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Abstract
Rheumatoid arthritis [RA] is a chronic inflammatory disease directed towards peripheral
joints. As all common diseases it is associated with several genes and a multitude of
environmental factors. In addition, in similarity with most other complex diseases, it is
defined only on the basis of clinical signs and symtoms, it is therefore more properly
classified as a syndrome rather than a distinct disease entity.
This complexity of RA has led to difficulties in finding the underlying genes. In spite of large
efforts it is still only the MHC class II region that reaches genome wide significance in
confirmed studies. However, this has been known for decades and we are still unable to
conclusively identify the underlying gene/s. We hypothesize that a MHC class II gene is
involved and although we have detailed knowledge on both structure and function we do not
know its possible pathogenic role in RA.
In this review I will argue for the usefulness of animal models as a tool to identify genes and
pathways associated with disease. The examples to be discussed genes controlling the
oxidative burst pathways and MHC class II genes.

From disease to genes
An ideal model for human RA should mimic the complexity of the human disease in being
polygenic and dependent on environmental factors. The advantage of animals is that both
genetics and environment can be better controlled and in addition hypothesis can be
experimentally tested. RA is a syndrome, likely composed of several distinct disease entities,
and so are the animal models. The heterogeneity is reflected in the large number of different
models with clearly different pathogenesis. It is likely that each of them reflect distinct
subsets of RA and provide unique possibilities to study pathogenic pathways in controlled
settings. Studies of the animal models need to be performed with the same approach as we
investigate human disease, starting with the disease to unravel the genetic basis. This
provides the proper contextual setting which is critical for understanding the molecular
pathogenesis. Along this approach the animal models are now genetically dissected to
determine the genetic polymorphism that allow the pathogenic development of chronic
arthritis. This is a difficult approach, although not as difficult as in humans, but recently
progress have been made showing that this will be possible.
The approach clearly demands diseases in animals that as close as it is possible mimics the
corresponding human disease. The most obvious difference is often not the species difference
but differences in how the experimental animal models are studies as compared with humans.
The vast majority of all so far published data use the animal models for studies of only the
acute phase of the disease whereas in humans basically no studies are devoted to this phase
as RA patients most likely are diagnosed several years after their disease onset and clearly at
least a half year after their clinical onset. There are evidence that acute and chronic phases
are controlled by different sets of genes and definitely they differ in their pathogenic

mechanisms. Another main difference is that we do not yet know the environmental factors
triggering RA and for using animal models we need a high and reproducible frequency.
Therefore, we use environmental factors that give arthritis in animals but for which
knowledge is lacking in humans. Nevertheless, many adjuvant or self antigens used in
experimental arthritis are likely to be involved in different phases also in the human disease.
Gradually, we have learned to develop better and more useful animal models and some of
them will be discussed.

The pristane induced arthritis in rats
A still unexplained phenomena is that severe arthritis develpops in many rats after injection
of various adjuvant. This was originally induced using complete Freund’s adjuvant, i.e.
mycobacteria cells walls suspended in mineral oil [1]. Many years later it was noted that the
mineral oils that supported the induction of arthritis were in fact arthritogenic by themselves
[2]. It was also found that subcutaneous administration of adjuvant compounds, such as
pristane and squalen, which bear no relation to bacterias and which are present in our bodies,
were highly effective in inducing arthritis [3, 4]. The common action of these non-bacterial
arthritogenic adjuvants is that they do stimulate innate immunity but not adaptive immunity
as they are not immunogenic by themselves. There are however so far no evidence that they
operate through known receptors like TLRs and NOD2, but more likely through so far
unknown innate immune mechanisms. Surprisingly, these non-bacterial and nonimmunogenic adjuvants produce inflammation confined to the joints and offer better
experimental models for RA than the earlier commonly used “adjuvant arthritis” i.e.
mycobacterium in oil induced arthritis [MIA] model. Less than two weeks after a

