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Mechanisms of Disease: genetic susceptibility 
and environmental triggers in the development 
of rheumatoid arthritis
Lars Klareskog*, Leonid Padyukov, Johnny Lorentzen and Lars Alfredsson

INTRODUCTION
The etiology of rheumatoid arthritis (RA), like 
that of many other chronic inflammatory condi-
tions, is largely unknown. Knowledge of the 
environmental and genetics factors that define 
susceptibility to disease, the specific immune 
reactions that drive disease development, and 
the measures that could be taken to prevent 
disease is limited. The lack of information in this 
area contrasts with the extensive progress that 
has been made in understanding disease patho-
genesis at the level of cytokine regulation, which 
has provided the basis for the development of 
effective targeted therapies.1

In order to take additional steps towards 
preventing and treating RA, there is a need for 
additional knowledge of the basic etiologic 
factors involved in this disease. This review 
will describe some recent progress that has 
been made in elucidating the role of a few such 
factors, and will discuss concepts and methods 
that are needed to address the issues of genes, 
environment and adaptive immunity in the 
development of RA.

GENES AND ENVIRONMENT SHOULD 
BE CONSIDERED IN THE SAME CONTEXT
A number of classic epidemiologic studies, many 
of them done in twins, have shown that both 
genetic and environmental factors contribute to 
the onset of RA.2 Few studies (with one notable 
exception) have proceeded further, and studied 
how environmental and genetic factors might 
interact. The exception is a study by Silman and 
collaborators, in which the role of smoking was 
analyzed in 13 pairs of monozygotic twins who 
were discordant for RA as well as for smoking: 
the smoker was the twin with RA in 12 of these 
13 pairs.3 This elegant study illustrates that 
the effects of environmental agents should be 
studied in genetically well-defined contexts, 
and indicates that environmental influences can 
be dramatic if the genetic background is kept 
constant, as obviously occurs in individuals in 
real life. The design of this type of twin study, 
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however, does not permit identification of the 
genes that interact with environmental stimuli, 
or elucidation of the mechanisms involved.

So far, most other studies have investigated 
environmental and genetic risk factors for RA 
separately. In addition, few of the environmental 
factors and genetic polymorphisms implicated 
in the pathogenesis of RA to date have been 
confirmed in multiple studies. The most solid 
evidence for environmental influences exists 
for smoking, which is discussed in detail below, 
followed by that for silica exposure, which has 
been reviewed elsewhere.4 The literature is 
sparse or contradictory concerning the influ-
ence of occupational agents such as solvents5 
or dietary factors such as coffee or meat,6–10 
despite reports published in 2004 that related 
the consumption of red meat to the risk for 
RA.11,12 The strongest evidence for the influence 
of genetic polymorphisms on risk of RA relates 
to MHC class II antigens and, in particular, to 
various HLA-DR alleles; of these the structure 
defined by the shared epitope (SE)13 is the most 
important. The second major polymorphism 
occurs in the PTPN22 gene, which encodes 
protein tyrosine phosphatase, non receptor type 
22, a tyrosine phosphatase of importance in 
T cell signaling: several groups have confirmed 
a relationship between one variant allele and 
susceptibility to RA.14,15 Several other poly-
morphisms have been described, but extended 
replication studies are required before defi-
nite conclusions on their significance can be 
reached.15 Most notable in the context of the 
present review, there are no reports on relation-
ships between these genetic polymorphisms and 
environmental influences, apart from the studies 
on smoking and silica that are described below.

Lessons from animal models
In order to proceed with studies that investigate 
how specific genes, environmental factors and 
immune reactions interact in RA, we can learn 
from experiments in animal models of arthritis. In 
contrast to previous human etiology studies, it has 
been mandatory to study the genetics of experi-
mentally induced disease in models where the 
trigger is well defined, in inbred and genetically 
well-defined strains of animals. In proceeding to 
human studies, we should learn from the general 
methodology of these studies, and also can gain 
information on candidate triggers, genes and 
pathogenetic immune reactions.

