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1
1.1 Autoimmunity

Under normal conditions, immune cells that recognize self antigens are eliminated 

by apoptosis upon encounter with self-antigen during ontogeny or alternatively, 

are made unresponsive to self through anergy, receptor editing, or lack of 

expansion or maturation within or outside the germinal centers (1;2). However, 

when the response of the immune cell is not managed correctly after contacting 

a self antigen, an immune response against the self antigen may be induced. This 

undesired autoimmune response can lead to autoimmune diseases leading to by 

chronic in%ammation and tissue damage. These diseases may be characterized by 

the presence of self-antigen speci$c T- cells and/or speci$c autoantibodies which 

are indicative for the autoimmune response. 

The incidence of most individual autoimmune diseases is low, but in composite, 

autoimmune diseases a!ect approximately 5% of the population in Western 

countries (3). These chronic in%ammatory autoimmune diseases are distinguished 

on the basis of clinical manifestations in organ-speci$c and systemic in%ammatory 

diseases. Autoimmune diseases like multiple sclerosis (MS) and insulin-dependent 

diabetes mellitus (IDDM) are referred as organ-speci$c whereas rheumatoid arthritis 

(RA) and systemic lupus erythematosus (SLE) are systemic autoimmune diseases 

a!ecting several di!erent compartments of the body. It is believed that common 

biological processes may be involved in development of di!erent autoimmune 

diseases.

It is unknown what triggers autoimmunity but both environmental and genetic 

factors, especially HLA alleles, are clearly important. Until recently, most of 

the treatment strategies for these diseases were dependent on non-speci$c 

immunosuppressive approaches which can cause serious side e!ects. However, 

recent progress in understanding the pathogenic mechanisms that contribute to 

autoimmune diseases has enabled the development of targeted therapies using 

biologicals, which are (parts of ) natural occurring proteins such as antibodies 

against molecules such cytokines.

1.2 Key cytokines involved in immunity

Autoimmune diseases are characterized by local tissue injury caused by the 

persistent presence of activated in$ltrating cells which produce in%ammatory 

mediators such as cytokines and chemokines leading to tissue damage and the 

recruitment of new in$ltrating cells. To date, many chemokines and cytokines are 

described each with speci$c pro- or anti-in%ammatory roles in normal homeostasis 

and immunity. Activated cells can secrete a large variety of cytokines with di!erent 

local or distal e!ects. Cytokines that are known to play a major role in chronic 

in%ammatory diseases are TNF and type I interferons (IFN).

§

§

1
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1
1.2.1 TNF

TNF is a pleiotropic cytokine mediating a wide variety of biological activities 

which are extensively studied in both experimental animal models as well as 

in humans (reviewed in (4)). TNF has an important role in normal physiology as 

well as in response to in%ammation, but inappropriate or excessive levels can 

induce in%ammation and organ injury. TNF exists in both transmembrane and 

soluble forms but it is not well understood which one contributes most the 

in%ammatory response (5). Soluble TNF (sTNF) preferentially binds to TNFR1 (6) 

while transmembrane TNF (mTNF) primarily signals through TNFR2 (7). Whereas 

TNFR1 mediated signalling is well known for its pro-in%ammatory and apoptosis 

inducing capacities, signalling through TNFR2 is quit less understood. Moreover, 

mTNF by itself may lead to intracellular signalling (8) making the TNF induced 

signalling program even more complex. TNF plays a pathogenic role in several 

immune-mediated in%ammatory diseases such as RA, Chrohn’s disease, psoriasis 

and others. Therefore, therapies aimed at inhibiting the function of TNF have been 

developed and are successfully used as a key treatment strategy in RA and Crohn’s 

disease patients to inhibit further disease progression (9). 

1.2.2 Type I IFNs

Type I IFNs were the $rst cytokines described by Isaacs and Lindenmann (10) and 

named because of their role in interfering with virus replication. The family of 

type I interferons (IFN) are well-known for their anti-viral capacities and consists 

of multiple subtypes of IFNα, a single IFNβ and some less characterized family 

members, such as IFNε, IFNκ and IFNω (11). Whereas in peripheral blood type I IFNβ 

is mainly produced by plasmacytoid DCs (pDC) (12), in peripheral tissues stromal 

cells like $broblasts can produce high amounts of IFNβ. However all activated 

nucleated cells are capable of producing type I IFN. After secretion, type I IFN can 

bind to its receptors IFNAR1 and IFNAR2 which are coupled to tyrosine kinases 

JAK1 (Janus kinase 1) and TYK2 (Tyrosine kinase 2) which after phosphorylation 

activate a signalling cascade leading to phosphorylation of STAT (signal-transducer 

and activator of transcription) proteins and subsequent transcription of several 

IFN-induced genes. The type I IFN response program induces resistance to viral 

replication, increases MHC class I expression and antigen presentation and 

activates NK cells to kill virus-infected cells. Moreover, type I IFNs are known to 

induce di!erentiation of monocytes into professional antigen presenting DCs 

(13;14) resulting in an ampli$cation of the immune response towards antigens. 

Recent studies have shown a major role for type I IFN and IFN-induced genes in 

SLE (15;16). Conversely, type I IFN administered to MS patients is one of the most 

successful therapies to prevent further disease progression. 

§

§
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1
1.3 Opposing roles of cytokines in di"erent autoimmune diseases

Experimental mouse models of SLE have demonstrated a direct relationship between 

type I IFN and systemic humoral autoimmunity (17;18). SLE is characterized by a 

loss of tolerance against nuclear antigens leading to the formation of anti-nuclear 

antibodies (ANA) in >95% of SLE patients. The secretion of these autoantibodies 

leads to the generation of nucleic acid-containing immune complexes that are able 

to stimulate B cells and pDCs to increase the production of type I IFN. The increased 

bioavailability of type I IFN is thought to contribute to breakdown of peripheral 

tolerance through “inappropriate” activation of immature DCs resulting in an 

immune response against self antigens (reviewed in (19)). Whereas in SLE type I 

IFN is associated with disease severity (15) and autoantibody production (20), it 

has bene$cial e!ects in MS , an autoimmune disease of the central nervous system 

(CNS) (21). Furthermore, IFNβ is reported to inhibit collagen-induced arthritis in 

mice (22), although so far clinical trials in RA patients failed (23). These studies show 

that type I IFNs can have di!erent immunomodulatory functions depending on the 

type of autoimmune disease. 

Another example of such an opposing cytokine function is the role of TNF in 

autoimmune diseases. Whereas in RA anti-TNF treatment is bene$cial for a large 

part of the patients, in MS this drug is associated increased MRI activity (24). 

Moreover, TNF antagonists may induce demyelination (25), reactivate tuberculosis 

infection (26) and induce symptoms of reversible SLE (27-30). Since SLE is associated 

with increased expression of type I IFN (15) and anti-TNF treatment may induce 

symptoms of SLE (31), it was suggested that TNF may regulate type I IFN production. 

Indeed, pDCs re-exposed to viruses showed an enhanced production of type I IFN 

in the presence of TNF antagonists. Accordingly, systemic onset juvenile idiopathic 

arthritis (SOJIA) patients treated with anti-TNF displayed an increased expression of 

type I IFN induced genes in peripheral blood cells compared to untreated patients 

(32). Conversely, type I IFN may regulate the production of TNF (33;34). 

These opposing e!ects of type I IFN and TNF in autoimmunity are highly intriguing 

and suggest that the in vivo interplay between in%ammatory cytokines may 

determine the balance between protective immunity and detrimental e!ects 

(Figure 1) (35). 

Figure 1. Cytokine balance in immunity

Cytokines can have opposing functions in di"erent 
autoimmune diseases. E.g. while type I IFN is 
associated with disease severity in SLE, in MS it exerts 
ameliorative e"ects. In addition, TNF blockade is 
bene#cial in RA patients while in MS patients it may 
among others induce demyelination.
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1.4. Rheumatoid arthritis and multiple sclerosis 

RA and MS are two prototypic autoimmune diseases driven by di!erent cytokines. 

The most bene$cial therapy in RA is TNF blockade, while this therapy has shown to 

result in adverse e!ects when applied in MS. Instead, therapy with type I IFN is the 

therapy of choice in MS. Therefore, these diseases may re%ect two di!erent ends of 

the spectrum of autoimmunity.

1.4.1 Rheumatoid arthritis 

Rheumatoid arthritis (RA) is a complex, chronic, in%ammatory autoimmune disease 

a!ecting mostly the joints. About 1% of the population is a!ected with a higher 

prevalence rate in females. The disease can appear at any age but is most common 

in people between 40 and 70 years of age. Much insight into the pathogenesis of 

disease has been gained during the last decade and although this has lead to the 

development of several therapeutics aimed at inhibiting disease progression, the 

disease can still not be cured nor prevented. 

The predominant symptoms of RA are pain, sti!ness and swelling of peripheral joints 

but it is a systemic disease with extra-articular involvement of other organ systems 

such as the skin and heart. Because of the broad range in clinical presentations it 

can be di?cult to ascertain the diagnosis of RA (36). Diagnosis of RA is performed 

according to the 1987 revised ACR criteria (37;38) (Table 1). 

Table 1. 1987 Criteria for the Classi#cation of Acute Arthritis of Rheumatoid Arthritis**

Criterion De#nition 

1. Morning sti"ness
Morning sti"ness in and around the joints, lasting at least 1 hour before maximal 
improvement 

2. Arthritis of 3 or more joint 
areas

At least 3 joint areas simultaneously have had soft tissue swelling or $uid (not bony 
overgrowth alone) observed by a physician. The 14 possible areas are right or left PIP, 
MCP, wrist, elbow, knee, ankle, and MTP joints 

3. Arthritis of hand joints At least 1 area swollen (as de#ned above) in a wrist, MCP, or PIP joint 

4. Symmetric arthritis
Simultaneous involvement of the same joint areas (as de#ned in 2) on both sides of 
the body (bilateral involvement of PIPs, MCPs, or MTPs is acceptable without absolute 
symmetry) 

5. Rheumatoid nodules
Subcutaneous nodules, over bony prominences, or extensor surfaces, or in juxta-articular 
regions, observed by a physician 

6. Serum rheumatoid factor
Demonstration of abnormal amounts of serum rheumatoid factor by any method for 
which the result has been positive in <5% of normal control subjects 

7. Radiographic changes

Radiographic changes typical of rheumatoid arthritis on poster anterior hand and wrist 
radiographs, which must include erosions or unequivocal bony decalci#cation localized 
in or most marked adjacent to the involved joints (osteoarthritis changes alone do not 
qualify) 

* For classi#cation purposes, a patient shall be said to have rheumatoid arthritis if he/she has satis#ed at least 4 or these 7 criteria. Criteria 
1 through 4 must have been present for at least 6 weeks. Patients with 2 clinical diagnoses are not excluded. Designation as classic, 
de#nite, or probable rheumatoid arthritis is not to be made (37)

§

§
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1.4.1.1 Preclinical phase of RA

The aetiology of RA is still unknown but both environmental as genetic factors 

are clearly important. Already early in disease the synovial joints are attacked by 

in$ltrating immune cells (39) leading to synovitis and breaking down of cartilage 

and bone which can ultimately lead to joint destruction. Therefore, it is of high 

importance to diagnose disease as early as possible so treatment can be started to 

prevent malformation of the joints. 