subcutaneous injection of pristane, arthritis in the peripheral joints suddenly develops. In
certain rat strains like the DA, the arthritis proceeds as a chronic relapsing disease.
Surprisingly, no consistent immune response to any specific cartilage component has yet
been observed although rheumatoid factors are present in serum [5]. A role for cartilage
proteins in regulating disease activity is possible as the disease can be prevented and in fact
therapeutically ameliorated by nasal vaccination with various cartilage proteins [6]. Both the
initiation and the chronic progression of the arthritis is T cell dependent as shown by in vivo
administration of antibodies to ab T cells [3, 4, 7] and through transfer of the disease with
CD4+ T cells expressing ab T cell receptor [8]. Interestingly the arthritogenic T cells are
MHC class II restricted and recognize both DQ and DR class II alleles [8]. Together with the
observation that the chronic disease course is associated with the MHC region [3, 4, 7], this
suggest that T cells activated after pristane injection recognize a self peptide MHC class II
complex. The involvement of different MHC class II molecules and TCR V genes argues for
a role of many different self antigens, although none has so far been identified.
A disease to gene approach has been used to identify the pathogenic pathways in this disease.
The difficulties in using genetic manipulations in the rat have simplified this approach in that
work has not been misled to the same extent as in the mouse by suggestions that stems from
such approaches. Thus so far, linkage analysis of genetically segregating crosses has shown
that the disease is polygenic and a large part of the variance could be explained by more than
20 quantitative trait loci [QTL] [9-15]. Interestingly, they seem to control distinct phases of
the disease such as arthritis onset, clinical severity, joint erosion and chronicity.
Positional cloning of the underlying genes has however been proven to be a difficult task.
Still, however, with much more powerful possibilities that are at hand in humans. With

inbred rodents it is possible to make congenic strains, in which quantitative trait locus
containing one or several disease genes are isolated. By selecting recombinant congenic
fragments and testing the strains for disease the fragment can gradually be reduced. This
approach has so far been the only successful approach to conclusively identify the underlying
genes. Thus, such an approach was used to clone Ncf1 from the Pia4 locus identified in
crosses between DA and E3 strains [16]. The Ncf1 gene, also known as p47phox, codes for a
protein in the NADPH oxidase complex, that mediates oxidative burst. Surprisingly a lower
oxidative burst capacity was associated with more severe arthritis. The effect was found to
operate before T cell activation and therefore also controls the degree of autoimmunity,
linking innate and adaptive immunity and giving a new perspective on the development of
arthritis. The nucleotide variance controlling the degree of oxidative burst has been identified
but the molecular mechanism of this effect has not been resolved. Interestingly a high degree
of polymorphism among different inbred rat strains as well as in wild rats have been found
and there is also a considerable polymorphism in both the Ncf1 gene and in genes associated
with the pathway in other species. This, did in fact open the possibility to study the effect of
other mutations in the Ncf1 gene for development of the more classical arthritis model in the
mouse, the collagen induced arthritis (CIA).

Collagen II induced arthritis (CIA)
Immunization with the major collagen in cartilage, type II collagen (CII), leads to an
autoimmune response and as a consequence, sudden onset of severe arthritis. Although it is
usually necessary to emulsify the CII in adjuvant, such as mineral oil or the complete
Freund’s adjuvant, the disease can be distinguished from the various forms of adjuvant

arthritis [17]. Both susceptibility and the chronicity of the disease course are genetically
controlled. In the most commonly used mouse strain, DBA/1, the arthritis is severe and acute
whereas in other strains like those with a C57Bl/10 background such as the B10.Q or
B10.RIII strains, the arthritis is milder but eventually later develop into a more chronic
relapsing disease course [18-20]. The disease is critically dependent on both a T- and a B-cell
response to CII and pathogenic antibodies play a role in the inflammatory attack on the joints
[21]. The collagen antibody induced arthritis (CAIA) is inducible with certain CII specific
monoclonal antibodies [22]. These CII-specific antibodies bind to the cartilage surface, fix
complement, attract neutrophilic granulocytes and activate macrophages in a process
independent of the immune system [23].
CIA is a complex, polygenic disease, in similarity with the PIA model. In the CIA model,
however, the autoimmune process is already determined by the induction through
immunization with a defined antigen. Not surprisingly, the major histocompatibility complex
[MHC] class II polymorphism is important for determining susceptibility but there is also a
major influence by a large number of other unknown genes. The major gene regions have
been identified through genetic segregation experiments in both mice and rats, which have
given an overall picture of the genetic inheritance of the susceptibility [24-26]. As in other
complex diseases, these genes operate in concert and can only be identified through isolation
in a proper genetic and environmental context i.e. as congenic strains used under specified
conditions [27, 28]. One of the most important loci is the MHC region and the identification
of arthritis-associated genes within this region has provided an example that a “disease to
gene” approach is essential and instructive.

