative risk 1.5, 95% CI 1.0–2.2). In smoking
subjects with any SE gene, the relative risk was 2.9 (95%

CI 1.9–4.5). For this group, the AP due to interaction
was 0.4 (95% CI 0.2–0.7), indicating that the interaction
between cigarette smoking and SE genes is statistically
significant. An even stronger interaction was observed
between smoking and double SE genes (relative risk 5.6,
95% CI 2.9–11.1; AP due to interaction 0.7, 95% CI
0.4–0.9). The relative risk in smokers carrying only a
single SE gene was intermediate.

Interaction between smoking and SE genes in
relation to RF-seropositive RA or RF-seronegative RA.
In Table 5, with women and men analyzed together,
results of the same interaction analysis as described
above are presented, but the association with regard to
RF-seropositive RA and RF-seronegative RA is exam-

Table 3. Relative risk of developing RF-seropositive RA, RF-seronegative RA, and total RA among carriers of SE genes
(single, double, or any), by sex*

Single SE Double SE Any SE

Cases/controls RR (95% CI) Cases/controls RR (95% CI) Cases/controls RR (95% CI)

Women
RF-seropositive RA 183/192 2.2 (1.6–3.0) 114/53 5.0 (3.3–7.5) 297/245 2.8 (2.1–3.8)
RF-seronegative RA 103/192 1.3 (0.9–1.9) 28/53 1.3 (0.8–2.2) 131/245 1.3 (0.9–1.8)
Total RA 286/192 1.8 (1.3–2.3) 142/53 3.2 (2.2–4.6) 428/245 2.1 (1.6–2.7)

Men
RF-seropositive RA 85/72 3.7 (2.2–6.1) 48/14 10.6 (5.2–21.9) 133/86 4.8 (2.9–7.8)
RF-seronegative RA 38/72 1.5 (0.9–2.7) 11/14 2.3 (0.9–5.5) 49/86 1.7 (1.0–2.8)
Total RA 123/72 2.6 (1.7–4.0) 59/14 6.3 (3.2–12.3) 182/86 3.2 (2.1–4.8)

All†
RF-seropositive RA 268/264 2.5 (1.9–3.3) 162/67 6.0 (4.2–8.5) 430/331 3.2 (2.5–4.2)
RF-seronegative RA 141/264 1.4 (1.0–1.8) 39/67 1.5 (1.0–2.3) 180/331 1.4 (1.1–1.9)
Total RA 409/264 2.0 (1.6–2.5) 201/67 3.8 (2.7–5.2) 610/331 2.3 (1.9–2.9)

* Cases/controls are the number of exposed cases/number of exposed controls. The relative risk (RR) and 95% confidence
interval (95% CI) are versus noncarriers of shared epitope (SE) genes. RF � rheumatoid factor; RA � rheumatoid arthritis.
† RR adjusted for sex.

Table 4. Relative risk of developing rheumatoid arthritis among subjects exposed to different combinations of current cigarette smoking habits and
SE genes and attributable proportion due to interaction between cigarette smoking and SE genes (single, double, or any), by sex*

No SE Single SE Double SE Any SE

Cases/controls
RR

(95% CI) Cases/controls
RR

(95% CI) Cases/controls
RR

(95% CI) Cases/controls
RR

(95% CI)

Women†
Never smokers 63/73 1.0 – 98/75 1.7 (1.0–2.6) 40/25 1.9 (1.0–3.6) 138/100 1.7 (1.1–2.7)
Current smokers 44/43 1.3 (0.7–2.2) 79/46 2.4 (1.4–4.0) 47/11 5.8 (2.7–12.5) 126/57 3.0 (1.9–4.9)

Men‡
Never smokers 16/13 1.0 – 29/29 0.7 (0.3–1.9) 9/6 1.3 (0.3–5.3) 38/35 0.8 (0.3–2.1)
Current smokers 16/17 0.7 (0.2–2.1) 28/11 1.9 (0.6–5.9) 16/3 5.5 (1.2–26.3) 44/14 2.7 (0.9–7.5)

All
Never smokers 79/86 1.0 – 127/104 1.4 (0.9–2.1) 49/31 1.8 (1.0–3.1) 176/135 1.5 (1.0–2.2)
Current smokers 60/60 1.1 (0.7–1.9) 107/57 2.3 (1.4–3.7) 63/14 5.6 (2.9–11.1) 170/71 2.9 (1.9–4.5)
AP – – – 0.3 (0.0–0.7) – 0.7 (0.4–0.9) – 0.4 (0.2–0.7)