In RA the presence of speci$c autoantibodies against antigens containing one 

or more citrulline residues, the so-called anti-cyclic citrulline protein antibodies 

(ACPA), and rheumatoid factor (RF) are instrumental in the classifying diagnosis 

(38;40). Several studies have documented that RF and/or ACPA production precedes 

the development of RA. Nielen and colleagues (41) and Rantapää-Dahlquist and 

colleagues (42) analysed the levels of RF and ACPA in dated serum samples from 

RA patients who were former blood donors. They reported that RF and ACPA were 

already present up to 15 years before the appearance of the $rst clinical signs of 

arthritis. From these studies it is clear that production of these autoantibodies 

is an early process and that their appearance is predictive for the development 

of RA. It has been increasingly hypothesized that autoantibodies like ACPA are 

pathogenic and involved in the development of RA (43-45). Hence, the appearance 

of autoantibodies represents a subtle change in the immune system that probably 

re%ects an early sign of pathogenesis which manifest itself without clinical 

symptoms. However, since not all RA patients are ACPA and/or RF positive and not 

all ACPA and/or RF positive individuals will develop RA, either additional factors are 

needed to result in a disturbed in%ammatory immune response ultimately leading 

to RA or some individuals may have a protective immune pro$le which suppresses 

disease development despite the presence of autoantibodies. Hueber et al. 

suggest that anti-citrulline autoantibodies exhibit epitope spreading in the further 

preclinical and early phase of RA, suggestive of a?nity maturation. Concomitantly, 

a time course-dependent cytokine signature evolves that predominantly associates 

with increased targeting of citrullinated autoantigens (46). Accordingly, additional 

research also revealed an increase in chemokine levels in patients positive for ACPA 

before disease onset (47). These $ndings might be an indication of an intimate co-

regulation of a skewed immune response and autoantibodies as early processes in 

the development of RA. These initial immunological changes predispose to further 

progression of disease with clinical symptoms that may develop in various clinical 

courses. However, the mechanism to explain the disease inducing process remains 

to be determined. 

Identi$cation of preclinical features of the immune system associated with 

future development of RA will increase our understanding of the biological basis 

of disease and may lead to the discovery of additional biomarkers to improve 

predictive power. Moreover, recognition of the preclinical phase allows a timely 

start of treatment with the ultimate goal of primary prevention.

§
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1.4.1.2 Heterogeneity of RA

The clinical presentation of patients with RA may reveal striking heterogeneity 

with a spectrum ranging from mild cases to severe and erosive disease. Clearly, 

heterogeneity is already re%ected in the classifying diagnosis for RA, which is based 

on the presence of four out of seven criteria (Table 1), and thus indicates that 

di!erent sets of criteria are applied to classify “the same” disease (37;38). 

The heterogeneous nature of RA is also re%ected at the level of the distribution 

of lymphocytes in the rheumatoid synovium, which reveals a remarkable patient-

speci$c organization level (48-50). In about a quarter of the RA patients cellular 

in$ltrates in the synovial tissue show a high degree of organization resembling 

germinal center (GC)-like structures normally observed in secondary lymphoid 

organs. In the remainder of the patients these GC-like structures are absent in the 

a!ected synovial tissues. These patients show either a di!use or an aggregated T- 

and B cell in$ltrate (51). 

Recent studies have demonstrated the use of ACPA as a valuable speci$c serologic 

marker to distinguish RA from other non-erosive types of arthritis (41;42;52-54). 

In addition, several studies have demonstrated the prognostic value of ACPA by 

its ability to predict erosiveness of developing RA (55-59). The predictive ability of 

ACPA is also studied in combination with other disease parameters. ACPA together 

with RF appeared the best prognosticator for the development of persisting RA 

(42;52;60). In addition, it was reported that a combination of ACPA with HLA class 

DRB1 antigens is strongly associated with future onset of RA, thereby predicting the 

future development of RA (53;61;62). Thus, ACPA appears to identify a subgroup of 

patients with an increased chance for developing persistent and erosive disease. 

Hence, a combination of biomarkers that may include RF and ACPA could re%ect 

di!erent aspects of the disease process and therefore might be useful for evaluating 

prognosis in individual patients with early rheumatoid arthritis (61).

The variation in responsiveness to virtually any treatment modality in RA is 

consistent with the heterogeneous nature of the disease (63;64). The heterogeneity 

most likely has its origin in the multifactorial nature of the disease, whereby speci$c 

combinations of environmental factor(s) and a varying polygenic background are 

likely to in%uence not only susceptibility but also the severity and disease outcome. 

The relative contribution of the di!erent e!ectors and/or disease pathways may 

vary between patients and, perhaps, between di!erent stages of disease. Hence, 

the cumulative data provides evidence that distinct pathogenic mechanisms 

contribute to disease in RA.

1.4.1.3 TNF blocking therapy in RA

TNF antagonists are approved worldwide for the treatment of various rheumatic 

diseases. Clinical experience indicates that there are ‘responders’ as well as 

‘nonresponders’, but clear criteria for such classi$cation are still lacking. Despite 

the highly bene$cial e!ects of TNF-blocking agents in suppressing disease, clear 

§
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e?cacy appears to be limited to a subset of RA patients (63;64). In addition, the 

pharmacology and mechanism of action of TNF blockade is not fully understood. 

Because of the observations that only about a quarter of the patients show a 

signi$cant clinical improvement (ACR70 criteria) and a signi$cant proportion 

of patients do not respond at all to TNF blockade, additional e!ectors and/or 

pathways are thought to contribute to disease. Similar observations have been 

made for other therapies like treatment with CTLA4Ig, which blocks the interaction 

of CD80/86 on antigen presenting cells with CD28 on T cells, and B cell ablation 

therapy (65;66). 

Given the destructive nature of the disease it would be highly desirable to predict 

in an early stage the most bene$cial treatment for the subgroup of patients at 

risk. If we rely solely on clinical or radiological manifestations we will probably 

be responding too late in order to maximize protection. Unfortunately, criteria 

to make selections of patients for optimal treatment and research purposes are 

currently lacking. Such criteria would be highly bene$cial for patient strati$cation 

in order to assign homogeneous groups of patients for genetic studies and to 

improve the likelihood to observe e?cacy of treatment. Ultimately, this may lead 

to a personalised form of medicine, whereby a speci$c therapy will be applied that 

is best suited for an individual patient. 

1.4.2 Multiple sclerosis

Multiple sclerosis (MS) is a chronic in%ammatory disease of the CNS resulting 

in substantial disability through recurrent de$cits of sensation and of motor, 

autonomic, and neurocognitive function (67;68). These neurological episodes may 

arise between the age of 20 and 40 and a!ects predominantly woman. Symptoms 

of the disease include fatigue, muscle weakness, loss of vision, memory loss and 

di?culties with balance and coordination. Since these symptoms are rather broad 

and indistinct it is di?cult to make a de$nite diagnosis. 

Diagnosis is established based on clinical evidence of dissemination of more than 

one lesion both in time and space as determined by e.g. magnetic resonance 

imaging (MRI) of the CNS as described by the McDonald criteria (69). Analysis 

of cerebral spinal %uid (CSF) can be helpful in diagnosing MS since the protein 

fraction often consists of oligoclonal bands. However, since oligoclonal bands are 

also found in other disorders it cannot be used as a single diagnostic test. From a 

pathological point of view the disease is characterized by demyelination, gliosis and 

varying degrees of axonal pathology probably caused by migrating in%ammatory 

cells invading the CNS. 

Despite the development of several disease modifying treatments, the bene$cial 

e!ects are partial and most of the drugs induce serious side e!ects such as fever 

and higher susceptibility to infection. So far no curative drug is available thus there 

remains a need for more speci$c therapies aimed at inhibiting disease progression 

without compromising the physiological functions of the immune system. 

§
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1.4.2.1 Risk factors associated with MS

The aetiology of the MS is unclear, but both environmental factors as well as 

multiple genetic factors contribute to disease susceptibility (70). Whole genome 

scans revealed strong evidence that certain loci are linked to the occurrence of 

MS and evidence exists that the genetic associations di!er between MS subgroups 

(71). Studies in monozygotic twins have shown a concordance rate of only 25% 

indicating a contribution of non-genetic environmental factors (72). 

Epidemiological studies revealed that the incidence of MS correlates with latitude 

(73) and that migration from one geographic area to another seems to alter 

a person’s risk of developing MS indicating that infectious triggers, especially 

during childhood, may have important roles in MS aetiology. The most favoured 

hypothesis is that an abnormal immune response to an antigen causes the chronic 

in%ammatory demyelinating disease. Several $ndings point into the direction that 

viruses or bacteria are causative in MS, although no single perpetrator has been 

identi$ed (74-77). Anti-EBV antibodies are elevated in patients with MS compared 

to the general population (78) and herpes simplex virus is of interest because 

of its tendency of causing latent and recurrent infections. Moreover, it has been 

suggested that MS patients often relapse after a viral or bacterial infection (79). 

Furthermore, in animal models demyelination can be induced through peripheral 

immunization with a virus containing vaccine (80). 

1.4.2.2 Heterogeneity of MS 

The ever-growing body of both animal and human studies has led to the appreciation 

that MS is a heterogeneous disorder which is re%ected in the variability of the 

disease at several levels. Clinically the disease can be divided into two major forms; 

most patients su!er from the relapsing remitting type of MS (RRMS) whereas 10-

15% of the patients are diagnosed with the primary progressive form of MS (PPMS). 

In RRMS the episodes (relapses) of loss of motor and/or sensory function are 

followed by periods of (almost) complete recovery (remission). After approximately 

ten years of RRMS the disease switches to the secondary progressive phase of MS 

(SPMS) characterized by periods of symptoms that gradually accumulate without 

complete remission. Contrary to RRMS, PPMS mostly a!ects males, occurs later in life 

and from the beginning the disease symptoms gradually increase continuously. 

Even within these prede$ned disease subtypes patients have a marked and largely 

unpredictable variability in disease severity, symptom spectrum, and treatment 

response. The latter is exempli$ed by the poor response to treatment in a signi$cant 

number of RRMS patients using recombinant IFNβ treatment (discussed in next 

section). In addition, MRI, pathological, clinical, and epidemiological data indicate 

that the pathogenic mechanisms di!er between MS patients (81;82). The molecular 

mechanisms behind this heterogeneity are only partly known.

Thus, it is becoming clear that, i. MS is a complex multi-factorial disease, ii. Multiple 

pathological patterns exist, and iii. These together accounts for di!erences in 

§
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clinical presentation, MRI phenotypes and treatment responses. This complexity 

hampers detailed insight in the pathogenesis of the disease. 

