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Abstract

Positional cloning of susceptibility genes in complex diseases like rheumatoid
arthritis in humans is hampered by aspects like genetic heterogeneity and
environmental variations, while genetic studies in animal models contain several
advantages. With animal models, the environment can be controlled, the genetic
complexity of the disease is minimized and the disease onset can be predicted,
which simplify diagnosis and characterization. We use pristane-induced arthritis
in rats to investigate the inheritance of arthritis. Until now, we have identified
15 loci that significantly predispose rats to the development of arthritis. One
of these arthritis loci has been isolated and confirmed to be caused by a
polymorphism in the Ncf1 gene. In this review, we outline the methods
used to identify Ncf1 as one single susceptibility gene in a complex puzzle of
inherited factors that render susceptibility to a complex autoimmune disorder
like arthritis.

Introduction

Rheumatoid arthritis (RA) is a complex disease that
despite decades of research still remains to be of unknown
aetiology [1]. RA is known to depend both on environ-
mental factors [2] and on familial inheritance [3–5]. With
the genetic revolution that has culminated during the last
few years, through the release of the full genome sequence
of humans [6, 7] and mice [8], great expectations are set
upon researchers to resolve complex inherited diseases like
RA [9]. However, linkage analysis in RA patients has so far
only been able to detect the human leucocyte antigen
(HLA) region to be one important genetic factor in the
predisposition to RA [10]. Besides HLA, which has been
estimated to account for one-third of the inherited suscep-
tibility to RA [11], no other loci of significant contribution
to RA have been detected despite several linkage analysis
being performed in human patient studies [12–15]. Multi-
factorial environmental influence and genetic and pheno-
typic heterogeneity together with the impracticality of
obtaining individual samples in high enough number
make the majority of human linkage analyses of complex
diseases predestined to end short of significant disease-
associated chromosomal loci [16, 17]. Another major
cumbersome problem that human geneticists have to face
when dissecting complex traits is the impracticality to
proceed further once a significant locus has been identi-

fied. The need for additional informative individuals
might be an overwhelming obstacle, as it is necessary to
obtain additional samples within the same ethnic group as
the original study [18]. Despite these difficulties, there
have been some occasions of successful identifications of
autoimmunity-regulating genes in humans [19–21], but
overall it is difficult to identify genes in complex human
diseases [22]. Furthermore, if a significant genetic associa-
tion is identified, it is needed to identify candidate genes
for positional cloning. Positional cloning approaches will
most often demand additional large number of patient
family members to identify single predisposing genes. In
human genetic research, this is only a science fiction
utopia, while in animal models it is the reality [23]. For
studies of arthritis, there exist several animal models. The
most common model of arthritis is induced both in mice
[24] and in rats [25] with collagen type II emulsified in
incomplete Freund’s adjuvant (i.e. mineral oil) or com-
plete Freund’s adjuvant (i.e. mycobacteria cell walls in
mineral oil). Besides the arthritis induced with cartilage-
specific proteins like the type II collagen-induced arthritis
(CIIIA), type XI collagen-induced arthritis (CIXIA) [26] or
the cartilage oligomeric matrix protein-induced arthritis
(COMPIA) [27], it is also possible to induce arthritis
with mycobacterium emulsified in adjuvant (MIA), or
for that matter even with mineral oil only (oil-induced
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arthritis, OIA) or with synthetic adjuvants like pristane
(pristane-induced arthritis, PIA) [28–32]. All models of
arthritis in rats have different characteristics and upon
comparison with criteria used for diagnosing RA [33], it
is clear that the consensus knowledge of all these models
can be used to study most aspects of RA (Table 1). How-
ever, when analysing genetic regulation of arthritis in
animal models, one must keep in mind the evolutionary
difference between humans and rodents, as well as the fact
that an animal model of RA is not the same as the human
disease. Hence, the most important finding, obtained from
positional cloning of arthritis-regulating genes in animal
models for future studies of RA, is not the identified genes
themselves, but rather the knowledge of previously
unknown pathological mechanisms and pathways of dis-
ease regulation. Since the first publication, in 1996, of
genetic linkage analysis of CIA in rats [34], studies of
linkage analysis of arthritis in rats have been ongoing,
using various models of arthritis and different inbred rat
strains ([29, 35]). Genetic projects based on linkage ana-
lysis of complex disorders are time and lab consuming,
especially as isolation of associated loci in congenic strains
demands years of breeding. Hence, there have been doubts
concerning the potential of reverse genetics of polygenic
diseases both in humans and in animal models [22, 36].
However, we recently reported the successful identification
of a functional polymorphism of Ncf1, explaining the
effect on arthritis severity by the quantitative trait locus
(QTL) Pia4, through positional cloning [37]. We appreci-
ate this to be the first in a long range of genes that will be
identified in animal models of arthritis, that all will be
important pieces in a puzzle of the complex inheritance of
autoimmune diseases. Eventual assembly of this puzzle will
give deeper understanding of the pathogenesis of many

common diseases. We here review the positional cloning
of Ncf1 and discuss the methods used to go from the
characterization of an animal model to the identification
and verification of Ncf1 as one major gene in the regula-
tion of adjuvant-induced arthritis.

Linkage analysis and positional cloning of Ncf1 in
pristane-induced arthritis

Establishment of pristane-induced arthritis

PIA was established as a model that mimics several aspects
of diagnosed RA [33]. The main pathological features of
PIA include oedema, infiltration into the joint of mono-
nuclear and polymorphonuclear cells, pannus formation
and erosion of cartilage and bone [32]. PIA is a disease that
is largely T-cell dependent, while for example CIA has a
more complex pathology also involving antibodies directed
against type II collagen [38].

