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A New Model for an Etiology of Rheumatoid Arthritis

Smoking May Trigger HLA–DR (Shared Epitope)–Restricted Immune Reactions
to Autoantigens Modified by Citrullination

Lars Klareskog,1 Patrik Stolt,2 Karin Lundberg,1 Henrik Källberg,3 Camilla Bengtsson,3

Johan Grunewald,1 Johan Rönnelid,4 Helena Erlandsson Harris,1 Ann-Kristin Ulfgren,1

Solbritt Rantapää-Dahlqvist,5 Anders Eklund,1 Leonid Padyukov,1 Lars Alfredsson,3 and
the Epidemiological Investigation of Rheumatoid Arthritis Study Group

Objective. To investigate whether smoking and
HLA–DR shared epitope (SE) genes may interact in
triggering immune reactions to citrulline-modified pro-
teins.

Methods. In a case–control study involving pa-
tients with recent-onset rheumatoid arthritis (RA), we
studied interactions between a major environmental
risk factor (smoking), major susceptibility genes in-
cluded in the SE of HLA–DR, and the presence of the
most specific autoimmunity known for RA (i.e., antibod-
ies to proteins modified by citrullination). Immuno-
staining for citrullinated proteins in cells from bron-
choalveolar lavage fluid was used to investigate
whether smoking is associated with citrullination in
the lungs.

Results. Previous smoking was dose-dependently
associated with occurrence of anticitrulline antibodies
in RA patients. The presence of SE genes was a
risk factor only for anticitrulline-positive RA, and not
for anticitrulline-negative RA. A major gene–
environment interaction between smoking and HLA–DR
SE genes was evident for anticitrulline-positive RA, but
not for anticitrulline-negative RA, and the combination
of smoking history and the presence of double copies of
HLA–DR SE genes increased the risk for RA 21-fold
compared with the risk among nonsmokers carrying no
SE genes. Positive immunostaining for citrullinated
proteins was recorded in bronchoalveolar lavage cells
from smokers but not in those from nonsmokers.

Conclusion. We identified an environmental fac-
tor, smoking, that in the context of HLA–DR SE genes
may trigger RA-specific immune reactions to citrulli-
nated proteins. These data thus suggest an etiology
involving a specific genotype, an environmental provo-
cation, and the induction of specific autoimmunity, all
restricted to a distinct subset of RA.

Rheumatoid arthritis (RA) is one of the complex
immune-mediated diseases for which an understanding
of the etiology is dependent on the definition of envi-
ronmental triggers that, in a restricted genetic context,
may initiate immune reactions having the potential to
contribute to disease development. To date, no consis-
tent hypothesis containing all these elements has been
formulated for RA or for most other complex immune
diseases. However, compelling data have recently been
accumulated that provide us with the possibility of
formulating such a hypothesis, at least for some cases of
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RA. These background data are as follows: 1) Smoking
is the major known environmental risk factor for RA, as
is evident from epidemiologic studies (1–5), although
little is known about the mechanisms involved. 2)
HLA–DR shared epitope (SE) genes comprise the ma-
jor genetic risk factors for RA (6,7), although again little
is known about how these genes restrict development of
potentially arthritogenic immune reactions. 3) A dra-
matic gene–environment interaction between smoking
and HLA–DR SE genes as risk factors for RA was
described by us, and notably both of these risk factors
were seen exclusively in rheumatoid factor (RF)–
positive RA (8). However, no good biologic hypothesis
that might explain this interaction has been provided. 4)
Antibodies to autoantigens modified by citrullination
through deimination of arginine to citrulline are present
in about two-thirds of all RA patients but are rare
(�2%) in healthy individuals and relatively rare in other
inflammatory conditions (9–11).

Since antibodies to citrullinated peptides have
been demonstrated to precede development of RA by
several years (12–15), anticitrulline immunity has in-
creasingly been hypothesized to be causatively involved
in the development of RA (16,17). Citrullination of a rat
autoantigen (type II collagen) has also been demon-
strated to render this antigen more arthritogenic than
the unmodified molecule (18). It remains undefined,
however, how smoking, HLA–DR SE genes, and immu-
noreactivity to citrullinated autoantigens may act in
concert to contribute to the development of RA.