1.4.2.3 IFNβ treatment in MS

IFNs were the $rst agents to show clinical e?cacy in the most common form of 

MS, RRMS. Currently, a prolonged course of IFN treatment is still the best available 

therapy for RRMS. There are three preparations available for therapy: recombinant 

IFNβ1b produced in Escherichia coli ((Betaseron®/Betaferon® Chiron, Emeryville CA 

and Schering AG, Berlin, Germany) which was the $rst IFN approved for use in MS, 

and two types of recombinant IFNβ1a derived from Chinese hamster ovary (CHO) 

cells (Avonex®, Biogen Inc., Cambridge, MA, and Rebif®, Ares-Serono S.A., Geneva, 

Switzerland). 

IFNß treatment reduces clinical relapses, has an ameliorating e!ect on brain 

disease activity, and possibly slows down progression of disability. In addition 

IFNβhas been found to suppress T cell proliferation, reduce T cell migration from 

the systemic circulation into the CNS, and alter the T cell cytokine secretion 

repertoire from a pro-in%ammatory Th1 to a more anti-in%ammatory Th2 response 

(83). Unfortunately, therapy is associated with adverse reactions such as %u-like 

symptoms and transient laboratory abnormalities. Although IFNß therapy is widely 

used, the exact mechanism of action is poorly understood. Moreover, the response 

is only partial and a signi$cant part of the patients fails to respond to treatment, the 

so-called non-responders (21). Other patients initially show a bene$cial response 

to treatment, but after a prolonged period of treatment neutralizing antibodies 

(NAbs) may appear leading to a secondary non-response to treatment (84). Due 

to the lack of predictive biomarkers the question remains who will respond to 

IFNβ therapy and who to treat when inconvenience and costs are signi$cant. In 

addition, other treatment strategies are needed aimed at inhibiting further disease 

progression and neurological damage.

Part of the unresponsiveness to IFNß can be explained by immunogenicity, i.e. the 

development of NAbs. However, since not all patients develop NAbs, and, if induced 

after at least six months of treatment, NAbs can disappear again over time (84-87), 

other mechanisms are likely to be involved to explain unresponsiveness. Hence, 

other mechanisms that result in insensitivity or resistance to the e!ects of IFNs are 

likely to underlie di!erential responsiveness. This implies that pharmacodynamic 

responses may di!er between patients, leading to interindividual di!erences in 

clinical e?cacy. Therefore, an in depth understanding of the pharmacodynamic 

factors underlying the therapeutic mechanisms and therapy unresponsiveness is 

the key for the identi$cation of predictive markers.

§
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1.5 Genomics in autoimmunity: Reducing complexity

There is growing evidence that both RA and MS are heterogeneous diseases. 

However, we generally refer to these diseases in terms of a group average, which 

may hamper progress of our understanding of the genetic basis, pathogenic 

mechanisms, and the treatment success for subsets of patients. Unfortunately, 

criteria for subclassi$cation of patients e.g. to select those patients who will bene$t 

from a speci$c treatment are currently lacking. 

By de$nition, nearly every aspect of a disease phenotype should be represented 

in the pattern of genes and proteins that are expressed in the patient. In the last 

decade, the analysis of gene expression in tissues and cells has evolved from the 

analysis of a selected set of genes to an e?cient high throughput whole-genome 

screening approach of potentially all genes expressed using microarray technology 

(Figure 2). By a global analysis of the genes that are expressed in cells and tissues of 

an individual under di!erent conditions and during disease, we can build up “gene 

expression pro$les (signatures)” which characterize the dynamic functioning of the 

genome under pathophysiological conditions. 

§
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Figure 2. Microarray technology

RNA is isolated from an experimental sample 
and a control or reference sample and labelled 
with di"erent $uorescent dyes. Both samples 
are then mixed together and hybridised onto the 
same microarray slide, resulting in a red to green 
ratio for each spotted element on the microarray. 
Scanning of the microarrays generates an image 
of all spots. The same common reference is used 
for all samples to allow comparison between 
the di"erent arrays. Therefore, the data need 
to be centered i.e. ratio’s are expressed relative 
to the median expression level across all arrays. 
For comparison of several samples a clustering 
algorithm can be used. Note the di"erence in 
colour representation of spots on the array and 
the corresponding squares in the cluster diagram.
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1.5.1 Heterogenomics 

The molecular signature typically represents the contributions and interactions of 

speci$c factors and distinct cells that are associated with disease characteristics 

and subtypes and thus de$nes the samples' unique biology. Identifying di!erential 

molecular signatures already in the preclinical phase of disease may provide a lead 

for the identi$cation of predictive biomarkers for future disease development. This 

strategy also provides the means to subdivide patients that su!er from a complex 

heterogeneous disease into more homogeneous subgroups based on di!erences 

in gene expression pro$les. The di!erentially expressed gene sets may then be used 

as prognostic markers for disease development, as disease classi$ers, as surrogate 

marker for the measurement of a clinical endpoint and re%ect the involvement of 

a particular biological pathway in disease (Figure 3). This discovery-based research 

identi$es biological processes that may include new genes with unknown function 

or genes not previously known to be involved in this process. The latter category 

may hold surprises that sometimes urge us to redirect our thinking. Such a gene 

expression pro$ling approach has been proven useful in cancer research for the 

identi$cation of classi$ers for disease outcome and metastasis and underlying 

pathways (88;89). Hence, the identi$cation of di!erentially expressed genes 

and proteins may provide a comprehensive molecular description of disease 

heterogeneity that will likely uncover biomarkers for future disease development 

and to allow strati$cation of patients for intervention therapies based on molecular 

criteria.

Figure 3. Heterogenomics

Application of technologies such 
as transcriptomics, proteomics and 
metabolomics allows us to determine 
the molecular description of an 
individual patient. When associated 
with clinical read-outs we could 
select the clinical useful molecular 
markers and apply these in day-to-
day clinical practice. 
The procedure starts with collecting 
from each patient di"erent types of 
material like serum, peripheral blood 
(PB) cells, RNA from blood (using 
e.g. PAXgene tubes) and in the case 
of RA patients synovial biopsies and 
#broblast-like synoviocytes (FLS) 
may be obtained. This material can 
then be analyzed by high-throughput 
techniques such as mass spectrometry, 
DNA-, protein- or antibody-arrays. 
Subsequently, computational 
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algorithms will be applied, to select subgroups of patients e.g. I. Purely based on di"erences in a molecular pro#le, II Based 
on the presence or absence of a known response signature for the target of interest or III. To identify markers signi#cantly 
associated with a clinical phenotype or disease outcome. These data help to elucidate the distinct pathological mechanisms at 
play that can explain the inter-patient variation in future disease development, clinical presentation, disease progression, and 
treatment response. Knowledge of the di"erential pathogenic mechanisms helps us to identify new drug targets for selected 
patient subgroups. As an example, we hypothesize that a homogenous subgroup of patients could be strati#ed based on a 
speci#c molecular portrait that correlates with the responder/non-responder status of a targeted therapy. (Reproduced from 

Future Rheumatology June 2006 Vol. 1, No. 3, Pages 311-322, with permission of Future Medicine Ltd)

1.5.2 Pharmagenomics 

Clinical experience in treating RA as well as MS patients indicates that there are 

responders and non-responders to treatment. The lack of clinical response to 

treatment suggests that some patients are insensitive or resistant to the action 

of treatment. This implies that pharmacodynamic responses may di!er between 

patients, leading to interindividual di!erences in clinical response. 

Receptor occupancy and subsequent initiation of a complex signal transduction 

program are the basis for the pharmacodynamic e!ects of cytokines (Figure 4). 

Ultimately, the cytokine-induced intracellular signalling program will switch on 

a wide variety of genes leading to speci$c transcriptional changes. The induction 

program of activated genes forms a rich source to identify genes that are suitable 

as pharmacodynamic marker of treatment, i.e. a marker that re%ects the biological 

response to treatment. Thus, investigating changes in gene transcripts after adding 

or deleting a certain mediator of the immune response re%ects the transcriptional 

response to that mediator.

The term pharmacogenomics emerged in the late 1990s and is associated with 

the application of genomics in drug development. Pharmacogenomics is de$ned 

as: “The investigation of variations of DNA and RNA characteristics as related to 

drug response”. This applies to genetics and transcriptomics studies. With the aid 

of genomics technology, we are now in a position to provide su?cient knowledge 

to determine pharmacodynamic outcomes of biological treatments such as TNF 

antagonists and IFNβ. Longitudinal analysis of gene expression patterns from 

treated patients will provide an in-depth understanding of the pharmacodynamic 

consequences of biological therapy, and will allow us to evaluate the presence 

and/or absence of cytokine-induced pathways in relation to the clinical response 

to the drug.
Figure 4. 

Pharmacogenomic response to treatment

This scheme presents a simplistic overview of 
the e"ects of biologicals on receptor binding, 
signal transduction and gene program activation. 
The genes that are modulated upon treatment 
provide a framework to identify pharmacodynamic 
biomarkers to determine the drug e"ect on the 
target pathway.
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1.6 Thesis outline

RA and MS patients reveal a striking heterogeneity based on clinical, biological and 

molecular criteria. Recognition of the preclinical phase of disease and categorization 

of patients is expected to be of utmost importance for decision making in clinical 

practice. Recent developments in high-throughput screening technologies have 

provided the opportunity to characterize patients based on their molecular pro$le. 

This thesis describes the application of genomics research in RA and MS for the 

identi$cation of: 

Biomarkers for preclinical diagnosis 

Biomarkers for disease subclassi$cation 

New/unknown disease pathways that contribute to disease

Biomarkers for responsiveness to therapy and mechanisms of drug action

This information will improve our understanding of the underlying biology of 

the disease. Ultimately this information will help clinicians to select subgroups of 

patients for optimal treatment. 

To reach these objectives MS and RA are used as two prototypically studied 

autoimmune diseases which may re%ect two di!erent ends of the autoimmune 

response. Studying both diseases may lead to a better understanding of the key 

players involved in autoimmunity in general and their speci$c roles in di!erent 

autoimmune diseases. While a!ected synovial tissue from RA patients is relatively 

easy to obtain, the inability to collect brain or spinal cord biopsies from MS patients 

during disease, hinders genomics studies on CNS lesions in large patient cohorts. 

Based on the autoimmune nature of MS, and the migration of immune cells to 

and from the brain of a!ected individuals, it is hypothesized that processes that 

contribute to disease in the CNS are re%ected in the periphery. 

In chapter 2 we describe the use of genomics technology to improve the 

early diagnosis of disease. In chapter 3 we describe the use of genomics for 

subclassi$cation of patients based on signi$cant di!erences in gene expression 

pro$les. Subsequently, in chapter 4 we investigate variations of RNA characteristics 

in relation to drug response, which is de$ned as the term “pharmacogenomics”. 

Finally, in chapter 5 the results presented in this thesis are summarized and 

discussed.
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Abstract

Objective: To identify molecular features that are associated with the development 

of rheumatoid arthritis (RA), to understand the pathophysiology of preclinical 

development and to assign predictive biomarkers. 

Methods: We included 109 ACPA and/or RF positive arthralgia patients with 

absence of arthritis who were at risk for RA, and 25 RA patients. Gene expression 

pro$les of blood samples were determined by DNA microarray analysis and qPCR. 