In the original characterization of PIA, several inbred
strains as well as major histocompatibility complex
(MHC) congenic strains were tested for PIA susceptibility
[32]. In this work, a high degree of variation in suscep-
tibility and severity was observed between the different
strains. The first genetic association for PIA regulation
was also observed to the MHC region on chromosome
20 (Pia1). To identify non-MHC loci that control arthritis
susceptibility or severity by linkage analysis, it is most
suitable to choose animals with large difference in suscep-
tibility to ensure a strong genetic effect on disease regula-
tion and also to choose animals that are the most distantly
related [39]. In the present work, we used the 100%
susceptible DA rat in combination with the totally resist-
ant E3 rat to unravel the underlying genetic mechanism of
DA susceptibility to arthritis.

Linkage analysis and quantitative trait locus detection

In the first linkage analysis based on E3 and DA rats, it
was clear how different QTLs regulated different aspects of
the disease [40]. One of the strongest linkages was
obtained to the Pia4 locus on chromosome 12. The
main effect of the Pia4 locus was observed on arthritis
severity, but it had also an influence on the onset of disease
and the following chronic disease. Later, we followed up
the first F2 intercross with a DA(E3�DA) backcross
experiment where we increased the number of animals to
650 rats [41]. With the backcross approach, we were only
able to detect loci with E3-dominant effect, but with a
statistically higher significance, as there is lower degree of
freedom [42]. In both the intercross and the backcross,
Pia4 was highly significantly linked to severity of arthritis
(Fig. 1). However, the penetrance of the effect of Pia4
is more pronounced in the backcross. This suggests an
interacting effect by E3 genes that is observed in the F2

Table 1 Comparison of arthritis models in rats with American Rheuma-

tism Association criteria for rheumatoid arthritis (RA)

RA MIA OIA PIA CIA

Early morning stiffness þ ND ND ND ND

Arthritis of at least three areas (PIP-MC, wrist,

elbow, knee, ankle, PIP-MT) >6 weeks

þ – – þ þ

Arthritis of hand joints >6 weeks þ – – þ þ
Rheumatoid nodules þ – – – –

Symmetric arthritis þ – þ þ –

Serum rheumatoid factors þ – – þ þ
Radiographic changes þ þ – þ þ
Classical RA (>4 criteria) þ – – þ þ
Additional observations

MHC association þ þ þ þ þ
Anti-CII antibodies þ – – – þ
Enthesopathy – þ – þ þ

OIA, oil-induced arthritis; PIA, pristane-induced arthritis; CIA, collagen-

induced arthritis; MHC, major histocompatibility complex; ND, not

determined; MIA, mycobacteria cell walls in mineral oil-induced arthritis;

PIP-MC, proximal interphalangeal metacarpophalangeal joint; PIP-MT,

proximal interphalangeal metatarsophalangeal joint.
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intercross, where also E3 homozygosity at interacting loci
is involved.

From QTL detection to congenic strain

Once a significant linkage for a QTL has been identified,
the real challenging work to isolate the susceptibility gene
begins [43]. In animal models, the progress from QTL
detection to candidate genes will run in two separate, but
connected, pathways (Fig. 2). The first important task is to
reproduce the identified QTL in congenic strains. A con-
genic strain is produced by insertion of the genetic frag-
ment of interest from the resistant parental strain onto the
genome of the susceptible parental strain, or vice versa
(reciprocal congenics), through conventional backcross
breeding or marker-assisted breeding [44, 45]. Once a
pure background genome of the congenic strain has been
created, the disease trait can be analysed in the congenic
strain and compared with wild-type animals.

In the case of Pia4, the chromosome 12 region of Pia4
from E3 was introgressed into the DA background genome
through conventional breeding. After five generations of
backcrossing, the interfering background is approximately
3% [45], the reason why the DA.Pia4 congenic strain also
was verified for DA homozygosity at other previously

identified Pia QTLs, i.e. Pia1–3 and Pia5–6, before the
rats were subjected to PIA (Fig. 3A). As there was signifi-
cantly less arthritis severity in the DA.Pia4 congenic strain
compared with that in the littermate DA, further backcross
breeding with the aim of positional cloning of Pia4 was
justified. As previously observed in the linkage analysis,
there was no gender effect of Pia4 (data not shown), the
reason why all ensuing experiments on congenic strains
were performed on gender-mixed populations. The pene-
trance of Pia4 is not 100%, the effect is overlapping
between the groups, but it needs to be emphasized that
the use of a limited number of animals in the testing is
crucial for a successful narrowing of the fragment and
subsequent positional cloning. At this stage, we realized
that the Pia4 gene influences arthritis severity in a DA
genetic environment, i.e. there is no major suppressive
trans-interaction. However, it is still possible that there
are several linked interacting genes that could dilute, but
hopefully also enhance, the effect of the gene as has been
apparent in some other QTL projects [46, 47].

The confidence interval of a linked QTL could be quite
broad, the reason why almost half of chromosome 12 was
included in the initial verification experiment. After
another five generations of breeding (to N10), the con-
genic interval was reduced to about 20 cM (Fig. 3B), still

Figure 1 Limit of detection score plots of

chromosome 12 detecting Pia4 using the

trait maximal arthritis severity in (A)

(E3�DA)F2 and (B) DA(E3�DA). The

thin vertical line shows the threshold for

highly significant linkage, as determined by

permutation analysis (1000 permutations).