In order to generate new data that might help us
to formulate an etiologic hypothesis on the basis of the
abovementioned background data, we performed a se-
ries of epidemiologic and experimental studies, initially
investigating effects of smoking on anticitrulline immu-
nity. Since these experiments demonstrated that smok-
ing was associated with both citrullination and anticitrul-
line immunity, we investigated the interaction between
smoking and HLA–DR SE genotypes with regard to
development of RA. By using a large case–control study
involving patients with early RA, we were able to show a
dramatic gene–environment interaction between smok-
ing and HLA–DR SE genes in the development of
anticitrulline antibody–positive RA. In contrast, no such
interaction could be demonstrated in anticitrulline
antibody–negative RA. Taken together, these data per-
mitted us to formulate a hypothesis on how smoking may
act together with genetic factors and the immune system
in being a possible causative agent for RA.

SUBJECTS AND METHODS

The study was based on data and materials from 3
different groups of individuals (RA patients and controls).
Ethical permits for the studies were obtained from ethical
review committees at the sites where patients were recruited,
and all patients and controls gave informed consent for their
participation in the studies.

Individuals participating in a case–control study of
gene–environment interactions in RA in Sweden (the Epide-
miological Investigation of Rheumatoid Arthritis [EIRA]
study). A population-based case–control study was conducted
in which cases were individuals ages 18–70 years with newly
diagnosed RA (5,8). Disease was determined according to the
1987 revised criteria of the American College of Rheumatol-
ogy (formerly, the American Rheumatism Association) (19) by
a rheumatologist, within 12 months after the first symptoms of
joint disease. All rheumatology units within the catchment area
participated in the study, assuring that almost all newly diag-
nosed RA cases in this area were included. A list of EIRA
Study Group members (and their contributing rheumatology
centers in Sweden) is provided in Appendix A.

Controls were randomly selected from the Swedish
national population registry, with consideration given to age,
sex, and residential area (see ref. 5). Sera and cells for
serologic analysis and DNA preparation were obtained from
the patients during their first visit to the rheumatology depart-
ment (i.e., before institution of disease-modifying antirheu-
matic drugs). Sera and cells from controls were obtained from
local health care units which sent blood samples to the
rheumatology laboratory at Karolinska Institutet. Of the 967
identified patients with RA, 930 (96%) completed a question-
naire (654 women and 276 men) (5). The total number of
identified controls was 1,357, and the response rate concerning
completion of the questionnaire by these individuals was 83%
overall, yielding 1,126 controls (791 women and 335 men). We
received blood samples from all of the patients who answered
the questionnaires and from 658 of the controls (58%) (473
women and 185 men). Data on SE and anticitrulline antibodies
could be retrieved for 913 patients. Data on SE could be
retrieved for 631 controls.

Information regarding environmental exposures among
patients and controls was obtained by questionnaire. The
detailed smoking history included information such as when in
life smoking was begun and, if applicable, when it was termi-
nated. The quantification of smoking has previously been
described in detail (5) and was based on the smoking history
before first symptoms of arthritis among patients and with
regard to a corresponding time point among controls. Subjects
who had smoked a pipe or cigars were excluded (81 patients
and 48 controls), leaving cigarette smokers and those who had
never smoked for analysis.

Controls from the blood bank of northern Sweden. In
order to study events occurring before onset of RA, we used a
population-based blood bank from northern Sweden (the
Northern Sweden Health and Disease Study Cohort), which
contains sera and cells together with data regarding environ-
mental exposures from �90,000 individuals in the county of
Västerbotten. Blood samples have been included in this bank
since 1989. In a study by Rantapää-Dahlqvist et al, the
“pre-RA plasma samples” of individuals who developed RA in
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and after 1996 were demonstrated to contain a high frequency
of anticitrulline antibodies (13). In the present study, we
investigated 383 controls matched to these RA patients for
whom both blood samples and information regarding smoking
habits were available, the latter by means of questionnaires
collected at the time of plasma sampling.

Individuals subjected to bronchoalveolar lavage. Eight
healthy individuals with normal findings on chest radiographs
underwent bronchoscopy with bronchoalveolar lavage as pre-
viously described (20). Four (median age 46 years, 2 women)
were current smokers who had smoked for a range of 16–30
pack-years. Four (median age 25 years, 2 women) were non-
smokers. In addition, bronchoalveolar lavage was performed in
3 women and 1 man (median age 40 years) diagnosed as having
pulmonary inflammatory conditions (i.e., sarcoidosis, Langer-
hans cell histiocytosis, and respiratory bronchiolitis). All were
current smokers who had smoked for a range of 10–30
pack-years.