Signi$cance Analysis of Microarrays and Prediction Analysis of Microarrays were 

used to determine signi$cance and classi$ers, respectively. Cox-regression hazard 

analysis was used to assess the risk for arthritis development. 

Results: Gene expression pro$ling of blood cells revealed heterogeneity among 

109 at risk arthralgia patients based on di!erential expression of immune related 

genes. A total of 20 at risk patients have developed arthritis after a median of 7 

months. Here, we report for the $rst time gene signatures relevant to development 

of arthritis. Signatures signi$cantly associated with arthritis development (hazard 

ratio 4.5; 95% C.I. 1.3-15.4; P=0.016) were involved in interferon (IFN) immunity, 

hematopoiesis and cell tra?cking. These processes were reminiscent of those 

present in RA patients, implying that the preclinical phase of disease carries features 

of established disease. Genes involved in B-cell immunology were associated with 

protection from progression to arthritis. 

Conclusion: Our results indicate that IFN-mediated immunity, hematopoiesis and 

cell tra?cking specify processes relevant to progression to arthritis independent of 

ACPA positivity. These $ndings strongly suggest that certain gene signatures have 

predictive value for progression to arthritis, which will pave the way to preventive 

medicine. 

Introduction 

Rheumatoid arthritis (RA) is a destructive in%ammatory autoimmune disease 

a!ecting mostly the joints. To induce remission and thereby prevent irreversible 

joint damage, early diagnosis and a timely start of e!ective treatment is of high 

importance (1-5). 

Alterations in the immune system are likely the basis for the development of RA. 

Accordingly, several studies have documented the appearance of antibodies 

against citrullinated proteins (ACPA) and rheumatoid factor (RF) prior to the onset 

of RA (6-11). Using serum samples stored in a blood bank, Rantapää-Dahlquist and 

colleagues showed that 34% of the RA patients were positive for ACPA up to nine 

years prior to diagnosis (9). In analogy, Nielen and colleagues showed that 49% 

of the RA patients tested positive for IgM-RF and/or ACPA before onset of disease 

§

§
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at a median of 4.5 years before symptom onset (10). A recent prospective follow-

up study of ACPA and/or IgM RF positive arthralgia patients has shown that ACPA 

positive patients are more likely to develop arthritis than ACPA negative, IgM-RF 

positive arthralgia patients (27% versus 6% after a median follow-up of 2 years) 

(12). Above studies indicate that ACPA and/or RF may serve a role as predictive 

biomarkers for the development for RA in order to select individuals for preventive 

therapy for the development of RA. 

It has been increasingly hypothesized that autoantibodies such as ACPA are 

involved in the development of RA (13-15). Animal studies demonstrated that 

addition of antibodies to citrullinated peptides signi$cantly enhanced joint 

in%ammation (14;16). Moreover, citrullination of collagen type II was shown to be 

more arthritogenic in rats (13). Since not all ACPA and/or RF positive individuals 

ultimately develop RA, the requirements to drive this process are likely to be 

di!erent between the persons at risk (17;18). Hence, either additional factors are 

needed to result in a chronic in%ammatory response ultimately leading to RA or 

some individuals may have a protective immune pro$le which suppresses disease 

development despite the presence of autoantibodies. The pathogenic or protective 

immune response might be selectively induced in susceptible individuals (19). 

Hueber et al. (20) suggested that anti-citrulline autoantibodies exhibit epitope 

spreading in the further preclinical and early phase of RA, indicative of a?nity 

maturation. Additional research revealed an increase in the levels of monocyte 

chemoattractant protein-1 (MCP-1) in patients positive for ACPA before disease 

onset (21). These $ndings are supportive for a role of autoantibodies in combination 

with a speci$c immune constitution as early indicators for the development of RA. 

However, the exact nature of the pathogenic and/or protective response remains 

to be determined.

In the present explorative study we aim to identify molecular features in addition to 

autoantibodies that are associated with the development of (rheumatoid) arthritis 

in order to understand the pathobiological process and to identify additional 

biomarkers to improve the predictive power. Therefore, we applied peripheral blood 

gene expression pro$ling using a unique cohort of ACPA and/or IgM-RF positive 

arthralgia patients at risk for developing RA who are prospectively monitored for 

arthritis development. The %ow of the di!erent steps that we followed in this study 

is presented in $gure 1. 
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Figure 1. Flowchart of data analysis

Materials & Methods

Study population

Between June 2004 and March 2007, ACPA and/or IgM-RF positive arthralgia patients 

were included for prospective follow-up of arthritis development. Inclusion and 

exclusion criteria for this cohort have been described previously (22). In summary, 

a trained medical doctor (WB) and a senior rheumatologist (DS) independently 

scored for absence of arthritis (swollen joint count [SJC] =0) in 44 joints at physical 

examination at the baseline visit (23). The senior rheumatologist was blinded for 

the reported joint complaints and the autoantibody status. Exclusion criteria were: 

the presence of recent infections, autoimmune rheumatic diseases, cancer, arthritis 

revealed by chart review or baseline physical examination, erosions on hand or 

feet X-ray examination and previous treatment with a disease modifying anti-

rheumatic drug (DMARD) or corticosteroids. In total, 109 patients were available for 

analysis. Arthritis development during follow-up was de$ned as a SJC of ≥ 1 and 

was independently con$rmed by both physicians. The initial study was performed 

with peripheral blood samples of a consecutive series of 19 out of the 109 arthralgia 

patients and a group of 6 age, gender and ethnicity matched healthy controls 

who were ACPA and RF negative. For comparative studies, 25 randomly selected 

RA patients starting anti-TNF treatment at the Jan van Breemen Institute were 

§

Gene expression differences in PB between autoantibody-positive arthralgia (at risk)
patients and autoantibody-negative healthy controls (HC)
Groups: 19 at risk patients (group RArisk1) and 6 HC

Platform: 43k Stanford array
Analysis: SAM

Heterogeneity among at risk patients
Group: 19 at risk patients (group RArisk1)

Platform: 43k Stanford array
Analysis: SAM

Selection of 87 genes based on PAM, SAM and PANTHER for validation

Confirmation of heterogeneity among at risk patients
Group: Independent group of 90 at risk patients (group RArisk2)

Platform/Assay: TLDA (qPCR) using 87 gene set
Analysis: Unsupervised (two-way) hierarchical cluster analysis

Comparative analysis between at risk patients and patients with RA
Group: 109 at risk patients (groups RArisk1 and RArisk2) and 25 RA patients

Platform/Assays: TLDA (qPCR) using 87 and 52 gene sets
Selection of 52 gene biomarker set associated with arthritis development

Analysis: Unsupervised (two-way) hierarchical cluster analysis

Risk calculations for development of arthritis
Group: 109 at risk patients (groups RArisk1 and RArisk2)
Platform/Assay: TLDA (qPCR) using 52 gene biomarker set

Analysis: Unsupervised (two-way) hierarchical cluster analysis and cox-regression
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included. All ful$lled the ACR criteria for RA (24) and the median disease duration 

was 11 years. An overview of the patients’ characteristics is given in Table 1.

Table 1. Clinical features of arthralgia and RA patients and healthy controls

Arthralgia patients
 ACPA+ and/or RF+)

Healthy controls RA patients*   

Total (n) 19 (RArisk1) 109
(RArisk1+risk2)

6 25

Age in years mean ± SD 48 ± 11 49 ± 10 53 ± 15 58 ± 12

Female (%) 13 (68) 75 (69) 4 (66) 19 (76)

ACPA positive, IgM-RF negative (%) 5 (26) 37 (34) - 7 (28)

ACPA negative, IgM-RF positive (%) 9 (47) 39 (36) - 0 (0)

ACPA and IgM-RF positive (%) 5 (26) 33 (30) - 13 (52)

SD=standard deviation, ACPA=anti-citrullinated protein antibodies, IgM-RF = IgM rheumatoid factor, * Five RA patients 
were ACPA and RF negative

Serological measurements 

Baseline laboratory parameters (determined batch wise at the end of the study 

period using the blood samples obtained at inclusion) included IgM-RF by in 

house enzyme-linked immunosorbent assay (ELISA) and ACPA by ELISA (second 

generation anti-CCP ELISA, Axis Shield, Dundee, United Kingdom). IgM-RF was 

calibrated with a national reference serum containing 200 IU/ml (25). The cut-o! 

level for IgM-RF antibody positivity was set at 30 IU/ml determined on the basis of 

ROC curves as described previously (10). The cut-o! level for ACPA positivity was 

set at 5 Arbitrary Units/ml (AU/ml) according to the manufacturer's instructions. 

High sensitive CRP levels were measured using CRPHS reagents with module C501 

on a COBAS 6000 platform (Roche Diagnostics GmbH, Mannheim, Germany).

Blood sampling for RNA isolation

2.5 ml blood was drawn in PAXgene blood RNA isolation tubes (PreAnalytix, GmbH, 

Germany) and stored at -20°C. Tubes were thawed for 2 hours at room temperature 

prior to RNA isolation. Total RNA was isolated using the PAXgene RNA isolation kit 

according to the manufacturer’s instructions including a DNAse (Qiagen, Venlo, 

Netherlands) step to remove genomic DNA.

Sample hybridization for microarray analysis

We used 43K cDNA microarrays from the Stanford Functional Genomics Facility 

(http://microarray.org/sfgf/) printed on aminosilane-coated slides containing 

~20.000 unique genes. One batch of arrays was used for all experiments. First DNA 

spots were UV-crosslinked to the slide using 150-300 mJoules. Prior to sample 

hybridization, slides were pre-hybridized at 42 degrees Celsius for 15 minutes in 

a solution containing 40% ultra-pure formamide (Invitrogen, Breda, Netherlands), 

5% SSC (Biochemika, Sigma), 0.1% SDS (Fluka Chemie, GmbH, Switzerland) and 50 

g/ml BSA (Panvera, Madison, USA). After pre-hybridization slides were brie%y rinsed 

in MilliQ water, thoroughly washed in boiling water and 95% ethanol and air-dried. 

Binnenwerk Baarsen.24 juli 2009 31   31 27-7-2009   15:14:00



Chapter 2

- 32 -

2

Sample preparation and microarray hybridization was performed as described 

previously (26) apart from the di!erent post-processing and pre-hybridization 

described above. 

Microarray data analysis 

Data storage and $ltering were performed using the Stanford Microarray Database 

(SMD at: http://genome-www5.stanford.edu//) (27) as described previously (28). 

Raw data can be downloaded from the publicly accessible Stanford database 

website. The Q-score tool from the SMD was used as a quality measure to remove 

low quality spots. Q-score determined the appropriate $lter criteria for: the 

regression correlation between channels 1 and 2, the background settings and the 

minimal channel intensities. Data values with the same Unigene Identi$er were 

averaged and all array data was median centered (genes and arrays) resulting in 

good quality data for 19,648 gene transcripts. Signi$cance Analysis of Microarrays 

(SAM) (29) was used to determine signi$cantly di!erential expressed genes. This 

algorithm corrects for multiple testing. A gene was considered as signi$cantly 

di!erential expressed if the False Discovery Rate (FDR) was equal to or less than 

5%. Cluster analysis (30) was used to study disease heterogeneity and to de$ne 

clusters of coordinately expressed genes after which the data was visualized 

using Treeview. Prediction Analysis of Microarrays (PAM) was applied to assist in 

the selection of classi$ers (31). PANTHER (Protein ANalysis THrough Evolutionary 

Relationships) Classi$cation System (Applied Biosystems, Foster City, CA, USA) was 

used at http://PANTHER.appliedbiosystems.com (32;33) to interpret our data. This 

analysis uses the binomial statistics tool to compare the list of signi$cantly up- or 

downregulated genes to a reference list in order to statistically determine over- 

or under representation of PANTHER classi$cation categories such as biological 

processes. A Bonferroni correction was applied to correct for multiple testing and 

a signi$cant p-value (p<0.05) indicates that a given category may be of biological 

interest. 