The circle on the chromosome indicates the

location of Ncf1. The lower panel shows rats
in the respective crosses segregating for Pia4
(a¼E3 allele and b¼DA allele). In panel A,

a simple scoring method was used to evaluate

the arthritis severity in the rats. With the

simple scoring method, a maximum disease

severity is 12, while in the extended scoring

system otherwise used the maximum severity

is 60 for each rat [71].
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encompassing, maybe, 30 million basepairs [48]. To narrow
down this Pia4 region, an approach of collecting and
testing small cohorts of animals having recombinations
within this fragment was initiated [49]. With this method,
a consensus regarding the location of the Pia4 gene and a
congenic line (13n) with an E3 fragment of approximately
2 cM was reached (Fig. 4).

Subphenotypes, where and when

During the process of fine mapping the congenic interval
fragment and production of physical maps, there are
means of obtaining a deeper understanding of the trait in
question, thereby building up a stronger rationale for
candidate evaluation. For example, it is possible to search
for identified disease linked QTLs to syntenic regions of
other species [3, 50]. The Pia4 region had been identified
in models for multiple sclerosis and uveitis [51–54] and to
be homologous to a locus on mouse chromosome 5 (Bb2),
which was identified using a model of Borrelia-induced
Lyme disease [55], indicating Pia4 to be involved in gen-
eral autoimmune regulation. Through the analysis of dis-
ease-relevant subphenotypes, an understanding of the
mechanism of the QTL as well as an indication concerning
where and when the gene might be of importance is

achieved. During the characterization of PIA, we had
developed biochemical analyses in plasma that reflect sys-
temic inflammation (a1-acid glycoprotein (AGP) [56])
and cartilage erosion (COMP [57]). Through the use
of adoptive transfer of mitogen-activated T cells [58, 59],
we could also divide the phases of the disease into activ-
ation and effector stage of the disease. Using these three
methods, we were able to show that the E3 allele of
the Pia4 locus, besides having an ameliorating effect
on clinically observable arthritis like swollen red and
deformed peripheral joints, also caused decreased level of
AGP and COMP, when introduced into the DA genome
[37]. This showed that Pia4 had a profound effect on
arthritis that included a systemic inflammatory response
as well as severe erosive arthritis. The question about
when the action of Pia4 is of importance was clarified
through adoptive transfer where transfer of mitogen-
activated spleen cells from the immunized DA strain to
a susceptible as well as a resistant strain was possible.
The reversal transfer, when an immunized resistant strain
was used as spleen cell donor, did not transfer disease [37].
In contrast to our expectations, we had to conclude that
the defect in Pia4 must involve the activation of autoreac-
tive T cells in the donor rats, i.e. before they reach the
joints.

Figure 2 Schematic pathway of how to identify susceptibility genes in complex genetic diseases using animal models.

158 Identification of Ncf1 as an Arthritis Gene P. Olofsson & R. Holmdahl
..................................................................................................................................................................................................

# 2003 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 58, 155–164



Physical mapping

The decision concerning the extension of breeding to
obtain further recombinants with the aim of narrowing
down the genomic region that will be searchable for pos-
sible candidate genes is a cutoff between benefit of getting
smaller genomic fragment and animal breeding/screening
costs.

The problem with linkage maps for rodents consisting
of simple sequence length polymorphism (SSLP) markers
was that there is usually no knowledge about physical
distances or exactly which genes are within a certain
locus. Therefore, once a small (<2 cM) QTL has been
isolated in a congenic strain, there is a need to convert
the genomic map into physical distances and to include
actual genes into the SSLP map. Reliable sequence infor-
mation is highly valuable at this stage, but the Pia4 project
was performed before publication of the rat genome
sequence, and therefore a physical map and partial
sequences had to be performed without this help. We
produced the physical map through standard technology,

by arranging overlapping genomic BAC and PAC clones,
into an overlapping contig. The specific genomic clones
for the locus were obtained by hybridization screening of a
clone library using available SSLP markers and also EST
clones from the region. Subsequently, the identified artifi-
cial chromosomal clones were end-sequenced and arranged
into a physical contig covering the Pia4 locus. With the
recent releases of full mammalian genome sequences [6–8]
including those of the rat, conversion from genetic map
based on SSLP markers into a gene informative physical
map is, in the future, merely a matter of bioinformatics
(http://www.ncbi.nlm.nih.gov/mapview/). Nevertheless, not
until the physical map and the total number of anno-
tated genes in the isolated QTL are known is it possible
to start the evaluation of candidate genes.