Two general types of triggers are used to 
induce the development of arthritis in (predom-
inantly rodent) animal models. The classical 
approach is to extract autoantigens from the 
target organ, here cartilage, and inject these 
together with an adjuvant into the skin of recip-
ient animals. A series of such autoantigens, of 
which collagen II is the most commonly used, 
have been defined (Box 1), and immunization 
with these antigens results in disease with many 
similarities to human RA.16,17 Interestingly, 
post-translational modification of collagen II by 
means of citrullination renders this autoantigen 
more prone to induce experimental arthritis;18 
however, the immunology behind this reaction 
is not identical to that seen in human RA 
patients. The second type of stimuli are known 
as adjuvants. The first arthritis adjuvant to be 
described was composed of a mixture of myco-
bacterial antigens, which induced disease in the 
recipient animal and, therefore, suggested that 
adaptive immunity to bacterial products might 
be involved in disease pathogenesis.19,20 Later, 
however, it was shown that a series of simple 
adjuvant molecules, such as glucans from 
yeast,21 unmethylated DNA from bacteria22 
and chemicals such as mineral oils,23,24 are able 
to stimulate the innate immune system and 
cause arthritis without being recognized by the 
adaptive immune system.

Animal systems provide much better oppor-
tunities than the outbred human population 
for defining candidate genes that predispose 
to the development of arthritis. A large series 
of genetic loci have now been defined that 
influence arthritis phenotypes; interestingly, 
distinct genetic regions influence different 
aspects of the disease, from general suscepti-
bility to time of onset, degree of chronicity and 
degree of erosiveness, among others.25 Notably, 

Box 1 Agents that cause joint inflammation in 
rodent models of arthritis when injected into 
the skin.a

Adjuvants
Microbial origin (e.g. glucans, lipopolysaccharide, 
CpG-containing DNA)
Self origin (e.g. squalene)
Environmental agents (e.g. mineral oils)

Antigens
Cartilage-derived antigens (e.g. collagen II, IX, X, XI, 
cartilage oligomeric matrix protein, proteoglycans)
aIn all models, the arthritis-inducing capacity of the agent 
is limited to animals with certain genetic characteristics.
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these genetic polymorphisms have primarily 
been defined in situations where one speci-
fied agent is used to trigger arthritis. Some, but 
not all, of these genetic polymorphisms have 
subsequently been shown to influence suscep-
tibility to arthritis triggered by other agents.26 
As summarized in Figure 1, genes and triggers 
should be studied in the same context in order 
to provide a further basis for the understanding 
of the molecular pathogenesis of the different 
variants of disease that are seen in different gene 
or trigger combinations.

We are now in a situation where know ledge 
of many candidate genes that have first been 
identified in rodent arthritis models can be 
used to define candidate genes in human 
arthritis, via identification of homologous 
genes in rodent and humans respectively. This 
method has already identified several genes 
of interest with respect to the development of 
human RA.27,28 We believe that this compara-
tive study approach should be expanded, not 
only to demonstrate the importance of gene–
environment inter actions in arthritis, but also 
to provide hypotheses on the entire chain of 
events, from gene–environment interactions 
to pathogenetic pathways involved in different 
subsets of RA patients.

DIVISION OF RHEUMATOID ARTHRITIS 
INTO CLINICALLY RELEVANT 
SUBGROUPS
RA is defined by a set of disease criteria that 
were formulated on the basis of clinical expe-
rience,29 rather than on an understanding of a 
common etiology and molecular patho genesis.30 
When trying to elucidate the etiology of RA, it is 
important that the disease should be divided into 
subtypes, in which etiological factors and molec-
ular pathways might be more uniform. Without 
a priori knowledge of which sub divisions are 
appropriate, we should collect and consider a 
multitude of phenotypic data from our patients, 
and be prepared to investigate a number of 
such subdivisions.