Taqman Low Density Arrays (TLDA)

Expression levels of selected target genes were validated in the whole study group 

(n=109) using TLDA (Applied Biosystems). Corresponding predesigned primers 

and probes (supplementary Table S1) were selected from the Applied Biosystems 

database to set up custom TLDA cards. Samples were randomly dispersed over 

the TLDA cards and the expression levels of selected genes were measured at the 

outsourcing company ServiceXS B.V. (Leiden, Netherlands). Total RNA (0.5 µg) was 

reverse transcribed into cDNA using a Revertaid H-minus cDNA synthesis kit (MBI 

Fermentas, St. Leon-Rot, Germany) according to the manufacturer’s instructions. 

From each sample diluted cDNA corresponding to 100 ng total RNA was used 

per TLDA card. For normalization housekeeping genes GAPDH and 18SRNA were 

included in the analysis. Since the inter-sample variation in expression for GAPDH 
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was much higher than for 18SRNA, the latter was chosen for normalization. 65%65% 

of all genes quanti$ed by TLDA showed a good correlation (Pearson R>0.4) with 

microarray data. An arbitrarily chosen ACPA-/RF- control sample was selected. An arbitrarily chosen ACPA-/RF- control sample was selected 

as calibrator sample and data was analyzed using RQ manager 1.2 (Applied 

Biosystems).

Statistical analysis

Data with a Gaussian distribution, expressed as the mean and SD, were analyzed 

using a T test or one-way ANOVA for multiple comparisons. Outcome measurements 

with a non-Gaussian distribution were expressed as the median and interquartile 

range (IQR) and were analyzed by the Mann-Whitney U test or Kruskal-Wallis 

test for multiple comparisons. Categorical variables were compared using the 

Chi-square or Fisher’s exact test as appropriate. Cox-regression hazard analysis 

assessed the relative risk for arthritis development in subgroups of autoantibody 

positive arthralgia patients. To control for multiple comparisons, survival data were 

veri$ed using a log rank analysis combined with a permutation approach. Data 

were analyzed using SPSS version 14.0 (Chicago, Illinois, United States) and were 

considered signi$cant with two sided p-values less than 0.05.

Results

1. Gene expression pro"les of ACPA and/or RF positive arthralgia patients are 

clearly distinct from autoantibody negative healthy controls 

Gene expression pro$les of peripheral blood cells derived from 19 arthralgia 

patients positive for ACPA and/or RF (group RArisk1) were analyzed by microarray 

and compared to the pro$les of 6 ACPA and RF negative healthy controls using 

SAM. A total of 255 genes were identi$ed whose transcript levels showed 

signi$cant di!erential expression of more than two-fold between the two groups 

(supplementary Table S2). Subsequently, unsupervised (two-way) hierarchical 

cluster analysis was applied, which revealed that all autoantibody negative healthy 

controls concentrated together in one arm of the dendogram (Fig. 2). 

The autoantibody positive arthralgia patients were characterized by di!erential 

expression of two gene clusters designated as cluster A and cluster B. PANTHER 

classi$cation analysis was used to interpret the biological function of the genes in 

these clusters. Cluster A consisted of genes that are upregulated in the risk group, 

and were involved in several immune related processes: interferon (IFN) mediated 

immunity, NK cell mediated immunity, and immunity and defense. Cluster B 

contained genes that are downregulated in most of the persons at risk. These 

genes could not be classi$ed into a biological process.

Overall, peripheral blood gene expression pro$les of autoantibody positive 

arthralgia patients were clearly distinct from those of autoantibody negative 

controls and revealed characteristics of an activated immune response.

§
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2. Heterogeneity among autoantibody positive arthralgia patients 

To investigate the molecular heterogeneity within the risk group, a total of 554 

genes were identi$ed whose transcript levels deviated more than two-fold from 

the median expression level in at least four out of the 19 at risk individuals. An 

unsupervised (two-way) hierarchical cluster analysis was performed based on the 

di!erential expression of the 554 gene set. The structure of the dendogram clearly 

indicated that the autoantibody positive arthralgia patients were separated in 

subgroups (Fig. 3). 

The position of any autoantibody-positive arthralgia patient in the dendogram is 

determined by di!erentially expressed genes that are represented by four clusters 

(A, B, C and D). Pathway level analysis revealed that cluster A is characterized by the 

expression of genes involved in B-cell mediated immunity and protein biosynthesis, 

metabolism and modi$cation. Genes involved in immunity and defense, proteolysis, 

protein metabolism and modi$cation, macrophage, T-cell, NK-cell and granulocyte 

mediated immunity were characteristic for cluster B. Cluster C contained genes of 

yet unknown processes, although some of these genes are known for their role in 

in%ammation (e.g. PBEF1, SSP1 and S100A12). Genes that represent immunity and 

defense, cell surface receptor and chemokine and cytokine mediated signaling, 

such as CCL5, IFNγ and IL32, were characteristic for cluster D. 

3. Validation of heterogeneity among autoantibody positive arthralgia patients

The molecular heterogeneity was validated in an independent group of 90 

autoantibody positive arthralgia patients (group RArisk2). Therefore, we initially 

used a set of 87 genes that were representative for heterogeneity within the at risk 

A

B

Interferon-mediated immunity
Natural killer cell mediated immunity
Immunity and defense

Pathway-level analyses:

No classification

Controls Arthralgia patients

Figure 2. Cluster diagram of genes signi#cantly 

di"erential expressed between autoantibody positive 

arthralgia patients and healthy controls 

Supervised hierarchical cluster analysis of 255 genes that were 
signi#cantly di"erential expressed between 19 autoantibody 
positive arthralgia patients and 6 healthy controls, identi#ed by 
SAM (FDR <5%). The cluster diagram is visualized by Treeview. 
Each column represents the data of one array/sample and each 
row shows the relative expression level of a single gene for 
all samples. Red color means a relatively higher expression, 
green color stands for a relatively lower expression and black 
color indicates that the expression level is equal to the median 
expression level across all samples. Grey indicates missing values. 
The signi#cantly di"erential expressed genes present in each 
gene cluster were classi#ed into di"erent functional categories 
(PANTHER) as indicated at the bottom of the cluster diagram.

Binnenwerk Baarsen.24 juli 2009 34   34 27-7-2009   15:14:00



Genomics to improve diagnosis of disease

- 35 -

2

group based on microarray data. These genes were selected by PAM and SAM and 

supplemented with genes representing the di!erent identi$ed biological processes. 

The gene set was supplemented with a previously described RA-associated set of 

20 type I IFN response genes (26) and IFNα2, IFNβ and IFNγ. Detailed information on 

the criteria for gene selection is described in the supplementary information and 

Tables S3 and S4. The 87 genes were measured by qPCR (TLDA) and subsequent 

unsupervised (two-way) hierarchical cluster analysis con$rmed the existence of 

heterogeneity among autoantibody positive arthralgia patients (supplementary 

Fig. S1). 

In aggregate, molecular heterogeneity among autoantibody positive arthralgia 

patients based on di!erential expression of genes that are involved in diverse arms 

of the immune response is con$rmed in an independent group of 90 autoantibody 

positive patients at risk. 

Figure 3. Molecular heterogeneity among autoantibody positive arthralgia patients 

Two-way hierarchical cluster analysis of microarray data was used to investigate heterogeneity among peripheral blood 
gene expression pro#les of 19 arthralgia patients. First, 554 genes were identi#ed whose expression levels deviated from the 
median expression level at least twofold in at least four patients. Subsequently, these genes were unsupervised hierarchically 
clustered resulting in a subclassi#cation of patients based on the di"erential expression of genes. The cluster diagram is 
visualized by Treeview. Each column represents the data of one array/sample and each row shows the relative expression 
level of a single gene for all samples. Red color means a relatively higher expression, green color stands for a relatively lower 
expression and black color indicates that the expression level is equal to the median expression level across all samples. Grey 
indicates missing values. The genes that are di"erentially expressed between patient subgroups fall in clusters A, B, C and D 
and were classi#ed into di"erent functional categories (PANTHER) as indicated at the bottom of the cluster diagram. The gene 
clusters A, B, C and D are color-coded and shown on the side. 

Pathway-level analyses:

Immunity and defense

B-cell- and antibody-mediated immunity

Protein biosynthesis

Protein metabolism and modification

Immunity and defense

Natural killer cell mediated immunity

T-cell mediated immunity

Granulocyte-mediated immunity

Proteolysis

Macrophage-mediated immunity

Protein metabolism and modification

Immunity and defense

Cytokine and chemokine mediated signaling pathway

Cell surface receptor mediated signal transduction

Unclassified

D

C

B

A
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4. Comparative analysis between blood gene expression pro"les of autoantibody 

positive arthralgia patients and patients with RA

Next, the existence of commonalities between (subsets of ) autoantibody positive 

arthralgia patients and patients with established RA was investigated using gene 

expression values obtained by TLDA. Therefore, we performed a comparative 

analysis between the gene expression characteristics of whole blood from all 

the 109 at risk individuals (group RArisk1 and RArisk2) and those of patients with 

established RA (n=25). In order to reduce the gene set we selected those 52 genes 

(Table S5) out of the 87 genes that showed signi$cantly di!erential expression 

levels between the patient subgroups. 

Unsupervised hierarchical cluster analysis using the 52 gene set divided the 

arthralgia and RA patients into four subgroups (Fig. 4A) based on essentially the 

same biological processes as mentioned earlier i.e. IFN-mediated immunity, B-

cell activation, cytokine/chemokine mediated immunity, apoptosis and NK cell 

mediated immunity. In addition, a small cluster of genes represented the biological 

process hematopoiesis. Most remarkable, patients with established RA preferentially 

Immunity & defenseImmunity & defense

IFN-mediated immunity*IFN-mediated immunity*

B-cell**

Cytokines

Figure S1. Con#rmation of heterogeneity in an 

independent group of autoantibody positive 

arthralgia patients using TLDA

Unsupervised hierarchical cluster analysis of 87 genes 
measured by TLDA (qPCR) in an independent group of 90 
autoantibody positive arthralgia patients (group RArisk2). 
The cluster diagram is visualized by Treeview. Each row 
represents the expression data for one arthralgia patient 
and each column shows the relative expression level of 
a single gene for all patients. Genes and patients with 
similar expression pro#les are placed next to each another. 
For each gene cluster pathway-level analysis (PANTHER) 
was used to determine the presence of biological processes 
that were signi#cantly represented. 
* This gene cluster also consists of genes involved in 
macrophage-mediated immunity and apoptosis.
 ** This gene cluster also consists of genes involved in 
signal transduction.
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co-clustered with at risk individuals of groups I and II compared to those in groups 

III and IV (Fisher’s exact test P<0.01). Groups I and II were characterized by an 

increased expression of genes involved IFN-mediated immunity and hematopoiesis, 

respectively, whereas groups III and IV were associated with increased expression 

of genes involved in B cell activation and cytokine/chemokine mediated immunity, 

respectively. 