Candidate gene analysis

In the Pia4 locus, the density of genes was fairly
low (GenBank accession number NW_042785 for rat

Figure 3 Isolation of Pia4 in a congenic strain. The introgressed alleles in the DA.Pia4 congenics (a¼E3 allele and b¼DA allele) represent copies of

E3-derived Pia4 alleles. Left panel shows the arthritis development after pristane injection and the right panel shows maximal arthritis severity during the

experimental period. All data are presented as mean values� standard error of the mean for the indicated genotype. In panel A, a simple scoring method was

used to evaluate the arthritis severity in the rats. With the simple scoring method, a maximum disease severity is 12, while in the extended scoring system

otherwise used the maximum severity is 60 for each rat [71]. (A) First analysis of Pia4 in DA background after five generations of backcrossing. At this stage,

the congenic strain still contains a few per cent interfering background genome from the E3 rat, besides the linked region in chromosome 12. Still, there is a

significant (P< 0.05) amelioration of pristane-induced arthritis. (B) After 10 generations, the DA.Pia4 is considered as a pure congenic strain. Now, the

effect of Pia4 is more obvious (P< 0.0001), however, the Pia4-inserted genomic region is still quite large, encompassing about 20 cM. (C) The final DA.Pia4
congenic that after 14 generations of backcrossing only has an insert of 300 kb E3 genomic segment, containing only the Ncf1 and the Gtf2i genes.
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chromosome 12 contig), and with the use of several
congenic strains with recombinations within the region,
one of them containing the disease-protecting E3 allele of
the gene together with only 300 kb of E3 genome inserted
into DA (Fig. 3C). With these congenics, we could con-
clusively reduce the Pia4 locus to only two genes.

The two candidate genes in the Pia4 region that had to
be carefully investigated were Ncf1 (alias p47phox) and
Gtf2i. The most straightforward approach for the valida-
tion of candidate genes is to test for the expression on
transcriptional level and on translational level using quan-
titative polymerase chain reaction (PCR) and Western
blots, respectively. The other possible basis for variation
in gene function is through structural alterations because
of altered amino acid sequence. This has to be analysed for
every candidate gene by cDNA sequencing of the parental
strains. No differential expression of Ncf1 or Gtf2i could
be detected, and only Ncf1 had polymorphism alterations
in the coding sequence, leading to changes in the amino
acid sequence of the translated protein. Two of the poly-
morphisms in Ncf1 resulted in amino acid substitutions:
amino acid residue 106 ATG/GTG (single-nucleotide
polymorphism (SNP) 330 bp) (DA/E3) that resulted in a
Met/Val alteration and amino acid residue 153 ATG/ACG
(SNP 472 bp) that resulted in a Met/Thr alteration. The
third identified polymorphism did not lead to an amino
acid difference. SNP analyses of these three polymorph-

isms in the Ncf1 gene in various inbred strains, especially
BN, suggested that the alteration in amino residue 153
from methionine to threonine was the essential one in
Ncf1 for arthritis susceptibility (Table 2).

Validation of the proposed QTL gene identification

To prove the accuracy of an identified gene as the true
causative gene in an isolated QTL will always be the most
difficult. It has been suggested that the burden of proof for
identified genes of complex diseases must be heavier [60].
Evidence of correct annotation of a disease-regulating gene
of a complex trait locus should consist of in vitro func-
tional assay, similar phenotypes associated with naturally
occurring or engineered mutations in other species, com-
plementation or inhibition [60]. We regard the established
DA.Pia4 congenic strain to be more appropriate than any
transgenic or knock in mice, as these manipulations
include more genome insertions either through the con-
struct itself or through the use of inappropriate embryonic
stem cells (ES) cells [61]. Thus, only the Ncf1 gene could
explain the arthritis effect, although we have not formally
excluded an additional influence of the linked Gtf2i gene
through expression effects at time points or in tissues not
investigated. In the case of functional confirmation of
Ncf1, which is part of the NADPH oxidase complex and
involved in the production of reactive oxygen species

Figure 4 The genomic interval of the protective Pia4 region in the DA background was gradually shortened through stepwise recombinations. All new

congenic strains were tested for arthritis susceptibility to obtain the smallest region of protective fragment. With this method, although time consuming,

the protective fragment was taken from approximately 20 to 2 cM, a genomic region more suitable for physical mapping. The circle on the chromosome

indicates the location of Ncf1. All data are presented as mean values� standard error of the mean for the indicated genotype.
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(ROS), the most appropriate was to investigate its effect on
the oxidative burst. Indeed, it was found that the arthritis-
susceptible DA rat had 50% lower ROS production as
compared with the DA.Pia4 congenic strain and the E3
strain (Fig. 5). The effect on oxidative burst followed the
same inheritance pattern as the effects on arthritis severity.
Furthermore, as discussed above, the polymorphism of
Ncf1 is pronounced in both inbred rat strains and in the
wild rat population. The finding that the effect of the Ncf1
gene operates before T-cell transfer of arthritis and not
after are, however, not consistent with the current dogma
of Ncf1 function. The NADPH oxidase-determined oxi-
dative burst is believed to mainly operate through phago-
cytes, enhancing the inflammatory attack in tissues.
Nevertheless, it is clearly possible that oxidative burst
reactions play an important regulatory role in antigen-
presenting cell (APC)–T-cell interactions. To further dis-
sect the mechanisms of the Ncf1 gene on the pathway
leading to arthritis, it is important to get access to the
mouse system in which gene manipulations are more
efficiently performed and in which molecular pathways
are better defined. There are Ncf1 knockout mice available,
but surprisingly these are protected from inflammatory
diseases, as tested using a myelin oligodendrocyte

Figure 5 Analysis of reactive oxygen species (ROS) production after

phorbol 12-myristate 7-acetate activation in peripheral blood leucocytes

obtained from DA and DA.Pia4 rats. The frequency of ROS-producing

cell (A) as well as the actual ROS production in the cells (B) was

significantly reduced in DA compared with DA.Pia4 rats.