Bronchoalveolar lavage cell preparation and investi-
gation of citrullination in bronchoalveolar lavage cells. Bron-
choalveolar lavage cells were prepared as previously described
(20) and tested for viability with trypan blue (median cell
viability was 95%). Cytocentrifuge slides with these cells were
immunohistochemically stained using rabbit antibodies target-
ing chemically modified citrulline, using a previously described
procedure (21,22). Slides were evaluated by microscopy. Quan-
tification of stained cells was performed in a blinded manner
by 1 experienced observer, and results were independently
verified by 2 additional investigators (KL and A-KU).

Detection of antibodies to citrulline-containing pep-
tides and RFs. Anticitrulline antibodies were assayed using the
Immunoscan-RA Mark2 ELISA test (Euro-Diagnostica,
Malmo, Sweden). All collected and frozen sera were investi-
gated simultaneously. All samples yielding high values were
further diluted to obtain definite values. A level �25 units/ml
was regarded as being positive according to instructions in the
kit and corroborated by validation at the clinical immunology
laboratory in Uppsala, Sweden. RF in serum was determined
by nephelometry. The analysis was standardized using the
international standard National Institute for Biological Stan-
dards Control 64/002, and the cutoff was set to 20.

Genotyping. Genotyping for HLA–DRB1 allotypes
was conducted using the sequence-specific primer–polymerase
chain reaction method as previously described (8,23). Among
HLA–DRB1 genes, DRB1*01, DRB1*04, and DRB1*10
genes were defined as “SE genes” (6,7). Eighty-one patients
were subtyped for identification of HLA–DRB1*01 and
DRB1*04 alleles. We determined a frequency of DRB1*0101
of 89% (in those with HLA–DRB1*01) and a frequency of
DRB1*0401;*0404;*0405;*0408 alleles of 98% (in those with
HLA–DRB1*04), and we restricted further genotyping to only
DR low-resolution analysis for practical reasons (8). Any
genotype with a combination of 2 of these genes was thus
considered a double-SE genotype in all further analyses.

Potential confounding factors. In the case–control
analysis, we adjusted for age, sex, and area of residence
according to the principle of control selection. Furthermore,
social class, body mass index (BMI), marital status, parity, and

oral contraceptive use were considered potential confounding
factors.

Statistical analysis. Odds ratios (ORs) were calculated
with 95% confidence intervals (95% CIs) by means of logistic
regression analysis. ORs were interpreted as relative risks
(RRs), since the study was population based and the controls
constituted a random sample from the study base (24). Adjust-
ments for social class, BMI, marital status, parity, and oral
contraceptive use had minor influences on the results of the
study and were therefore not retained in the final analyses.
Interaction between genotype and smoking was evaluated
using departure from additivity of effects as the criterion of
interaction, as suggested by Rothman et al (25). To quantify
the amount of interaction, the attributable proportion due to
interaction (AP) was calculated together with the 95% CI (26).
The AP, which is assigned 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 joint effect beyond the sum of their in-
dependent effects). All analyses were conducted using the SAS
software package, version 8.2 (SAS Institute, Cary, NC) (27).

RESULTS

Relationship between smoking and presence of
anticitrulline antibodies. We investigated the relation-
ship between different smoking habits before onset of
RA and presence of anticitrulline immunity at the time
of diagnosis of RA. A dose-dependent relationship was
determined between extent of smoking counted as pack-
years and frequency of elevated anticitrulline antibody
levels at onset of RA (Table 1).

Table 1. Number and proportion of RA patients with elevated levels
of anti-CCP antibodies (�25 units/ml) by amount of cigarette smoking
and by SE status*

No. of anti-CCP� RA
patients/total no. of

RA patients (%) P

Amount of cigarette smoking
Never 147/275 (53)
0–5 pack-years 59/94 (63) 0.02†
�5–20 pack-years 157/250 (63) �0.01†
�20 pack-years 159/209 (76) �0.01†‡
Total 522/828 (63)

SE type
No SE 85/248 (34)
Single SE 292/448 (65) 0.02§
Double SE 178/217 (82) �0.01§
Total 555/913 (61)