These data show that a subgroup of autoantibody positive arthralgia patients 

contains peripheral blood gene expression features, i.e. increased expression of 

genes involved IFN-mediated immunity and/or hematopoiesis that are reminiscent 

of those of patients with established RA. 

5. Gene expression pro"les predict arthritis development, independent of ACPA 

levels 

In order to study the association between the arthralgia subgroups and the 

development of arthritis we performed an analysis to determine the distribution 

Figure 4. Gene expression pro#les associated 

with arthritis development

A. Unsupervised hierarchical cluster analysis of gene 
expression data of the 52 gene set measured by TLDA, 
of autoantibody positive arthralgia patients who have 
not (black labels) and who have developed arthritis 
(orange labels), and patients with established RA 
(red labels). Each column represents the relative 
expression level of a single gene for all samples and 
each row shows the data of one patient’s sample. 
Red color means a relatively higher expression, green 
color stands for a relatively lower expression and 
black color indicates that the expression level is equal 
to the median expression level across all samples. 
Grey indicates missing values. Genes are organized 
in color-coded clusters (see bottom of the diagram). 
The patients are categorized in groups I, II, III and IV 
(left side) as indicated by the dendograms and color 
codes on the right side. The biological themes of the 
gene clusters are indicated at the bottom of the cluster 
diagram. RA patients preferentially co-clustered with 
arthralgia patients present in subgroups I and II. 
B. Unsupervised hierarchical cluster analysis of the 52 
gene set performed for the at risk arthralgia patients 
only. Subgroups 1 and 7 associated with arthritis 
development are indicated on the right side. 
C. Kaplan-Meyer curve of arthritis-free survival 
in subgroup 1 of the at risk arthralgia patients as 
determined in #gure 4B. Cox-regression analysis 
revealed that subgroup 1 is signi#cantly associated 
with arthritis development (HR 4.5; 95% C.I. 1.3-15.4; 
P=0.016).
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over the di!erent subgroups of those autoantibody positive arthralgia patients 

who have developed arthritis in the course of the study. Interim analysis revealed 

that 20 autoantibody positive arthralgia patients have developed arthritis after a 

median of 7 months (IQR 4-15; median follow-up of all patients is 30 [IQR 22-39] 

months) in a median of 3 joints (IQR 3-5). 

Since autoantibody positive arthralgia patients present in subgroups I and II co-

clustered with RA patients, these two subgroups were combined and arthritis 

development was compared to the remaining at risk patients present in subgroups 

III and IV. Cox-regression analysis showed that subgroups I and II were associated 

with arthritis development (Hazard Ratio [HR] 5.1; 95% con$dence interval [C.I.] 

1.2-21.9; P=0.03). Correcting for ACPA decreased the HR to 4.1 (95% C.I. 1.0-17.9; 

P=0.06), resulting in a strong trend independent of ACPA status, implicating that in 

the presence of ACPA, gene expression pro$les speci$c for subgroups I and II have 

predictive value for identifying those patients at risk for the development of RA. 

The presence of the ‘shared epitope’ genotype, as well as mean ACPA, RF and CRP 

levels were similar in both arthralgia subgroups (I and II versus III and IV, data not 

shown) and did not in%uence these results. Excluding those autoantibody positive 

arthralgia patients who had received two intramuscular dexamethasone injections 

(n=25) in a trial of primary prevention of arthritis (34) did not alter these results.

Essentially similar results were found when the two-way hierarchical cluster 

analysis was exclusively performed with the at risk arthralgia patients (Fig. 4B). 

However, since after re-clustering of the autoantibody positive arthralgia patients 

there is no objective criterion to decide which patient groups should be tested 

for association with arthritis development, multiple cuts in the dendogram were 

considered. Therefore, all clusters containing more than 15% of the 109 patients 

were tested versus the other clusters combined for association with arthritis 

development. This resulted in nine two-group tests. Cox-regression analysis 

revealed that subgroup 1, characterized by an increased expression of genes 

involved in IFN-mediated immunity and/or cytokine/chemokine mediated 

immunity, is signi$cantly associated with arthritis development (Fig. 4C; HR 4.5; 

95% C.I. 1.3-15.4; P=0.016) even after correcting for ACPA (HR 3.6; 95% C.I. 1.1-12.4; 

P=0.041). Subgroup 7, characterized by increased expression of genes involved in 

B-cell mediated immunity, is devoid of at risk individuals who developed arthritis. 

Therefore, inclusion of a “dummy” case was required for Cox regression analysis, 

which resulted in borderline signi$cance (HR 0.14; 95% C.I. 0.02-1.1; P=0.057), 

which was lost after correcting for ACPA (HR 0.17; 95% C.I. 0.02-1.3; P=0.083). A 

log rank analysis combined with a permutation approach to control for multiple 

comparisons showed similar results (data not shown).

Collectively, these analyses reveal that autoantibody positive arthralgia patients 

with high an expression of genes involved in IFN-mediated immunity, cytokine/

chemokine mediated immunity or hematopoiesis are more likely to develop arthritis. 
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Conversely, autoantibody positive arthralgia patients with high expression of genes 

involved in B-cell mediated immunity may be protected against development of 

arthritis or progression towards disease pathogenesis may be suppressed. These 

results were independent of ACPA status.

Discussion 

In this manuscript we demonstrated the heterogeneous nature of ACPA and/or 

RF positive arthralgia patients at risk for development of RA. We identi$ed sets of 

genes whose expression pro$les segregate arthralgia patients at risk for RA into 

di!erent subgroups. Table 2 summarizes the relative risk of arthritis development 

in subgroups of autoantibody positive arthralgia patients. Subgroups that are 

characterized by a gene signature of IFN-mediated immunity, cytokine activity, or 

hematopoiesis all contain at risk persons who have developed arthritis. These gene 

expression characteristics increase the risk for arthritis development approximately 

4-fold independent of ACPA status. Interestingly, the group of patients that is 

characterized by increased expression of genes involved in humoral immunity is 

devoid of patients who have developed arthritis in the follow-up period. These 

results indicate that predisposition for the development of arthritis can be used to 

predict the diagnosis of arthritis in ACPA and/or RF positive individuals at risk. 

Table 2. Relative risk of arthritis development in subgroups of autoantibody positive arthralgia patients

Figure At risk 

subgroups

Arthritis 

development n 

(% of total risk 

subgroup)

HR HR after 

ACPA 

correction

Conclusion

4A I+II vs. 
III+IV

18 (23%) vs. 2 (5%) 5.1* 4.1 Arthralgia patients clustering together 
with RA patients have an increased risk 
of developing arthritis

4B 1. vs. rest 17 (27%) vs. 3 (7%) 4.5* 3.6* Arthralgia patients with an increased 
expression of genes involved in IFN-
mediated immunity, cytokine mediated 
immunity or hematopoiesis have an 
increased risk of developing arthritis

4B 7 vs. rest 0 (0%) vs. 20 (24%) 0.14^ 0.17^ Arthralgia patients with an increased 
expression of genes involved in 
B-cell activation are protected from 
developing arthritis.

* P-value < 0.05
^ A “dummy” case that developed arthritis was required for Cox regression analysis
Subgroups: I. IFN-mediated immunity, II. Hematopoiesis, III. B-cell activity, IV. Cytokines
Subgroups: 1. Cytokines and IFN-mediated immunity, 7. B-cell activity

To the best of our knowledge, this study is the $rst to present evidence that 

di!erential gene expression is predictive of the progression to arthritis in 

§
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autoantibody positive individuals. Since the unique nature of this cohort prevents 

validation in an independent group, this predictor gene set is only suggestive and 

awaits con$rmation from larger independent data sets to re$ne and validate its 

clinical usefulness. In addition, it would be interesting to re-analyze the results after 

a longer follow-up period.

The concept that IFN response activity in blood cells is characteristic for progression 

to arthritis is consistent with its role in immunopathology. Type I IFNs are known 

to upregulate MHC expression and to induce di!erentiation of monocytes 

into antigen presenting dendritic cells (DCs) (35;36). Under normal physiology 

immature DCs control peripheral tolerance by deletion of circulating autoreactive 

T cells. However, continued type I IFN induced maturation of DCs may lead to a 

break of peripheral tolerance through activation of autoreactive cells resulting in 

immunity to self-antigens. Accordingly, a recent study showed that IFN induced 

protein IFIT4 might play a role in promoting monocyte di!erentiation into DC-like 

cells and subsequent regulation of Th1 cell di!erentiation (37). These properties 

of type I IFN might contribute to antigen spreading and subsequent initiation of 

arthritis in those autoantibody positive arthralgia patients who display increased 

levels of IFN induced genes.

Among the risk factors for progression to arthritis are also genes involved in 

cytokine and chemokine mediated immunity, including IFNγ, IL-7R, STAT-4 and 

CCL5. This $nding is consistent with the results of a study on undi!erentiated 

arthritis, which showed correlations between raised concentrations of multiple 

cytokines and the presence of ACPA in early RA (38). In addition Hueber and 

colleagues observed raised serum levels of both classical Th1 (IFNγ and IL12) and 

Th2 (IL10 and IL13) cytokines (39). Whereas serum cytokine levels may re%ect local 

blood cell production and/or (immune) cell activation in joints or other tissues, the 

increased transcript production in blood is indicative of peripheral production of 

these in%ammatory factors. The presence of increased STAT-4 may be a re%ection 

of IL-12 bioactivity and Th1 skewing re%ected by increased expression of IFNγ. 

STAT-4 is also required for signaling in mature dendritic cells in response to type 1 

IFNs (40). In accordance with a role for STAT-4 in progression towards RA, a genetic 

association between a STAT-4 haplotype and RA susceptibility was reported (41). 

Although previous $ndings suggested that increased levels of pro-in%ammatory 

cytokines and/or chemokines are associated with the generation of ACPA (39), our 

$ndings suggest that increased cytokine activity is associated with progression 

towards arthritis in already ACPA positive individuals.

The group of genes classi$ed as being involved in hematopoiesis contains two 

genes (KLF1 and ERAF) involved in erythrocyte development, whereas two other 

genes (BCL2L1 and BAG1) have anti-apoptotic capacities. Interestingly, this 

cluster also harbors DARC (Du!y Antigen/Receptor for Chemokines), also known 

as Du!y blood group antigen which is entirely unique among all the chemokine 
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receptors and is expressed on erythrocytes of Du!y antigen positive individuals. 

On erythrocytes, DARC is described to act as a sink for free pro-in%ammatory 

chemokines present in the bloodstream (42). In addition, erythrocyte DARC may 

also serve as a chemokine blood reservoir that could have consequences for cell 

tra?cking (43). 