Table 2 Single-nucleotide polymorphism (SNP) genotyping of Ncf1
polymorphisms in inbred and wild rats

SNP 330 bp SNP 472 bp SNP 1161 bp

Inbred rats
DA DA DA DA

E3 E3 E3 E3

ACI E3 E3 E3

BDE E3 E3 DA

BDII E3 E3 DA

BDIX E3 E3 DA

BDV DA DA DA

BH DA E3 DA

BN DA E3 DA

BS DA E3 DA

BUF DA DA DA

COP E3 E3 E3

F344 DA DA DA

GK DA DA DA

LEW.1F DA DA DA

LOU E3 E3 E3

MNS DA E3 DA

MWF E3 E3 DA

NAR E3 E3 DA

NEDH DA DA DA

NZNU E3 E3 E3

OM DA DA DA

PVG E3 E3 E3

SHR E3 E3 E3

WC E3 E3 DA

WKY DA DA DA

Wild rats
KL-1 E3 E3 DA/E3

KL-2 E3 DA/E3 DA/E3

KL-3 DA DA DA

KL-4 DA DA DA

KL-6 DA/E3 DA/E3 DA

KL-7 DA/E3 DA DA

KL-8 DA/E3 DA DA

KL-9 E3 DA DA

KL-10 DA DA DA

KL-11 E3 DA E3

KL-12 DA E3 –

KL-13 DA/E3 DA/E3 DA

KL-14 E3 DA DA

KL-15 E3 DA DA

KL-17 E3 DA DA/E3

KL-18 E3 DA DA

JH-1 DA/E3 DA DA/E3

JH-2 DA DA/E3 DA

JH-3 DA E3 DA

JH-4 DA E3 DA

Ax-1 E3 DA E3

BN rats share all genotypes but one (SNP 472 bp) with DA but never-

theless are arthritis resistant and show normal oxygen burst levels. This

strongly suggests SNP 472 bp (aa 153 Met/Thr) to be the important site

of polymorphism concerning Ncf1 activation and arthritis regulation. The

presence of both alleles of Ncf1 in wild rats, collected at many different

locations in both Sweden and Germany, argues against a bottleneck of

inbreeding laboratory animals but indicate that the arthritis-susceptible

allele of Ncf1 is compatible with wildlife.
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glycoprotein peptide-induced allergic encephalomyelitis
(EAE) model [62]. There are, however, several differences
with this experiment and the results using the DA.Pia4
rats. Firstly, the Ncf1 knockout mouse is a mix of 129 and
B6 genes, thus having a large linked fragment around the
deleted Ncf1 gene and of course the Ncf1 gene is also
totally depleted, whereas in the DA rat it is still partially
functional. Secondly, it is not known whether the Ncf1
gene will operate the same way in the mouse or even in
other genomic backgrounds than the DA rat, as it might
specifically interact with other polymorphic genes.
Thirdly, the used inflammatory model is different than
PIA as it is an EAE model induced with an immunogenic
peptide together with both mycobacteria cell wall compo-
nents and pertussis toxin. Hence, further investigations are
necessary to evaluate the role of Ncf1 in models of auto-
immune disease in mice.

Approaching pathway mechanisms

The strategy to dissect the mechanism of inheritance
through the analysis of predetermined candidate genes in
arthritis has so far been fruitless [63], whereas the identi-
fication of Ncf1 shows how important it is to address
complex inheritance with an unbiased mind. We, however,

do not know how Ncf1 regulates arthritis severity. Ncf1 is
known to be a part of the NADPH oxidase complex
responsible for the one-electron reduction of oxygen-
yielding ROS [64]. The primary generated O2

– from the
NADPH oxidase complex serve as starting material for
the production of reactive oxidants including free radicals
and singlet oxygen [65]. The identified polymorphism in
the Ncf1 gene of DA rats makes the NADPH oxidase
complex less functional to produce ROS than other rat
strains, suggesting a link between low oxygen burst and
arthritis severity. This result goes against the general
dogma concerning ROS and arthritis [66, 67]. Accordingly,
it has been shown that experimental arthritis is suppressed
by diphenyleneiodonium chloride inhibitors (DPI) of the
NADPH oxidase complex [68, 69]. Nevertheless, when
attempting to inhibit the NADPH oxidase complex with
equal concentrations of DPI, in our PIA model in rats, the
arthritis was not suppressed, on the contrary it escalated.
However, the increased arthritis severity because of DPI
treatment did not reach statistical significance (Fig. 6A).

Based on these findings, we analysed whether NADPH-
activating substances would then have a disease-ameliorating
effect. In our initial study of the in vivo effect of the
NADPH-activating oil phytol, we showed a clear prevent-
ing or ameliorating effect of PIA on rats treated with
phytol (Fig. 6B). However, in line with the fact that
Pia4/Ncf1 is of major importance in the activation phase
of PIA, most ameliorating effect of PIA is achieved when
phytol is administered before the onset of disease. Hence,
we propose that polymorphisms in genes of the NADPH
oxidase complex that alter the function to produce ROS
will have effects not only in the effector phase in the joints,
where produced radicals may cause damage to the tissue and
increase an ongoing inflammation. An altered production of
ROS in secondary lymphoid organs might either directly or,
as previously shown by altering the internal environment
through influx of ROS secrete numerous proteases [70],
cause different processing of circulating antigens and thus
elicit an immunological response to self antigens that might
precipitate in autoimmunity. The potential of NADPH
oxidase activators in future development of anti-inflamma-
tory/rheumatic drugs is thus a challenging task as the out-
come of such treatments might be highly dependent upon
delivery and tissue distribution. As treatment of PIA with
phytol was most effective in the early stage of the disease,
the potential use of such treatments in RA would be to
prevent and ameliorate phases of more severe inflammation,
when new formation of autoreactive T cells might occur.
However, validation of Ncf1 as a drug target requires a
deeper understanding of the pathogenic pathway, associated
with Ncf1 polymorphism, leading to severe arthritis.
Obviously, decreased oxygen burst is associated with effects
on T-cell priming, whereas the possibility remains that an
increased oxygen burst may increase inflammation in the
target tissue. An oxygen burst response may serve very