At present, two partially overlapping 
sub divisions seem to be most compelling, 
namely division by the presence of rheumatoid 
factor (RF) and antibodies that can bind cyclic 
citrullinated proteins (anti-CCP), respectively. 
Individuals who are positive for either or both 
of these biomarkers have a more severe disease 
course, compared with those who lack both of 
them;31 and of the two, anti-CCP antibodies 

seem to have the best prognostic value.32,33 The 
anti-CCP-positive phenotype is also more stable 
over time than the RF-positive phenotype.34 We 
expect more subdivisions to be developed soon 
when additional biomarkers, as well as additional 
clinically relevant features, are identified that 
associate with different genetic poly morphisms 
and environmental triggers.

IMMUNE REACTIONS ASSOCIATED 
WITH RHEUMATOID ARTHRITIS
A number of different immune reactions have 
been demonstrated to be more frequent in 
patients with RA than in healthy individuals or 
patients with other inflammatory diseases. In 
considering which of these potentially patho-
genic reactions might be important, it seems 
rational to ask three initial questions: which 
of the reactions can induce arthritis in animal 
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Figure 1 Gene–environment interactions seem to have a threshold effect 
that determines arthritis susceptibility, as interpreted from experimental 
data for multiple combinations of adjuvants in inbred rat strains. Published, 
numerical data from these experiments were transformed to a 0–16 scoring 
scale,21,50 with the median value presented in cases of several reports. 
Adjuvants and rat strains are ranked along the axes in order of increasing 
disease association. Shaded areas depict combinations that result in 
disease, or are suspected to do so. This figure, originally by Lorentzen, 
illustrates the relative nature of concepts such as arthritogenicity and disease 
susceptibility or resistance. It also illustrates influences from MHC genes 
(rat strains DA and DA.1H) and non-MHC genes (rat strains DA, PVG.1AV1 
and LEW.1AV1). β-Glucan is derived from yeast, muramyl dipeptide from 
mycobacteria and avridine is a synthetic lipoidal amine (avridine and 
muramyl dipeptide are co-injected with incomplete Freund’s adjuvant in the 
respective models). Abbreviations: IFA, incomplete Freund’s adjuvant; 
MDP, muramyl dipeptide; ND, not determined.
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models; which of the reactions occur before 
rather than after onset of RA; and which of 
the reactions are reasonably common in RA, 
and occur in a clinically meaningful subset of 
RA patients? So far, antibodies to collagen II35 
and glucose-6-phosphate isomerase36 fulfill 
the first criterion, but neither of the other two. 
RF fulfils the last two criteria but not the first. 
Autoantibodies to citrullinated proteins come 
close to fulfilling all three criteria: citrullina-
tion of cartilage antigen collagen type II makes 
the modified antigen more arthritogenic in 
rodents;18 anti-CCP antibodies can be present 
up to 10 years before onset of RA37,38 and few 
patients become anti-CCP-positive after disease 
onset;34 and anti-CCP antibodies are common 
in RA and define a clinically meaningful subset 
of disease39 (see above).

GENES, TRIGGERS, AUTOIMMUNE 
REACTIONS AND DISEASE SUBTYPES
We can conclude from the previous discussions 
that studies on the etiology of RA will need 
appropriate subdivision of the RA syndrome, 
as well as definition of potential environmental 
triggers that act in defined genetic contexts and 
(in some cases) are associated with autoimmune 
reactions. Few such studies have been done so far, 
but we will illustrate the use and feasibility of this 
approach by describing some studies performed 
by our own as well as other research groups.