Compared with at risk individuals who do progress to arthritis, the ones that do not 

develop arthritis showed an increased expression of B-cell related genes. Notably 

transcripts for CD79A, CD79B, MS4A1, CD19 and FCLR5 were di!erentially expressed. 

CD79A and CD79B are B-cell markers essential for the expression and function of 

the B-cell antigen receptor. MS4A1 encodes for the B-cell antigen CD20, and CD19 

is involved in activating the B-cell receptor. FCRL5 inhibits B-cell activation and is 

found on most mature B-cells with the highest levels being present on naïve and 

plasma cells. The $nding that a gene set representing increased humoral immunity 

has a protective role against progression to arthritis is in apparent contradiction 

to the profound disease-ameliorating e!ects that have been observed following 

B-cell depletion (44). As a consequence of increased tra?cking and accumulation 

of activated and autoreactive B-cells in the synovial membrane of a!ected joints, 

diminished numbers of circulating CD19 B-cells have been observed in RA patients 

(45). Knowing that immune cell tra?cking is a crucial process in the initiation of 

disease, it is tempting to speculate that the increased expression of B-cell genes is 

a re%ection of a block in the migration of B-cells to the tissue. 

On the basis of our data, we propose that the individual’s genes a!ect susceptibility 

to RA at three levels. First, some genes a!ect the overall reactivity of the immune 

system and thus can predispose the individual to autoimmunity. Second, this altered 

immunoreactivity is directed to particular antigens, i.e. citrullinated antigens, 

which a!ect B- and T-cell recognition of epitopes. Third, still other genes act on 

the progression of autoimmunity to target tissues to modulate immune attack. 

Our results imply that, among others IFN-mediated immunity and cell tra?cking 

specify the processes relevant to progression to arthritis besides autoantibody 

positivity. 

Can gene expression pro$ling be used to select those individuals at risk who will 

develop arthritis? 27% of ACPA positive arthralgia patients develop arthritis after a 

median follow-up of 2 years, this increases to 40% with the concomitant presence 

of IgM-RF (46). Our result suggests that higher-order combinatorial searches may 

improve the predictive performance of autoantibody status. However, higher-

order predictive variable combinations do require the support of many more 

samples to prevent over$tting of the model. Convincing assessment of this 

question will therefore necessitate expression analysis of genes identi$ed herein in 

larger cohorts of participants. We envision predictive models based on preclinical 

expression pro$ling as an “evolving” evidence-based process for determining 
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the risk of developing RA, to be recalibrated over time to account for changes 

in practice. As a corollary, a gene set that can identify RA progressors could also 

have predictive value for autoantibody negative patients. Studies are under way to 

further characterize all the genes in the classi$er and to re$ne our predictor model 

with a larger patient cohort, with the ultimate goal of diagnosing patients with 

preclinical RA. Preclinical diagnosis could represent the basis of a breakthrough in 

curing RA.
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Supplementary information

Table S1. TLDA assays

Symbol AssayID Gene Name

18SRNA Hs99999901_s1 ribosomal 18S-speci#c

BAG1 Hs00185390_m1 BCL2-associated athanogene

BCL2L1 Hs00169141_m1 BCL2-like 1

C12orf35 Hs00216848_m1 chromosome 12 open reading frame 35

C18orf17 Hs00400521_m1 chromosome 18 open reading frame 17

CCL5 Hs00174575_m1 chemokine (C-C motif) ligand 5

CCT4 Hs00272345_m1 chaperonin containing TCP1, subunit 4 (delta)

CD19 Hs00174333_m1 CD19 molecule

CD274 Hs00204257_m1 CD274 molecule

CD79A Hs00998119_m1 CD79a molecule

CD79B Hs01058826_g1 CD79b molecule

CKS1B Hs01029137_g1 CDC28 protein kinase regulatory subunit 1B

DARC Hs01011079_s1 Du"y blood group

DDX5 Hs00189323_m1 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5

DEFA3 Hs00414018_m1 defensin alpha 3

DTX3L Hs00370540_m1 deltex 3-like (Drosophila)

EEF1G Hs01922638_u1 eukaryotic translation elongation factor 1 gamma

EIF2AK2 =PKR Hs00169345_m1 eukaryotic translation initiation factor 2-alpha kinase 2

EPSTI1 Hs00264424_m1 epithelial stromal interaction 1 (breast)

ERAF Hs00372339_g1 erythroid associated factor

FCGR1A Hs00417598_m1 Fc fragment of IgG, high a&nity Ia, receptor (CD64)

FCRL5 Hs00258709_m1 Fc receptor-like 5

FLJ31033 Hs00291459_m1 hypothetical protein FLJ31033

FLT3LG Hs00181740_m1 fms-related tyrosine kinase 3 ligand

GADD45B Hs00169587_m1 growth arrest and DNA-damage-inducible beta

GAPDH Hs00266705_g1 glyceraldehyde-3-phosphate dehydrogenase

GBP1 Hs00266717_m1 guanylate binding protein 1, interferon-inducible, 67kDa

GZMH Hs00277212_m1 granzyme H 

HDAC10 Hs00368899_m1 histone deacetylase 10

HERC3 Hs00205934_m1 hect domain and RLD 3

HLA-G Hs00365950_g1 histocompatibility antigen, class I, G

ID1 Hs00357821_g1 inhibitor of DNA binding 1, dominant negative helix-loop-helix protein

IFI27 Hs00271467_m1 interferon, alpha-inducible protein 27

IFI44L Hs00199115_m1 interferon-induced protein 44-like

IFI6 Hs00242571_m1 interferon, alpha-inducible protein 6

IFIH1 =MDA5 Hs00223420_m1 interferon induced with helicase C domain 1

IFIT1 Hs01911452_s1 interferon-induced protein with tetratricopeptide repeats 1

IFIT2 Hs00533665_m1 interferon-induced protein with tetratricopeptide repeats 2

IFITM1 Hs00705137_s1 interferon induced transmembrane protein 1 (9-27)

§
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IFNA2 Hs00265051_s1 interferon, alpha 2

IFNAR2 Hs01022059_m1 interferon (alpha beta and omega) receptor 2

IFNB1 Hs01077958_s1 interferon, beta 1, #broblast

IFNG Hs00174143_m1 interferon, gamma

IGKC Hs00415165_m1 immunoglobulin kappa constant, immunoglobulin kappa variable 1-5

IGLL1 Hs00252263_m1 immunoglobulin lambda-like polypeptide 1

IL1A Hs00174092_m1 interleukin 1 alpha

IL32 Hs00170403_m1 interleukin 32

IL7R Hs00902334_m1 interleukin 7 receptor

IPO7 Hs00255188_m1 importin 7

IRF2 Hs00180006_m1 interferon regulatory factor 2

ISG15 Hs00192713_m1 ISG15 ubiquitin-like modi#er

KDELR3 Hs00423556_m1 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 3

KLF1 Hs00610592_m1 Kruppel-like factor 1 (erythroid)

LGALS3BP Hs00174774_m1 lectin, galactoside-binding, soluble, 3 binding protein

LTB Hs00242739_m1 lymphotoxin beta (TNF superfamily, member 3)

LTF Hs00914330_m1 lactotransferrin

MAT2B Hs00203231_m1 methionine adenosyltransferase II, beta

MMP9 Hs00234579_m1 matrix metallopeptidase 9 (gelatinase B, 92kDa)

MRPL38 Hs00375656_m1 mitochondrial ribosomal protein L38

MS4A1 Hs00544819_m1 membrane-spanning 4-domains, subfamily A, member 1

MX1 Hs00182073_m1 myxovirus (in$uenza virus) resistance 1, interferon-inducible protein p78 
(mouse)

MYOM2 Hs00187676_m1 myomesin (M-protein) 2, 165kDa

NKG7 Hs00366585_g1 natural killer cell group 7 sequence

OAS1 Hs00242943_m1 oligoadenylate synthetase 1, 40/46 kDa

OAS2 Hs00159719_m1 oligoadenylate synthetase 2, 69/71 kDa

OAS3 Hs00196324_m1 oligoadenylate synthetase 3, 100 kDa

PADI2 Hs00247108_m1 peptidyl arginine deiminase, type II

PARP14 Hs00393814_m1 poly (ADP-ribose) polymerase family, member 14

PBEF1 Hs00237184_m1 pre-B-cell colony enhancing factor 1

PDK3 Hs00178440_m1 pyruvate dehydrogenase kinase isozyme 3

PLSCR1 Hs00275514_m1 phospholipid scramblase 1

RBM38 Hs00250139_m1 RNA binding motif protein 38

REN Hs00166915_m1 renin

RGS18 Hs00329468_m1 regulator of G-protein signaling 18

RPL23 Hs00745462_s1 ribosomal protein L23

RSAD2 Hs00369813_m1 radical S-adenosyl methionine domain containing 2

RUFY1 Hs00228528_m1 RUN and FYVE domain containing 1

S100A12 Hs00194525_m1 S100 calcium binding protein A12

S100A8 Hs00374264_g1 S100 calcium binding protein A8

SAMD9L Hs00541567_s1 sterile alpha motif domain containing 9-like
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SELENBP1 Hs00187625_m1 selenium binding protein 1

SELL Hs00174151_m1 selectin L (lymphocyte adhesion molecule 1)

SERPING1 Hs00163781_m1 serpin peptidase inhibitor, clade G (C1 inhibitor), member 1, (angioedema, 
hereditary)

SLC25A1 Hs00761590_sH solute carrier family 25 (mitochondrial carrier; citrate transporter), member 1

SPP1 Hs00959010_m1 secreted phosphoprotein 1 (osteopontin)

STAT1 Hs00234829_m1 signal transducer and activator of transcription 1, 91kDa

STAT4 Hs00231372_m1 signal transducer and activator of transcription 4

TESC Hs00215487_m1 tescalcin

TNFSF10 =TRAIL Hs00234356_m1 tumor necrosis factor (ligand) superfamily, member 10

TNFSF7 Hs00174297_m1 CD70 molecule

TPM3 Hs00383595_m1 tropomyosin 3

TRGV9 Hs00233330_m1 TCR gamma alternate reading frame protein, T cell receptor gamma variable 9

TRIM22 Hs00232319_m1 tripartite motif-containing 22

XRCC5 Hs00221707_m1 X-ray repair complementing defective repair in Chinese hamster cells 5 (double-
strand-break rejoining; Ku autoantigen

Table S2. Signi#cantly di$erential expressed genes between arthralgia patients and controls

Genes higher expressed in arthralgia patients (181):

Gene Name Gene ID
Fold 

Change

q-value 

(%)

Hs.17518 || RSAD2 || Radical S-adenosyl methionine domain containing 2 Hs.17518 5.04 0.00

 || || || || AI347124 || || || IMAGE:1926927 || 10229 IMAGE:1926927 4.84 0.00

Hs.389724 || IFI44L || Interferon-induced protein 44-like Hs.389724 4.72 0.14

Hs.546467 || EPSTI1 || Epithelial stromal interaction 1 (breast) Hs.546467 4.49 0.07