* Values are the relative risk (RR) and 95% confidence interval (95% CI) as compared with never smokers without shared epitope (SE) genes.
Cases/controls are the number of exposed cases/number of exposed controls. AP � attributable proportion.
† RR adjusted for age (10 strata) and residential area.
‡ RR adjusted for age (10 strata), residential area, and sex.
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ined separately. Compared with never smokers without
SE genes, the relative risk of developing RF-seropositive
RA among never smokers with SE genes was 2.8 (95%
CI 1.6–4.8). The corresponding relative risk in current
cigarette smokers without SE genes was 2.4 (95% CI
1.3–4.6). Thus, it is evident that smoking and SE genes
are independently related to the development of RF-
seropositive RA. Among current smokers with SE genes,
the relative risk of developing RF-seropositive RA was
7.5 (95% CI 4.2–13.1). Therefore, an interaction be-
tween smoking and SE genes was observed in associa-
tion with RF-seropositive RA, which also was reflected
in the AP due to interaction, which was 0.4 (95% CI
0.2–0.7). The interaction was even more pronounced in
smoking subjects with double SE genes, whose relative
risk of RF-seropositive RA was 15.7 (95% CI 7.2–34.2).
The AP due to interaction for this group was 0.6 (95%
CI 0.4–0.9). Neither smoking nor SE genes nor the
combination of these factors increased the risk of devel-
oping RF-seronegative RA.

DISCUSSION

Two principal findings are presented in this
study. First, a striking gene–environment interaction
between smoking and HLA–DRB1 genotypes was seen
for seropositive, but not seronegative, RA, something
that should have implications for formulations of patho-
genetic hypotheses in these 2 conditions. Second, the
data demonstrate that the risk associated with one of the
classic genetically defined risk factors for an auto-
immune disease is strongly influenced by the presence of
an environmental factor—smoking.

Our study was designed as a population-based
case–control study with incident cases, in which infor-

mation regarding smoking habits was collected retro-
spectively. One inherent problem in this case–control
design is that recall bias may introduce systematic error
in the calculation of the association between smoking
and RA. In order to minimize such a recall bias, we only
included incident cases of RA with a duration of symp-
toms mainly shorter than 1 year, in order to diminish the
time between the etiologically relevant exposure and the
time of response to our questionnaire. We also took
great effort to obtain the information on smoking in an
identical way between cases and controls. The fact that
only seropositive RA cases, but not seronegative cases,
more often reported smoking habits than did controls
indicated to us that recall bias was most probably not a
significant problem, since there is no reason to believe
that seropositive patients would recall their smoking
habits differently from seronegative patients.

RF status was only determined once. Thus, some
cases might have been misclassified with regard to the
presence of RF. This potential misclassification, how-
ever, would most likely be unrelated to the studied
exposures, which in turn means that the potential bias in
estimated relative risks is toward the null value (both
with regard to RF-seropositive RA and RF-seronegative
RA).

Another potential methodologic problem is that
the recruitment of cases and controls may introduce
selection biases. In order to minimize such recruitment
bias, we took advantage of the fact that almost all health
care in Sweden is provided within the general health
care system, and that all such units in the area that
defined the study base contributed to our study, as did
almost all of the few privately run rheumatology units.
Nevertheless, some cases may have been unidentified in

Table 5. Relative risk of developing RF-seropositive RA and RF-seronegative RA among all male and female subjects exposed to different
combinations of cigarette smoking habits and SE genes, and attributable proportion due to interaction between cigarette smoking and SE genes
(single, double, or any)*

No SE Single SE Double SE Any SE

Cases/controls
RR

(95% CI) Cases/controls
RR

(95% CI) Cases/controls
RR

(95% CI) Cases/controls
RR

(95% CI)

RF-seropositive RA†
Never smokers 26/86 1.0 – 68/104 2.4 (1.4–4.2) 35/31 4.2 (2.1–8.3) 103/135 2.8 (1.6–4.8)
Current smokers 40/60 2.4 (1.3–4.6) 77/57 5.5 (3.0–10.0) 53/14 15.7 (7.2–34.2) 130/71 7.5 (4.2–13.1)
AP – – 0.3 (0.0–0.7) 0.6 (0.4–0.9) 0.4 (0.2–0.7)

RF-seronegative RA†
Never smokers 53/86 1.0 – 59/104 0.9 (0.6–1.5) 14/31 0.7 (0.4–1.6) 73/135 0.9 (0.6–1.4)
Current smokers 20/60 0.6 (0.3–1.1) 30/57 0.9 (0.5–1.7) 10/14 1.2 (0.5–3.0) 40/71 1.0 (0.6–1.7)

* Values are the relative risk (RR) and 95% confidence interval (95% CI) as compared with never smokers without shared epitope (SE) genes.
Cases/controls are the number of exposed cases/number of exposed controls. RF � rheumatoid factor; RA � rheumatoid arthritis; AP � attributable
proportion.
† RR adjusted for age (10 strata), sex, and residential area.
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our study, for instance, cases diagnosed in primary
health care facilities that were never referred to a
rheumatology unit. However, we know, on the basis of
population-based studies aimed at identifying RA cases
directly in primary care, that almost all cases of RA in
our current Swedish system are indeed referred to
rheumatology units (13). It is therefore not likely that
the relatively few unidentified cases would cause a
substantial bias in our calculations.