The role of the major histocompatibility complex
The establishment of inbred congenic strains did not only allow the identification of the
major histocompatibility region a half century ago but also provided congenic strains useful
for studies of disease associations. Such studies showed that CIA is most strongly associated
with the H2q and H2r haplotypes whereas most other haplotypes such as b, s, d and p are
relatively resistant [29]. The major underlying gene explaining the association with the H2q
haplotype has been identified as the Aq beta gene and the disease causing polymorphic
nucleotides are also known [30]. Moreover, the immunodominant peptide derived from the
CII molecule bound to the arthritis-associated q variant of the A (Aq) molecule has been
found to be located between positions 260 and 270 of CII [31]. This is a glycopeptide with an
oligosaccharide pointing towards the T cell receptor and is recognised by most of the CIIreactive T cells [32]. Interestingly, the peptide-binding pocket of the Aq molecule is very
similar to that of the DR4 [DRB1*0401/DRA] and DR1 molecules, i.e. the shared epitope,
which are associated with RA. Furthermore, mice transgenically expressing DR4 or DR1 are
susceptible to CIA and respond to a peptide from the same CII region [33-35] and CII
reactive T cells from RA patients seem to predominantly recognize the glycopeptide [36].
These findings suggest a model for studies of RA that not only mimic some basic pathogenic
events but maybe also share some critical structural similarities. Most importantly, it allows
further studies of the pathogenic role of MHC class II polymorphism.

Autoimmune recognition of cartilage
It is important to emphasise that the identified structural interaction between MHC class
II+peptide complexes and T cells does not give us the answer to the pathogenesis of CIA

[or RA], but rather a better tool for further analysis. An important question is how the
immune system in fact interacts with the peripheral joints, i.e. how autoreactive T and B
cells are normally tolerized and what happens in the pathologic situation, after their
activation by CII immunisation. Most of the T cells reactive with the rat CII256-270
peptide do not cross-react with the corresponding peptide from mouse CII. The difference
between the heterologous and the homologous peptide is position 266 in which the rat has
a glutamic acid (E) and the mouse an aspartic acid (D), which leads to a weaker binding
of the mouse peptide to Aq. The importance of this minor difference was demonstrated in
transgenic mice expressing CII mutated to express a glutamic acid at this position [37].
When mutated CII was expressed in cartilage the T cell response to CII was partially but
not completely tolerized. The mice were susceptible to arthritis but the incidence was
low, similar to what is seen in mice immunised with homologous CII. This finding shows
that a normal interaction between cartilage and T cells leads to the activation of T cells
with less capacity to induce arthritis or alternatively with regulatory properties. Clearly,
the T cells have recognized the antigens in a physiologic setting but survived this event.
These remaining T cells are likely to have a function for instance to actively regulate
arthritis development. In fact such regulatory T cells have been identified but is not of the
classical CD4+CD25+ type but are CD4+CD152+ [38]. However, the partially tolerized T
cells may also under extreme circumstances [such as CII immunisation] mediate arthritis.
In contrast, B cells reactive with CII are not tolerized and as soon as the T cells are
activated, even in a partially tolerized state, they help B cells to produce autoreactive and
pathogenic antibodies. It is possible that a similar situation may exist in humans that
could explain the difficulties in isolating CII reactive T cells compared with the relative

ease in which CII-reactive B cells can be detected in the joints. Interestingly, the
susceptibility to arthritis and to CII autoimmunity by the E264D CII mutation is
genetically controlled. If on the C57Bl/10 background, the mice are completely resistant
to arthritis and autoreactive T cells to CII are only barely detectable [39]. Thus, tolerance
is genetically controlled also by other genes than MHC class II.