Smoking and HLA-DR genes interact 
as risk factors in rheumatoid arthritis
An population-based case–control study, the 
Epidemiological Investigation of Risk Factors in 
Rheumatoid Arthritis (EIRA) study, performed 
by our group, was initiated in Sweden in 1996. 
Data collection from patients with recent-onset 
RA and well-matched controls is ongoing, so that 
genetic factors, environmental triggers, immune 
reactions and phenotypic features of the disease 
can be studied in concert (the study design has 
been described elsewhere40). So far, informa-
tion from over 2,000 cases and 2,000 controls 
has been collected, and we have begun investi-
gating the feasibility of the general concepts. In 
the first analysis, we subdivided RA by the most 
classical phenotype (i.e. RF-positive versus 
RF-negative disease) to investigate the most clas-
sical gene polymorphisms of importance for RA 
(i.e. HLA-DR SE alleles13) and the best-known 
environ mental agent (i.e. smoking).

The results, which are summarized in Figure 2, 
were striking—we found a profound gene–
environment interaction between smoking 
and HLA-DR SE genes as risk factors for RA.41 
In individuals who are HLA-DR SE-negative, 
smoking is a relatively modest risk factor. This 
finding contrasts with the situation in indi-
viduals who carry one or two sets of the SE 
genes, in whom smoking dramatically increases 
the risk for RA. Equally striking was the finding 
that the genetic risk factor (HLA-DR SE) as 
well as the environmental risk factor (smoking) 
exerted their effects almost exclusively in one 
subtype of RA, the RF-positive variant, and not 
in the other, the RF-negative variant.

These findings illustrate several principal 
points regarding etiologic studies in RA. First, 
the influence of genes on the susceptibility 
to RA might be highly dependent on which 
environ mental factors are present. Second, 
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Figure 2 Gene–environment interactions between HLA-DR shared epitope 
genes and smoking, in (A) rheumatoid-factor-positive and (B) rheumatoid-
factor-negative individuals. Relative risks of developing rheumatoid arthritis 
(with 95% CI limits) are shown for each genotype. The figure was created from 
original data from Padyukov et al.41 Abbreviations: RF, rheumatoid factor; 
SE, shared epitope.
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environmental factors should be studied in 
defined genetic contexts. Third, RA is a hetero-
geneous disease with respect to both genetic 
and environ mental influences, and should 
be appropriately subdivided into subtypes in 
order to permit appropriate recognition of 
genetic as well as environmental risk factors. 
Finally, concepts relating to the pathogenesis 
of RA need to be modified to take into account 
the finding that the principal environmental 
and genetic risk factors act in different ways in 
two major subtypes of RA. This implies that 
molecular pathways involved in the adaptive 
immune response act differently in the two 
forms of RA.

The results from this initial study of gene–
environment interactions in RA pose several 
new questions: what is the biological explana-
tion for the finding that HLA-DR SE genes are 
risk factors only for RF-positive disease; why 
does smoking interact so strongly with the 
HLA-DR SE genes; and why does this happen 
only in RF-positive RA?

Anticitrulline autoimmunity and the link 
between smoking and HLA-DR shared 
epitope genes
To further understand the molecular basis behind 
this gene–environment interaction, which occurs 
in a distinct subset of RA, we turned our atten-
tion to the recently published observation42 
that citrullination of certain peptides makes 
these peptides more prone to bind to HLA-
DR-SE-containing MHC class II molecules and, 
thus, that an immune response to citrullinated 
proteins might occur preferentially in indi viduals 
carrying the HLA-DR genotypes. Together with 
the knowledge that anti citrulline auto immunity 
in RA is closely linked to the presence of RF, this 
finding suggested that the previous demonstra-
tion of a relationship between HLA-DR SE and 
RF-positive RA could be secondary to a relation-
ship between HLA-DR SE and anti-CCP-positive 
RA. We reanalyzed data from our case–control 
study, for interactions between HLA-DR SE 
and smoking in anti-CCP-positive and anti-
CCP-negative RA, respectively. We also analyzed 
data from individuals who were discordant for 
RF and anti-CCP antibodies, in order to deter-
mine whether the relationship with HLA-DR 
SE was primarily related to RF or to the anti-
CCP antibodies. The results of this study are 
summarized in Figure 3.43 As shown, an even 
more dramatic gene–environment interaction 