Figure 6 Treatment of pristane-induced arthritis (PIA) in DA rats was

attempted through inhibition of NADPH oxidase complex activity (A) or

activation of the NADPH oxidase complex activity (B). (A)

Administration intraperitoneal of 5mmolDPI/kg rat diluted in minimal

volume of dimethyl sulphoxide with phosphate-buffered saline (PBS) into

1ml/injection at day 0, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 17, 19, 21 after

pristane injection had no ameliorating effect on PIA. No statistical

significant differences were observed. (B) Administration intradermal of

200ml phytol at day 5 or at the day of pristane injection completely

prevents the development of PIA.
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different functions if operating in an APC in a lymphoid
organ than operating through a phagocyte cell in an arthritic
joint. If so, the connected pathways are likely to be different
and the drugs must be developed in a more intelligent way
based on a deeper understanding of the genetically con-
trolled pathogenesis of the disease.

In conclusion, the use of animal models of arthritis
facilitated positional cloning of a polymorphism in Ncf1,
which in the studied models proved to be one crucial
factor for arthritis susceptibility. The identified involve-
ment of ROS in arthritis induction is an overlooked
mechanism in this aspect, and future analyses of animal
models as well as investigation of RA patients will detail
the importance of Ncf1 in autoimmune disorders.
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tions, the Swedish Association against Rheumatism, the
Swedish Medical Research Council and EU project ERB-
BIO4CT96056, the Swedish Foundation for Strategic
Research and Beijer foundation.

References

1 Lee DM, Weinblatt ME. Rheumatoid arthritis. Lancet 2001;358:

903–11.

2 Symmons DP, Bankhead CR, Harrison BJ et al. Blood transfusion,

smoking, and obesity as risk factors for the development of rheuma-

toid arthritis: results from a primary care-based incident case-control

study in Norfolk, England. Arthritis Rheum 1997;40:1955–61.

3 MacGregor AJ, Snieder H, Rigby AS et al. Characterizing the

quantitative genetic contribution to rheumatoid arthritis using data

from twins. Arthritis Rheum 2000;43:30–7.

4 Silman AJ, MacGregor AJ, Thomson W et al. Twin concordance

rates for rheumatoid arthritis: results from a nationwide study. Br J

Rheumatol 1993;32:903–7.

5 Aho K, Koskenvuo M, Tuominen J, Kaprio J. Occurrence of rheuma-

toid arthritis in a nationwide series of twins. J Rheumatol

1986;13:899–902.

6 Lander ES, Linton LM, Birren B et al. Initial sequencing and

analysis of the human genome. Nature 2001;409:860–921.

7 Venter JC, Adams MD, Myers EW et al. The sequence of the

human genome. Science 2001;291:1304–51.

8 Waterston RH, Lindblad-Toh K, Birney E et al. Initial sequencing and
comparative analysis of the mouse genome. Nature 2002;420:520–62.

9 Seldin MF, Amos CI, Ward R, Gregersen PK. The genetics revolu-

tion and the assault on rheumatoid arthritis. Arthritis Rheum

1999;42:1071–9.

10 Weyand CM, Goronzy JJ. Association of MHC and rheumatoid

arthritis. HLA polymorphisms in phenotypic variants of rheumatoid

arthritis. Arthritis Res 2000;2:212–6.

11 Deighton CM, Walker DJ, Griffiths ID, Roberts DF. The contribu-

tion of HLA to rheumatoid arthritis. Clin Genet 1989;36:178–82.

12 Cornelis F, Faure S, Martinez M et al. New susceptibility locus for

rheumatoid arthritis suggested by a genome-wide linkage study. Proc

Natl Acad Sci USA 1998;95:10746–50.

13 Hardwick LJ, Walsh S, Butcher S et al. Genetic mapping of suscept-

ibility loci in the genes involved in rheumatoid arthritis. J Rheumatol

1997;24:197–8.

14 Jawaheer D, Seldin MF, Amos CI et al. A genomewide screen in

multiplex rheumatoid arthritis families suggests genetic overlap with

other autoimmune diseases. Am J Hum Genet 2001;68:927–36.

15 MacKay K, Eyre S, Myerscough A et al. Whole-genome linkage

analysis of rheumatoid arthritis susceptibility loci in 252 affected

sibling pairs in the United Kingdom. Arthritis Rheum 2002;

46:632–9.

16 Altmuller J, Palmer LJ, Fischer G, Scherb H, Wjst M. Genomewide

scans of complex human diseases: true linkage is hard to find.

Am J Hum Genet 2001;69:936–50.

17 Dahlman I, Eaves IA, Kosoy R et al. Parameters for reliable results in

genetic association studies in common disease. Nat Genet 2002;

30:149–50.

18 Morahan G, Morel L. Genetics of autoimmune diseases in humans

and in animal models. Curr Opin Immunol 2002;14:803–11.