* All comparisons are adjusted for age and sex. RA � rheumatoid
arthritis; anti-CCP � anti–cyclic citrullinated peptide; SE � shared
epitope.
† Versus patients who never smoked.
‡ Versus patients who smoked for �5–20 pack-years.
§ Versus patients with no SE.
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We then investigated the possible relationship
between smoking and anticitrulline immunity in healthy
subjects using controls from both the EIRA study and
from the northern Sweden biobank. Of those who had

ever smoked in these groups, 16 of 576 (2.78%) were
anticitrulline antibody positive at the time of blood
sampling, compared with 6 of 435 (1.38%) among those
who had never smoked. However, this difference was

Figure 1. Relative risk of developing rheumatoid arthritis (RA) in subjects (men and women) exposed to different combinations of smoking and
HLA–DR shared epitope (SE) genes (no copies, single copies, or double copies of SE genes) compared with those who never smoked and have no
SE genes. A, Results in RA patients who are positive for anti–cyclic citrullinated peptide (anti-CCP) antibodies. B, Results in RA patients who are
negative for anti-CCP antibodies. Error bars represent 95% confidence intervals (95% CIs). In A, the value of 40.2 represents the upper boundary
of the 95% CI for smokers with double copies of SE genes.

Table 2. Risk of developing RA in subjects exposed to different combinations of smoking and SE genes compared with subjects who have never
smoked and have no SE genes*

Sex, anti-CCP
status,

smoking history

No SE Single SE Double SE

No. of exposed cases/
no. of exposed controls

RR
(95% CI)†

No. of exposed cases/
no. of exposed controls

RR
(95% CI)†

No. of exposed cases/
no. of exposed controls

RR
(95% CI)†

Male and female
Anti-CCP�

Never smoked 20/87 Referent 72/104 3.3 (1.8–5.9) 36/31 5.4 (2.7–10.8)
Ever smoked 58/184 1.5 (0.8–2.6) 192/146 6.5 (3.8–11.4) 126/31 21.0 (11.0–40.2)

Anti-CCP�
Never smoked 65/87 Referent 64/104 0.8 (0.5–1.3) 18/31 0.7 (0.4–1.5)
Ever smoked 84/184 0.6 (0.4–1.0) 76/146 0.8 (0.5–1.2) 18/31 0.8 (0.4–1.7)

Female
Anti-CCP�

Never smoked 18/74 Referent 58/75 3.6 (1.9–6.8) 30/25 5.4 (2.5–11.5)
Ever smoked 41/115 1.5 (0.8–2.9) 130/109 6.0 (3.3–10.8) 89/25 19.0 (9.3–38.5)

Anti-CCP�
Never smoked 50/74 Referent 45/75 0.8 (0.5–1.4) 15/25 0.8 (0.4–1.8)
Ever smoked 62/115 0.8 (0.5–1.4) 52/109 0.8 (0.5–1.3) 11/25 0.7 (0.3–1.5)

Male
Anti-CCP�

Never smoked 2/13 Referent 14/29 3.1 (0.4–21.7) 6/6 6.1 (0.7–50.6)
Ever smoked 17/69 1.9 (0.3–13.3) 63/37 15.1 (2.3–100.0) 37/6 59.2 (7.7–457.3)

Anti-CCP�
Never smoked 15/13 Referent 19/29 0.6 (0.2–1.6) 3/6 0.4 (0.1–2.3)
Ever smoked 24/69 0.3 (0.1–0.7) 24/37 0.5 (0.2–1.4) 7/6 0.9 (0.2–3.8)

* For males and females, the attributable proportion due to interaction was 0.4 (95% confidence interval [95% CI] 0.2–0.7) for smoking and a single
copy of the SE gene and 0.7 (95% CI 0.5–0.9) for smoking and 2 copies of the SE gene. RR � relative risk (see Table 1 for other definitions).
† Adjusted for age (10 strata), sex (males and females), and area of residence.
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not statistically significant (P � 0.13 by Fisher’s exact
test).

Relationship between carriage of HLA–DR SE
genes and presence of anticitrulline antibodies. The
frequency of anticitrulline antibodies was investigated in
patients with no SE genes, a single SE gene copy, and
double-copy SE genes. As shown in Table 1, the pres-
ence of SE genes strongly influenced the occurrence of
anticitrulline antibodies.