exists between smoking and HLA-DR SE in 
anti-CCP-positive RA, than in RF-positive RA. 
No effects of either smoking or HLA-DR SE on 
the development of anti-CCP-negative RA were 
seen. In addition, HLA-DR SE is linked prima-
rily with the presence of anti-CCP antibodies, 
rather than the presence of RF. This gene–
environment interaction between HLA-DR SE and 
smoking, and its restriction to anti-CCP-positive 
RA, has also recently been confirmed in another 
independent study.44

A new etiologic hypothesis: 
smoking might induce arthritogenic 
anticitrulline autoimmunity
The epidemiologic studies summarized above, 
together with previously available data on 
autoimmunity to citrullinated peptides, suggest 
that anti-CCP antibodies could be of patho-
genetic significance in RA: they can be detected 
years before onset of disease, citrullinated 
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peptides can induce arthritis in rodents, and now 
it has been shown that the main genes that influ-
ence susceptibility and the major environmental 
trigger for disease associate only with anti-
CCP-positive RA. We still need to know how 
smoking interacts with HLA-DR SE, and why this 
interaction only occurs for anti-CCP-positive RA. 
One possible explanation is that smoking works 
as an environmental trigger for development of 
anticitrulline autoimmunity. This possibility 
was tested experimentally by investigating the 
presence of citrullinated peptides at the site 
where the smoke primarily encounters the 
body (i.e. in the lungs). Bronchoalvelolar lavage 
studies in smokers and nonsmokers, respectively, 
showed that a high percentage of cells in the 
aspirated fluid from smokers contained citrulli-
nated proteins, whereas this was not the case 
in nonsmokers.43

Taken together, these data have enabled us 
to suggest a hypothetical etiology for anti-
CCP-positive RA, in which an environmental 
agent (smoking) induces citrullination of lung 
proteins. Adjuvants in the smoke also stimulate 

the innate immune system and, specifically, help 
to induce immunity to citrullinated proteins, 
which occurs preferentially in indi viduals 
carrying the HLA-DR SE genes. This auto-
immunity might be present years before disease 
onset, and could ultimately contribute to the 
pathogenesis of arthritis, as suggested previously 
from studies in rodents (Figure 4).

Although compelling, this scenario leaves 
many questions unanswered. We do not know 
how autoantibodies to citrullinated antigens 
develop, or why most HLA-DR SE-positive indi-
viduals exposed to smoke actually do not develop 
anti-CCP antibodies. We also do not know which 
citrullinated peptides are recognized by immune 
cells in the lung or in the joints, or both, and 
moreover we do not know how autoimmunity to 
ubiquitously present citrullinated antigens might 
be involved in the development of joint-specific 
inflammation. These studies on environmental 
risk factors, genetic risk factors, autoimmunity 
and subtypes of RA, have nevertheless produced 
an etiologic hypothesis that can now be tested 
by immunologists, molecular biologists and 
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Figure 4 Longitudinal course of anti-CCP-positive and anti-CCP-negative rheumatoid arthritis. The 
figure illustrates how the disease course is more severe for anti-CCP-positive rheumatoid arthritis 
(A) than for anti-CCP-negative rheumatoid arthritis (B). Erosions, as well as other comorbidities, such 
as cardiovascular disease and lymphomas, might develop in the course of either subtype of disease. 
Abbreviations: CCP, cyclic citrullinated peptide; RA, rheumatoid arthritis; RF, rheumatoid factor.
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epi demiologists respectively. It would be of 
particular interest to follow individuals who are 
at a high risk of RA in prospective longitudinal 
studies aimed at understanding which immune 
reactions, triggered by which environmental 
agents, enhance or counteract the development 
of clinical signs of arthritis.