19 Horikawa Y, Oda N, Cox NJ et al. Genetic variation in the gene

encoding calpain-10 is associated with type 2 diabetes mellitus. Nat

Genet 2000;26:163–75.

20 Prokunina L, Castillejo-Lopez C, Oberg F et al. A regulatory poly-

morphism in PDCD1 is associated with susceptibility to systemic

lupus erythematosus in humans. Nat Genet 2002;28:28.

21 Lesage S, Zouali H, Cezard JP et al. CARD15/NOD2 mutational

analysis and genotype-phenotype correlation in 612 patients with

inflammatory bowel disease. Am J Hum Genet 2002;70:845–57.

22 Rannala B. Finding genes influencing susceptibility to complex

diseases in the post-genome era. Am J Pharmacogenomics 2001;1:

203–21.

23 Jirholt J, Lindqvist AB, Holmdahl R. The genetics of rheumatoid

arthritis and the need for animal models to find and understand the

underlying genes. Arthritis Res 2001;3:87–97.

24 Courtenay JS, Dallman MJ, Dayan AD, Martin A, Mosedale B.

Immunisation against heterologous type II collagen induces arthritis

in mice. Nature 1980;283:666–8.

25 Trentham DE, Townes AS, Kang AH. Autoimmunity to type II

collagen: an experimental model of arthritis. J Exp Med 1977;146:

857–68.

26 Lu S, Carlsen S, Hansson AS, Holmdahl R. Immunization of rats

with homologous type XI collagen leads to chronic and relapsing

arthritis with different genetics and joint pathology than arthritis

induced with homologous type II collagen. J Autoimmun 2002;

18:199–211.

27 Carlsen S, Hansson AS, Olsson H, Heinegard D, Holmdahl R.

Cartilage oligomeric matrix protein (COMP)-induced arthritis in

rats. Clin Exp Immunol 1998;114:477–84.

28 Pearson CM. Development of arthritis, periarthritis and perioscitis in

rats given adjuvants. Proc Soc Exp Biol Med 1956;91:91–101.

29 Holmdahl R, Lorentzen JC, Lu S et al. Arthritis induced in rats with

nonimmunogenic adjuvants as models for rheumatoid arthritis.

Immunol Rev 2001;184:184–202.

30 Holmdahl R, Goldschmidt TJ, Kleinau S, Kvick C, Jonsson R.

Arthritis induced in rats with adjuvant oil is a genetically restricted,

alpha beta T-cell dependent autoimmune disease. Immunology

1992;76:197–202.

31 Kleinau S, Erlandsson H, Holmdahl R, Klareskog L. Adjuvant oils

induce arthritis in the DA rat. I. Characterization of the disease and

evidence for an immunological involvement. J Autoimmun 1991;

4:871–80.

32 Vingsbo C, Sahlstrand P, Brun JG et al. Pristane-induced arthritis in

rats: a new model for rheumatoid arthritis with a chronic disease

course influenced by both major histocompatibility complex and

non-major histocompatibility complex genes. Am J Pathol

1996;149:1675–83.

P. Olofsson & R. Holmdahl Identification of Ncf1 as an Arthritis Gene 163
..................................................................................................................................................................................................

# 2003 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 58, 155–164



33 Arnett FC, Edworthy SM, Bloch DA et al. The American Rheuma-

tism Association 1987 revised criteria for the classification of rheuma-

toid arthritis. Arthritis Rheum 1988;31:315–24.

34 Remmers EF, Longman RE, Du Y et al. A genome scan localizes five

non-MHC loci controlling collagen-induced arthritis in rats. Nat

Genet 1996;14:82–5.

35 Griffiths MM, Remmers EF. Genetic analysis of collagen-induced

arthritis in rats: a polygenic model for rheumatoid arthritis predicts a

common framework of cross-species inflammatory/autoimmune dis-

ease loci. Immunol Rev 2001;184:172–83.

36 Risch NJ. Searching for genetic determinants in the new millen-

nium. Nature 2000;405:847–56.

37 Olofsson P, Holmberg J, Tordsson J et al. Positional identification
of Ncf1 as a gene that regulates arthritis severity in rats. Nat Genet

2003;33:25–32.

38 Taurog JD, Kerwar SS, McReynolds RA et al. Synergy between

adjuvant arthritis and collagen-induced arthritis in rats. J Exp Med

1985;162:962–78.

39 Canzian F. Phylogenetics of the laboratory rat Rattus norvegicus.
Genome Res 1997;7:262–7.

40 Vingsbo-Lundberg C, Nordquist N, Olofsson P et al. Genetic con-

trol of arthritis onset, severity and chronicity in a model for rheuma-

toid arthritis in rats. Nat Genet 1998;20:401–4.

41 Olofsson P, Holmberg J, Pettersson U, Holmdahl R. Identification

and isolation of dominant susceptibility loci for pristane-induced

arthritis. J Immunol 2003 (in press).

42 Darvasi A. Experimental strategies for the genetic dissection of

complex traits in animal models. Nat Genet 1998;18:19–24.

43 Darvasi A, Pisante-Shalom A. Complexities in the genetic dissection

of quantitative trait loci. Trends Genet 2002;18:489–91.

44 Wong GT. Speed congenics: applications for transgenic and knock-

out mouse strains. Neuropeptides 2002;36:230–6.

45 Wakeland E, Morel L, Achey K, Yui M, Longmate J. Speed con-

genics: a classic technique in the fast lane (relatively speaking).

Immunol Today 1997;18:472–7.