HLA–DR SE genes and smoking are risk factors
only for anticitrulline antibody–positive RA, not for
anticitrulline antibody–negative RA. The presence of
HLA–DR SE genes in a single copy as well as in double
copies constituted a risk factor only for anticitrulline
antibody–positive RA, and not for anticitrulline antibody–
negative RA (Table 2 and Figure 1). Furthermore, the risk
for RA conferred by smoking was entirely restricted to the
anticitrulline antibody–positive subgroup of RA.

High risk of developing anticitrulline antibody–
positive RA conferred by a gene–environment interac-
tion between smoking and HLA–DR SE genes. The
possible interaction between genetic and environmental
risk factors was then investigated in the 2 serologically
defined subsets of RA. As demonstrated in Table 2 and
Figure 1A, a marked gene–environment interaction
occurred between smoking and HLA–DR SE genes with
regard to the risk of developing anticitrulline antibody–
positive RA. Smoking conferred a small increased risk
for this subtype of RA in SE-negative individuals (RR
1.5, 95% CI 0.8–2.6), while the addition of a single SE
gene copy or double copies of SE genes increased the
RR in smokers dramatically (i.e., to 6.5 [95% CI 3.8–
11.4] in those carrying a single SE gene copy and to 21.0
[95% CI 11.0–40.2] in those carrying 2 copies of SE
genes). This was compared with the RR in nonsmokers,
which was 3.3 (95% CI 1.8–5.9) in those carrying a single
SE gene copy and 5.4 (95% CI 2.7–10.8) in individuals
carrying 2 SE gene copies.

The magnitude of the gene–environment inter-

actions regarding anticitrulline-positive RA was demon-
strated by the calculated APs, which were 0.4 (95% CI
0.2–0.7) for smoking and a single SE gene copy and 0.7
(95% CI 0.5–0.9) for smoking and 2 SE gene copies.
When women and men were investigated separately with
regard to the risk of developing anticitrulline antibody–
positive RA (Table 2), the RRs were, in general, some-
what higher among men, but the 95% CIs were quite
broad (especially due to the small number of exposed
cases among those who had never smoked and were
without SE genes).

Relationship of smoking and SE genes to anti-
citrulline antibodies and RF. The distribution of smok-
ers and individuals with SE genes was investigated
among RA patients who were discordant for anticitrul-
line antibodies and RF positivity. The presence of SE

Table 3. Proportion of cigarette smokers and individuals with SE genes among RA patients who were
discordant regarding anti-CCP antibody status and RF status*

Anti-CCP�, RF�
(n � 68)

Anti-CCP�, RF�
(n � 109) PR (95% CI) P

Smoking 43 (63.2) 74 (67.9) 0.93 (0.75–1.16) 0.53
Single SE 40 (58.8) 45 (41.3) 1.42 (1.01–1.92) 0.02
Double SE 18 (26.5) 16 (14.7) 1.80 (0.99–3.29) 0.05
Any SE 58 (85.3) 61 (56.0) 1.52 (1.26–1.85) 0.0001

* Values are the number (%). RF � rheumatoid factor; PR � prevalence ratio comparing anti-CCP�,
RF� RA patients with anti-CCP�, RF� RA patients; 95% CI � 95% confidence interval (see Table 1
for other definitions).

Table 4. Percentage of citrulline-expressing bronchoalveolar lavage
cells in cigarette smokers with pulmonary inflammation, healthy
smokers, and healthy nonsmokers*

Smoking status % citrulline cells

Smokers with pulmonary inflammation
1 29.0
2 0.0
3 21.0
4 64.0
Mean 28.5

Healthy smokers
1 0.0
2 15.0
3 14.0
4 26.0
Mean 13.75

Healthy nonsmokers
1 0.0
2 0.0
3 0.0
4 0.0
Mean 0.0

* Bronchoalveolar lavage cells were analyzed by immunohistochemical
staining using a rabbit anti–modified citrulline antibody. A minimum
of 1,000 cells were evaluated in a blinded manner.
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genes was primarily associated with the occurrence of
anticitrulline antibodies rather than with RF positivity
(P � 0.0001), while no such association was evident for
smoking (P � 0.53) (Table 3).

Induction by smoking of citrullination in cells
from bronchoalveolar lavage fluid. Cells were retrieved
from bronchoalveolar lavage fluid from nonsmokers
(healthy individuals) and smokers (healthy individuals
and patients with pulmonary inflammatory conditions)
and investigated for the presence of citrullinated pro-
teins. Alveolar macrophages constituted 94% and 89%
(mean values) of the bronchoalveolar lavage cells in

smokers and nonsmokers, respectively. An average of
13.75% citrulline-positive bronchoalveolar lavage cells
were detected in healthy smokers, while the average
was even higher in smokers with pulmonary inflamma-
tion (28.5%). In none of the nonsmokers did we find
any bronchoalveolar lavage cells that stained positively
with antibodies to citrullinated proteins (Table 4 and
Figure 2).