Other pathways to disease development
The example discussed above is just one possible 
pathway for one variant of RA; there are several 
other possibilities. For example, the pathway 
involving the detoxifying enzyme glutha thione 
S transferase M1 deserves a mention, as the 
GSTM1-null genotype has been shown to 
interact with smoking and be associated with 
a more-severe course of RA than other geno-
types.45 Also, as described above, a number 
of potential exogenous stimuli in addition to 
smoking have been described in epidemiologic 
studies as being linked to subtypes of disease 
or to certain immune processes, but few links 
between these stimuli and specific genes have 
been shown. The most compelling association 
is that of silica exposure—another example of 
an environmental exposure that occurs mainly 
via the airways—which is asso ciated with an 
increased risk for RA,4,46,47 even after adjustment 
for the effects of smoking.48 Another example 
of an exogenous stimulus with a relation ship 
to RA and to genotype, has however, recently 
been elucidated in the EIRA study. Exposure to 

mineral oils is a well-known trigger of arthritis 
in some strains of rats,23,24 and was reported (in 
2005) to be associated with an increased risk of 
RA.49 The increased risk, similarly to smoking, 
was confined to the anti-CCP-positive subtype 
of disease, but was, in contrast to smoking, not 
significantly related to the presence or absence 
of HLA-DR SE genes.49 It is tempting to specu-
late that similar mechanisms to those respon-
sible for oil (and adjuvant)-induced arthritis in 
rats, could also be active in humans exposed to 
mineral oils.

CONCLUDING REMARKS
The heterogeneous, chronic and complex nature 
of RA has hampered efforts to decipher the 
critical etiologic factors that would permit us 
to suppress the disease before damage occurs. 
The main message of this review is that the 
use of modern genetic and biomarker tech-
nology might soon permit us to divide RA 
patients into appropriate subgroups, to identify 
environ mental and genetic etiologic factors, and 
possibly to link these findings to specific disease-
associated or even disease-inducing immune 
reactions (Figure 5). These results would in turn 
mean that it should be possible to intervene early 
in the disease, possibly before clinical signs and 
symptoms develop. Intervention could be based 
not only on currently available therapies, but 
also on approaches that interfere with specific 
immune responses and environmental triggers.

Interference with inducers

Interference with cytokines

Interference with specific immunity

Genetic context
permitting development

of specific immune
reactions

Genetic context
permitting development

of chronic arthritis

Nonspecific stimulus

Activation of adaptive immunity

Inflammation

Chronic and/or destructive arthritis

Figure 5 Possible options for intervention in different stages of rheumatoid arthritis pathogenesis. 
Current treatments for rheumatoid arthritis focus mainly on the innate immune system, for example 
blocking cytokine signaling with anti-tumor-necrosis-factor agents. This figure illustrates two attractive 
future alternatives: interference with specific reactions of the adaptive immune system, such as 
autoimmunity to citrullinated proteins, and interference with environmental risk factors, for example 
antismoking programs.
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KEY POINTS
■ Rheumatoid arthritis (RA) is a heterogeneous 

disease, and the genetic and environmental 
risk factors for the major disease subtypes 
(rheumatoid-factor-positive, rheumatoid-
factor-negative, positive for antibodies tthat 
bind cyclic citrullinated proteins [anti-CCP], or 
anti-CCP-negative) might be different

■ There is a major gene–environment interaction 
between HLA-DR shared epitope genes as a 
central genetic risk factor, and smoking 
as a major environmental risk factor, in the 
etiology of anti-CCP-positive (but not 
anti-CCP-negative) RA

■ A possible mechanism behind the interaction 
between smoking, HLA-DR shared epitope 
genes and anticitrulline autoimmunity 
is discussed

■ Several other environmental agents, such as 
silica dust and mineral oil, have been identified 
as risk factors for RA

■ The dramatically increased risk of RA that has 
been identified in individuals carrying certain 
genes should lead to counseling against 
smoking in patients who have relatives with RA
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