46 Morel L, Blenman KR, Croker BP, Wakeland EK. The major

murine systemic lupus erythematosus susceptibility locus, Sle1, is a

cluster of functionally related genes. Proc Natl Acad Sci USA

2001;98:1787–92.

47 Joe B, Remmers EF, Dobbins DE et al. Genetic dissection of

collagen-induced arthritis in chromosome 10 quantitative trait

locus speed congenic rats: evidence for more than one regulatory

locus and sex influences. Immunogenetics 2000;51:930–44.

48 Brown DM, Matise TC, Koike G et al. An integrated genetic linkage

map of the laboratory rat. Mamm Genome 1998;9:521–30.

49 Darvasi A. Interval-specific congenic strains (ISCS): an experimental

design for mapping a QTL into a 1-centimorgan interval. Mamm

Genome 1997;8:163–7.

50 Wanstrat A, Wakeland E. The genetics of complex autoimmune

diseases: non-MHC susceptibility genes. Nat Immun 2001;2:802–9.

51 Griffiths MM, Wang J, Joe B et al. Identification of four new

quantitative trait loci regulating arthritis severity and one new quan-

titative trait locus regulating autoantibody production in rats with

collagen-induced arthritis. Arthritis Rheum 2000;43:1278–89.

52 Dahlman I, Jacobsson L, Glaser A et al. Genome-wide linkage

analysis of chronic relapsing experimental autoimmune encephalo-

myelitis in the rat identifies a major susceptibility locus on chromo-

some 9. J Immunol 1999;162:2581–8.

53 Bergsteinsdottir K, Yang HT, Pettersson U, Holmdahl R. Evidence

for common autoimmune disease genes controlling onset, severity,

and chronicity based on experimental models for multiple sclerosis

and rheumatoid arthritis. J Immunol 2000;164:1564–8.

54 Sun SH, Silver PB, Caspi RR et al. Identification of genomic regions

controlling experimental autoimmune uveoretinitis in rats. Int

Immunol 1999;11:529–34.

55 Weis JJ, McCracken BA, Ma Y et al. Identification of quantitative

trait loci governing arthritis severity and humoral responses in the

murine model of Lyme disease. J Immunol 1999;162:948–56.

56 Olofsson P, Nordquist N, Vingsbo-Lundberg C et al. Genetic links

between the acute-phase response and arthritis development in rats.

Arthritis Rheum 2002;46:259–68.

57 Vingsbo-Lundberg C, Saxne T, Olsson H, Holmdahl R. Increased

serum levels of cartilage oligomeric matrix protein in chronic erosive

arthritis in rats. Arthritis Rheum 1998;41:544–50.

58 Kleinau S, Klareskog L. Oil-induced arthritis in DA rats passive

transfer by T cells but not with serum. J Autoimmun 1993;6:449–58.

59 Svelander L, Mussener A, Erlandsson-Harris H, Kleinau S. Polyclonal

Th1 cells transfer oil-induced arthritis. Immunology 1997;91:260–5.

60 Glazier AM, Nadeau JH, Aitman TJ. Finding genes that underlie

complex traits. Science 2002;298:2345–9.

61 Bolivar VJ, Cook MN, Flaherty L. Mapping of quantitative trait loci

with knockout/congenic strains. Genome Res 2001;11:1549–52.

62 van der Veen RC, Dietlin TA, Hofman FM et al. Superoxide

prevents nitric oxide-mediated suppression of helper T lymphocytes:

decreased autoimmune encephalomyelitis in nicotinamide adenine

dinucleotide phosphate oxidase knockout mice. J Immunol

2000;164:5177–83.

63 Cornelis F. Susceptibility genes in rheumatoid arthritis. In: Goronzy JJ,

Weyand CM, eds. Rheumatoid Arthritis. Basel: Karger, 2001,

1–16.

64 Babior BM. NADPH oxidase: an update. Blood 1999;93:1464–76.

65 Rosen GM, Pou S, Ramos CL, Cohen MS, Britigan BE. Free

radicals and phagocytic cells. FASEB J 1995;9:200–9.

66 Miesel R, Hartung R, Kroeger H. Priming of NADPH oxidase by

tumor necrosis factor alpha in patients with inflammatory and

autoimmune rheumatic diseases. Inflammation 1996;20:427–38.

67 Bauerova K, Bezek A. Role of reactive oxygen and nitrogen species in

etiopathogenesis of rheumatoid arthritis. Gen Physiol Biophys

1999;18:15–20.

68 Miesel R, Sanocka D, Kurpisz M, Kroger H. Antiinflammatory

effects of NADPH oxidase inhibitors. Inflammation 1995;19:

347–62.

69 Miesel R, Kurpisz M, Kroger H. Suppression of inflammatory

arthritis by simultaneous inhibition of nitric oxide synthase and

NADPH oxidase. Free Radic Biol Med 1996;20:75–81.

70 Reeves EP, Lu H, Jacobs HL et al. Killing activity of neutrophils is

mediated through activation of proteases by Kþ flux. Nature

2002;416:291–7.

71 Holmdahl R, Carlsén S, Mikulowska A et al. Genetic analysis of

mouse models for rheumatois arthritis. In: Adolph KW, ed. Human

Genome Methods. New York, USA: #CRC Press LLC, 1998,

215–38.

164 Identification of Ncf1 as an Arthritis Gene P. Olofsson & R. Holmdahl
..................................................................................................................................................................................................

# 2003 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 58, 155–164