DISCUSSION

We present 3 new sets of data concerning the
etiology of RA. First, we report that the classic genetic

Figure 2. Presence of citrulline in bronchoalveolar lavage cells, analyzed by immunocytochemical staining using a rabbit anti–modified citrulline
antibody on chemically modified cells from healthy smokers (A and B) and from a nonsmoker (D). Control stainings for A and B were performed
in parallel on unmodified cells (C). (Original magnification � 10 in A, C, and D; � 40 in B.)
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risk factor, the presence of the HLA–DR SE, confers a
risk only in the subgroup of RA patients who are positive
for anticitrulline antibodies. Second, we show that the
same restriction applies to the most well-known environ-
mental risk factor, smoking. When these factors were
combined, a major gene–environment interaction be-
tween HLA–DR SE genes and smoking was observed,
with a 21-fold increased relative risk in smokers carrying
2 copies of the risk gene compared with nonsmokers
without the risk gene. The third new observation is
related to possible biologic mechanisms which may
explain these findings from genetic epidemiology (i.e.,
that smoking may be associated with increased presence
of citrulline-modified proteins in the lungs). With these
findings taken together, an etiologic hypothesis can thus
be formulated that involves genes, environment, and
immunity to self molecules made immunogenic (and
possibly arthritogenic) through posttranslational modifi-
cations induced by the environmental agent. Notably,
the components of this putative series of events are
present in one distinct subpopulation of RA patients,
but not at all in another.

We used a case–control methodology to generate
data regarding risk for disease as well as presence of
anticitrulline antibodies in relation to HLA–DR SE
genes and smoking. The problem of selection bias always
encountered in case–control studies was minimized by
the population-based design of the current study, by the
very high frequency of participation among cases as well
as among controls, and by the observation that smoking
habits did not differ between controls with and without
blood samples. This, and the fact that identification of
controls was made by matching for age, sex, and area of
residence in the same population that generated the
cases, makes us confident that the results are highly
reliable from a methodologic standpoint.

The remarkable gene–environment interaction
observed in the case–control study, together with the
findings of immunostaining of bronchoalveolar lavage
cells, might now provide a clue to the molecular mech-
anisms of importance for disease development in a
subset of RA patients. We would like to propose the
following working hypothesis: Long-term exposure to
cigarette smoke, and probably also to other environmen-
tal stimuli, may induce mechanisms that accelerate
deimination of arginine to citrulline in autoantigens
present in the lungs, possibly via up-regulation of
peptidylarginine–deiminase activity in macrophages that
are activated or undergoing apoptosis (28). An immune
response to the citrullinated proteins might then be
preferentially induced in individuals carrying the

HLA–DR SE genes, since citrullination has been dem-
onstrated to increase the binding of modified peptides to
SE-containing HLA–DR antigens and thereby to en-
hance the immunogenicity of the protein (29). As a
consequence of long-term smoking as well as of other
stimuli, this activation of the adaptive immune response
to citrullinated proteins may occur years before clinical
onset of disease (12–14), particularly in individuals
carrying the HLA–DR SE genes (10,15).

The additional events needed to trigger clinical
signs of arthritis are not known, but it has been demon-
strated that citrullination is not specific for RA, but may
also occur in other types of arthritis including undiffer-
entiated arthritis (30). Taking this finding into account
as well, one may suggest a 2-step model for the patho-
genesis of a subset of RA, in which induction of systemic
immunity to citrullinated proteins precedes the disease,
and in which a second event may trigger an undifferen-
tiated arthritis, which is accompanied by citrullination of
proteins in the synovium. This synovitis may be transient
in individuals without preceding anticitrulline immunity,
while development toward the chronic disease we call
RA is more likely in individuals with preexisting anti-
citrulline immunity, which may then enhance joint in-
flammation (see ref. 31).