Identification of Ncf1 in the mouse
The polygenic control of CIA is as complex as in PIA. At least 25 loci are of importance in
crosses that involve the C57/Black10 gene background with a number of other mouse
backgrounds, but which share the MHC [H2q] gene region [25, 26, 40, 41]. The pattern and
penetrance of such loci between the different crosses varies, indicating the complexity of
different pathways in CIA. An interesting candidate gene is certainly Ncf1, as this was
already identified in rats. However, a corresponding polymorphism of Ncf1 as found in the
rat is not present in the mouse. Instead, polymorphism occurs in several genes in the Ncf1
associated pathway and some of these are within the identified loci associated with CIA.
Nevertheless, it would have been of value to investigate mutations in the Ncf1 gene as this
would confirm a link between the oxidative burst pathway and arthritis and would also allow
more precise analysis of the function of Ncf1 in T cell autoimmunity. In fact, such a mutation
was reported to occur in a leptin receptor-deficient C57Bl/6 mouse [42]. This mutation is
different from the one identified in the rat and was located in a splicing site. It dramatically
reduced expression of a functional Ncf1 and led to an impaired oxidative burst. The Ncf1
mutation was backcrossed to the CIA susceptible B10.Q mouse, a C57Bl/10 MHC congenic
mouse strain, which also express that arthritis permissive Aq MHC class II gene [20].

Importantly, this mouse developed a severe chronic relapsing arthritis after immunization
with CII. It also developed an enhanced delayed type hypersensitivity reaction to CII, an in
vivo test known to be T cell dependent. In accordance with an enhanced CII T cell
autoreactivity, the Ncf1 mutated mouse developed high levels of IgG antibodies to CII. Thus,
as earlier shown in the rat, the Ncf1 variant that allow a lower oxidative burst is associated
with the activation of autoreactive T cells and the development of severe arthritis.
Interestingly, this mouse also develops arthritis spontaneously at the postpartum period,
known to be a vulnerable period for development of CIA [43]. The spontaneous arthritis was
as severe as CIA and developed into a chronic relapsing disease course. The arthritic mice
also had a weak but significant antibody response to CII, in fact specific for epitopes that are
targeted by arthritogenic antibodies. The development of inflammation in the joints, but not
in other tissues, is difficult to explain as there is no obvious link to the specificity of an
immune response. It is clearly important to investigate the role of Ncf1 not only in arthritis
but also in other inflammatory conditions. So far, experiments using models for multiple
sclerosis shown that this may be complicated as induction of disease with a MOG [myelin
oligodendrocytic glycoprotein] derived peptide was less efficient in the Ncf1 mutated mouse
whereas the induction of EAE with the native MOG protein led to an enhancement, similar to
the findings in arthritis.
In humans, complete Ncf1 deficiency cause chronic granulomatous disease (CGD)[44]. CGD
is characterized by an increased infectious susceptibility but also a chronic granulomatous
inflammation in the intestinal tract. There is an overrepresentation of autoimmune disease but
the numbers of CGD patients is too low to conclude about specific association to certain
autoimmune diseases. A mouse made deficient for Ncf1 through gene targeting has been

reported to develop a CGD like disease [45], but show a complicated pattern of susceptibility
to both infectious [46, 47] and inflammatory models [48-53]. The Ncf1 deficient mouse was
shown to be very resistant to development of experimental autoimmune encephalomyelitis
(EAE) [53] but developed an enhanced severity of arthritis triggered with zymosan [50]. In
contrast, the B10.Q Ncf1 mutated mouse has so far no apparent signs of CGD and show an
enhancing effect of EAE when induced with recombinant MOG protein. There are many
possible explanations for these discrepancies as the Ncf1 mutated mouse also has a large
number of linked 129 derived genes and has a complete deficiency of Ncf1 whereas the
B10.Q Ncf1 mouse is only one nucleotide difference, which does not completely delete the
gene. This may have bearings for the human disease as incomplete penetrance and
polymorphism of Ncf1 may be of equal importance but is not associated with CGD.

Conclusions
It is apparent that a “disease to gene” approach has revealed previously unknown pathways
of importance for both the control of autoreactive T cells as well as for the development of
arthritis. Maybe more important, this pathways are likely to be relevant as they are controlled
by a genetic polymorphism that is naturally occurring and therefore likely to be selected by
“real” manipulations like the environment both rodents and humans are living in. It is
important to emphasize that such a selection is operating on the pathway and not on specific
genetic polymorphism or single genes. This was indicated in the comparative analysis of the
Ncf1 gene and its pathways of mice and rats although this analysis is only in its beginning.
Likewise we do not yet know the importance of the polymorphism of the Ncf1 gene or its
related pathway in humans. However, it is known that the Ncf1 gene is in an unstable region

with very recent duplications with several pseudo-, truncated and normal with a high degree
of polymorphism. The importance of this pathway in humans remains to be investigated and
as a prerequisite for these investigations we need to unravel the secrets in experimental
animals in which experiments can be conclusively designed.
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