The response rate with regard to participation in
the study was high, with 95% for cases and 83% for
controls. Only control subjects who had responded to the
questionnaire were asked to give a blood sample, and 60%
of these controls provided a sample. We compared the
controls with and without a blood sample, respectively,
with regard to smoking habits, and no differences were
found. We cannot find any reason to believe that the
prevalence of SE genes should differ between controls with
and without a blood sample, since there were no differ-
ences between these groups with respect to other para-
meters such as age, sex, and residential area.

Adjustments for socioeconomic class, BMI, mar-
ital status, parity, and oral contraceptive use had minor
influences on the results of the study and were therefore
not retained in the final analyses of interactions between
SE genes and smoking. Our conclusion with regard to
the methodology is, therefore, that there is always a risk
of selection bias in the current type of case–control
study, but we consider this risk to be well controlled.

The effects of smoking that were observed in our
case–control study are in concordance with those previ-
ously reported by other groups. The results are consis-
tent both with regard to the overall effect on the
development of RA and with regard to the finding that
smoking is primarily associated with seropositive RA
(3,4,6,13).

In the present report, we restricted the analysis to
comparing current and never smokers. Former smokers
were excluded from the analysis. Previously we have
extensively analyzed the effects of various time courses
and dosages of smoking on the risk of RA, as presented
in a recently published report (5). Briefly, there was a
relationship between the risk of RA and the cumulative
dose of smoking. In addition, the risk diminished with
time after cessation of smoking, even if a long time was
required for the risk to approach zero. Because we did
not consider it possible to analyze the interactions
between genes and smoking according to different time
courses and dosages of smoking (due to low numbers),
we had to choose one way to categorize smokers. We
considered current smokers to be the best category in

this context, since current smokers also had a high
cumulative smoking history, whereas former smokers
had a wide variation in cumulative smoking history. We
hope to be able to update our findings with more
information on the effects of different time courses and
dosages of smoking in future studies, when our database
has grown larger.

With regard to the findings in the genetic analy-
ses, our observation of a relatively modest risk of RA in
individuals with a single SE gene is consistent with the
findings in several studies of patients with early RA who
were recruited directly from primary care (3). Less
information has been published on the risk conferred by
double SE genes, although there are data indicating an
increased risk of RA associated with double SE genes
(14,15), which is in accordance with our present findings.

We used the attributable proportion due to in-
teraction (the AP value) as a measure to quantify the
interaction between smoking and SE genes (12) and
found significant gene–environment interactions con-
cerning seropositive RA, both for smoking and a single
SE gene and even more for smoking and double SE
genes. The magnitude of the risk conferred by smoking
and a defined genetic trait is striking, with relative risk
values of 5.5 and 15.7 with single and double SE genes,
respectively.

The molecular mechanisms responsible for the
observed interaction are not yet known, but several
interesting possibilities exist which now require further
attention. One possible mechanism is that smoking may
cause a modification of potential autoantigens being
recognized by T cells, which are restricted by major
histocompatibility complex (MHC) class II antigens
carrying the SE structures (16). Of particular interest is
the possibility that the process involved in citrullination
of antigens might be influenced by events triggered by
smoking. Another possibility is that the smoke may
deliver neoantigens that might be bound to SE-
containing MHC class II molecules, with subsequent T
cell activation toward such antigens. A third possibility is
that substances in the smoke (such as char) might act as
adjuvants, and thereby trigger the innate immune system
to contribute to arthritis development, similar to what
has been shown in animal models of adjuvant-induced
arthritis (17,18). A number of additional possibilities
exist, including the notion that the gene involved in the
gene–environment interaction is not HLA–DR itself but
rather a gene in linkage disequilibrium with HLA–DR,
and these possibilities might now be scrutinized.

In addition, we cannot exclude the possibility that
the apparent gene–environment interaction that we
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observed may be due, in part, to genetic influences on
smoking behavior. We also need additional information
on the potential influence of sex on the smoking-related
risk of RA; our study showed this risk to be present both
in men and in women, whereas 3 previous studies have
demonstrated an increased risk among men only
(4,19,20). Finally, a major finding of this study is that
disease mechanisms dependent on SE gene–smoking
interactions obviously are active only in RF-seropositive,
but not RF-seronegative, RA, thus further emphasizing
the necessity for subphenotyping of RA (i.e., RF status)
in all pathogenetic and genetic studies of this disease.

Extending from the field of RA, a few general
comments may also be made concerning the implica-
tions of this study in terms of gene–environment inter-
actions in complex diseases. Our study emphasizes the
need for careful subphenotyping of diseases with an
unknown etiology (in this case, in RF-seropositive and
RF-seronegative RA). Our study also emphasizes the
need to include data on environmental exposures in
genetic analyses of a complex disease, since it is now
shown that even one of the most classic genetic risk
factors for an autoimmune disease, the shared epitope in
RF-seropositive RA, is strongly influenced by the pres-
ence of a defined environmental risk factor, smoking, in
the population at risk.
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