The likelihood of this scenario is concordant with
recent studies in rodents in which citrullination was
reported to increase the arthritogenicity of at least 2
different autoantigens (fibrinogen and collagen) (18,32),
and in which citrullination of joint proteins occurred in
parallel with the initial accumulation of activated inflam-
matory cells in the joints (18). In order to further
investigate this possible mechanism of disease, it will be
important to characterize which proteins are citrulli-
nated in the lungs and joints and to study the triggering,
specificity, and regulation of immune reactions to such
modified molecules before and after onset of RA. So far,
citrullinated fibrinogen and vimentin have both been
shown to be present in RA joints and to be targets of
anticitrulline antibodies from RA patients (33,34), but it
is likely that citrullination also occurs in other proteins,
which may become further targets for the autoimmune
reactions.

Many additional genes, environmental stimuli,
and immune reactions apart from those mentioned here
may be involved in the pathogenetic process in different
subgroups of RA (35–39). RFs deserve special attention,
since they are part of the definition of RA (19), since the
presence of both HLA–DR SE genes and smoking has
previously been linked to RF-positive RA (8), and since
the presence of anticitrulline antibodies correlates with,
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but does not completely coincide with, the presence of
RF (9). We suggest that anticitrulline immunity in the
present context represents a primary event, since a
subanalysis of RA patients discordant for RF and anti-
citrulline antibody positivity primarily revealed an asso-
ciation of HLA–DR SE with anticitrulline immunity
rather than with RF positivity. In addition, anticitrulline
antibodies were observed prior to the occurrence of RF
in 2 studies of sera obtained before onset of RA (13,14),
suggesting that the increase in RF titers may in some of
these cases be an event secondary to anticitrulline
immunity and immune complex formation involving
citrullinated antigens (40). These observations, together
with the fact that there is a high concordance between
RF positivity and the presence of antibodies to citrulli-
nated proteins, suggest that the interactions between
smoking and HLA–DR SE genes as risk factors for
RF-positive but not RF-negative RA, previously re-
ported by us (8), might in fact be an event secondary to
the now-described relationship between smoking, HLA–
DR, and immunity to citrulline-modified proteins.

In summary, we can now define a prototype
environmental stimulus that may induce mechanisms
that accelerate posttranslational modification of pro-
teins as well as activation of the immune system; further,
a prolonged action of this stimulus in a specific genetic
context can cause the emergence of potentially arthritis-
inducing immunoreactivity. These findings may provide
new opportunities to both predict and understand onset
of RA and to interfere with RA-inducing events before
clinical symptoms are apparent.
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APPENDIX A: THE EPIDEMIOLOGICAL
INVESTIGATION OF RHEUMATOID

ARTHRITIS STUDY GROUP

Members of the Epidemiological Investigation of Rheuma-
toid Arthritis Study Group, in addition to the authors of this article,
include the following investigators (listed with their contributing
rheumatology centers in Sweden): Shirani Jayawardene, MD (Bollnäs
Hospital, Bollnäs); Thomas Lerndal, MD (deceased); Göran Lindahl,
MD (Danderyd Hospital, Danderyd); Berit Sverdrup, MD (Eskilstuna
Hospital, Eskilstuna); Tomas Weitoft, MD (Gävle Hospital, Gävle);
Johan Bratt, MD, Ingiäld Hafström, MD (Huddinge University Hos-
pital, Huddinge [now Karolinska University Hospital, Huddinge]);
Ann Knight, MD (Hudiksvall Hospital, Hudiksvall); Bengt Lindell,
MD (Kalmar Hospital, Kalmar); Björn Löfström, MD (Katrineholm
Hospital, Katrineholm); Ido Leden, MD (Kristianstad Hospital, Kris-
tianstad); Ingeli Andréasson, MD (Landvetter); Ann Bengtsson, MD,
Thomas Skogh, MD (Linköping Hospital, Linköping); Jan Cedergren,
MD, Ethel Nilsson, MD (Norrköping Hospital, Norrköping); Chris-
toffer Schaufelberger, MD (Sahlgrenska University Hospital, Sahl-
grenska); Christin Lindström, MD, Gun Sandahl, MD (Sophiahem-
met); Ingmar Petersson, MD (Spenshult Hospital, Spenshult); Birgitta
Nordmark, MD (Karolinska Hospital, Stockholm); Kjell Huddénius,
MD (Rheumatology Clinic, Stockholm City); Eva Baecklund, MD
(Akademiska Hospital, Uppsala); Olle Svernell, MD (Västervik Hos-
pital, Västervik).
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