Hs.562188 || || Transcribed locus Hs.562188 4.45 0.00

Hs.105635 || || Transcribed locus Hs.105635 4.25 0.14

Hs.20315 || IFIT1 || Interferon-induced protein with tetratricopeptide repeats 1 Hs.20315 3.73 0.00

Hs.591198 || EVI2A || Ecotropic viral integration site 2A Hs.591198 3.59 0.00

Hs.528634 || OAS3 || 2'-5'-oligoadenylate synthetase 3, 100kDa Hs.528634 3.41 0.00

Hs.567266 || NF1 || Neuro#bromin 1 (neuro#bromatosis, von Recklinghausen disease, 
Watson disease)

Hs.567266 3.36 0.07

Hs.534346 || RPS7 || Ribosomal protein S7 Hs.534346 3.29 0.00

Hs.567702 || || **Transcribed locus, strongly similar to NP_000997.1 ribosomal 
protein S3a; 40S ribosomal protein S3a; v-fos transformation e"ector protein 1 [Homo 
sapiens]

Hs.567702 3.26 0.09

Hs.23956 || COMMD8 || COMM domain containing 8 Hs.23956 3.13 0.00

Hs.610444 || RPL9 || Ribosomal protein L9 Hs.610444 3.13 0.11

Hs.406300 || RPL23 || Ribosomal protein L23 Hs.406300 3.06 0.00

Hs.226307 || APOBEC3B || Apolipoprotein B mRNA editing enzyme, catalytic 
polypeptide-like 3B 

Hs.226307 3.05 0.40

Hs.448851 || USP6 || **Ubiquitin speci#c peptidase 6 (Tre-2 oncogene) Hs.448851 3.03 0.00
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Hs.541894 || KIAA1641 || KIAA1641 Hs.541894 3.02 0.00

 || || || || AA259248::AA259249 || || || IMAGE:1010072 || 17970 IMAGE:1010072 3.01 0.07

Hs.279806 || DDX5 || DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 Hs.279806 2.98 0.00

Hs.507536 || MTMR6 || **Myotubularin related protein 6 Hs.507536 2.95 0.00

Hs.643209 || || Transcribed locus Hs.643209 2.93 0.18

Hs.531067 || || CDNA clone IMAGE:4902949 Hs.531067 2.88 0.05

Hs.445129 || C12orf35 || Chromosome 12 open reading frame 35 Hs.445129 2.88 0.00

Hs.530436 || STXBP3 || Syntaxin binding protein 3 Hs.530436 2.84 0.00

Hs.384598 || SERPING1 || Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1, 
(angioedema, hereditary) 

Hs.384598 2.78 1.21

Hs.510402 || CD46 || CD46 molecule, complement regulatory protein Hs.510402 2.69 0.00

Hs.163173 || IFIH1 || Interferon induced with helicase C domain 1 Hs.163173 2.67 0.00

Hs.307924 || MSL3L1 || Male-speci#c lethal 3-like 1 (Drosophila) Hs.307924 2.66 0.00

Hs.301921 || CCR1 || Chemokine (C-C motif) receptor 1 Hs.301921 2.66 0.00

 || || || || AA912032 || || || IMAGE:1486028 || 101762 IMAGE:1486028 2.66 0.00

Hs.642906 || || Transcribed locus Hs.642906 2.65 0.00

Hs.24485 || SMC3 || Chondroitin sulfate proteoglycan 6 (bamacan) Hs.24485 2.64 0.00

 || || || || AI268082 || || || IMAGE:1911561 || 100393 IMAGE:1911561 2.63 0.00

Hs.25845 || MGC42105 || Hypothetical protein MGC42105 Hs.25845 2.63 1.51

 || || || || AI302425 || || || IMAGE:1901759 || 5293 IMAGE:1901759 2.61 0.00

Hs.470943 || STAT1 || Signal transducer and activator of transcription 1, 
91kDa

Hs.470943 2.61 0.00

 || || || || AA778116 || || || IMAGE:379941 || 19701 IMAGE:379941 2.61 0.00

Hs.34576 || TAX1BP1 || Tax1 (human T-cell leukemia virus type I) binding 
protein 1 

Hs.34576 2.60 0.00

Hs.489118 || SAMD9L || Sterile alpha motif domain containing 9-like Hs.489118 2.59 0.00

Hs.597910 || || Transcribed locus (1) Hs.597910 2.58 0.00

Hs.643431 || IGJ || Immunoglobulin J polypeptide, linker protein for 
immunoglobulin alpha and mu polypeptides)

Hs.643431 2.56 0.11

Hs.381123 || RPL21 || **Ribosomal protein L21 Hs.381123 2.56 0.00

Hs.546523 || || Full-length cDNA clone CS0DK002YF13 of HeLa cells Cot 25-
normalized of Homo sapiens (human) 

Hs.546523 2.55 0.00

Hs.35804 || HERC3 || Hect domain and RLD 3 Hs.35804 2.55 0.00

Hs.430849 || OSBPL8 || Oxysterol binding protein-like 8 Hs.430849 2.53 0.00

Hs.437855 || FLJ21908 || Hypothetical protein FLJ21908 Hs.437855 2.52 0.00

 || || || || AA502230 || || || IMAGE:911901 || 1872 IMAGE:911901 2.49 0.79

Hs.440534 || TXNDC10 || Thioredoxin domain containing 10 Hs.440534 2.47 0.00

Hs.622965 || MOBKL1A || **MOB1, Mps One Binder kinase activator-like 1A 
(yeast)

Hs.622965 2.47 0.21

Hs.276770 || CD52 || CD52 molecule Hs.276770 2.45 0.69
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Hs.643515 || BIRC2 || Baculoviral IAP repeat-containing 2 Hs.643515 2.43 0.00

Hs.468840 || PLEK || Pleckstrin Hs.468840 2.41 0.52

Hs.306769 || RUFY1 || RUN and FYVE domain containing 1 Hs.306769 2.41 0.00

Hs.501778 || TRIM22 || Tripartite motif-containing 22 Hs.501778 2.40 0.00

Hs.277937 || GZMK || Granzyme K (granzyme 3; tryptase II) Hs.277937 2.40 0.11

Hs.524760 || OAS1 || 2',5'-oligoadenylate synthetase 1, 40/46kDa Hs.524760 2.38 0.00

Hs.177861 || SF3B14 || Splicing factor 3B, 14 kDa subunit Hs.177861 2.37 0.05

Hs.250009 || ARL8B || ADP-ribosylation factor-like 8B Hs.250009 2.36 0.00

Hs.387787 || KLRK1 || Killer cell lectin-like receptor subfamily K, member 1 Hs.387787 2.35 0.00

Hs.432996 || FLJ11021 || Similar to splicing factor, arginine/serine-rich 4 Hs.432996 2.35 0.00

Hs.476052 || SNRK || SNF related kinase Hs.476052 2.35 0.00

Hs.82848 || SELL || Selectin L (lymphocyte adhesion molecule 1) Hs.82848 2.35 0.00

Hs.593163 || || CDNA FLJ42968 #s, clone BRSTN2016954 Hs.593163 2.35 0.00

Hs.138701 || TRAT1 || T cell receptor associated transmembrane adaptor 1 Hs.138701 2.35 0.00

Hs.643522 || IPO7 || Importin 7 Hs.643522 2.33 0.00

Hs.205163 || MRPL3 || Mitochondrial ribosomal protein L3 Hs.205163 2.33 0.00

Hs.601000 || || Transcribed locus Hs.601000 2.33 0.00

Hs.339453 || ERGIC2 || ERGIC and golgi 2 Hs.339453 2.32 0.00

Hs.295626 || ITGB1 || Integrin, beta 1 (#bronectin receptor, beta polypeptide, 
antigen CD29 includes MDF2, MSK12)

Hs.295626 2.32 0.00

Hs.355809 || LOC151507 || Similar to male-speci#c lethal 3-like 1 isoform a; 
drosophila MSL3-like 1 

Hs.355809 2.32 0.00

Hs.599179 || || CDNA FLJ37302 #s, clone BRAMY2016009 Hs.599179 2.31 0.00

Hs.529439 || ZBTB41 || Zinc #nger and BTB domain containing 41 Hs.529439 2.31 0.18

Hs.634689 || || Transcribed locus Hs.634689 2.29 0.00

Hs.81848 || RAD21 || RAD21 homolog (S. pombe) Hs.81848 2.29 0.00

Hs.7886 || PELI1 || Pellino homolog 1 (Drosophila) Hs.7886 2.29 0.00

Hs.518201 || DTX3L || Deltex 3-like (Drosophila) Hs.518201 2.29 0.00

Hs.505326 || NELL2 || NEL-like 2 (chicken) Hs.505326 2.28 0.00

Hs.523332 || OAT || Ornithine aminotransferase (gyrate atrophy) Hs.523332 2.28 0.05

 || || || || AA971523::AI733335::AI791673 || || || IMAGE:1584391 || 115069 IMAGE:1584391 2.28 0.00

Hs.85769 || DNTTIP2 || Deoxynucleotidyltransferase, terminal, interacting 
protein 2 

Hs.85769 2.27 0.00

 || || || || AI061169::AI733618 || || || IMAGE:1699682 || 56377 IMAGE:1699682 2.27 0.00

Hs.547382 || || CDNA clone IMAGE:30389268 Hs.547382 2.25 0.00

Hs.478150 || PDCD10 || Programmed cell death 10 Hs.478150 2.24 0.07

Hs.494173 || ANXA1 || Annexin A1 Hs.494173 2.24 0.34

Hs.512743 || || CDNA FLJ37755 #s, clone BRHIP2023762 Hs.512743 2.24 0.00

Hs.3210 || REN || Renin Hs.3210 2.24 0.00

Hs.364544 || TSPAN13 || Tetraspanin 13 Hs.364544 2.24 0.52
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Hs.591157 || KLRC2 || Killer cell lectin-like receptor subfamily C, member 2 Hs.591157 2.24 0.21

Hs.596900 || || Full-length cDNA clone CS0DB005YH06 of Neuroblastoma Cot 
10-normalized of Homo sapiens (human) 

Hs.596900 2.23 0.28

Hs.530472 || || Transcribed locus, weakly similar to NP_055301.1 neuronal 
thread protein AD7c-NTP [Homo sapiens]

Hs.530472 2.23 0.00

Hs.236774 || HMGN4 || High mobility group nucleosomal binding domain 4 Hs.236774 2.22 0.00

Hs.130413 || TM9SF2 || Transmembrane 9 superfamily member 2 Hs.130413 2.22 0.00

Hs.438801 || || Transcribed locus, strongly similar to NP_001735.1 calcium/
calmodulin-dependent protein kinase IV; brain Ca(2+)-calmodulin-
dependent protein kinase type IV; calcium/calmodulin-dependent protein 
kinase

Hs.438801 2.21 0.00

Hs.546339 || C11orf58 || **Chromosome 11 open reading frame 58 Hs.546339 2.21 0.00

Hs.370487 || B4GALT5 || UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, 
polypeptide 5

Hs.370487 2.21 0.00

Hs.535011 || FLJ31033 || Hypothetical protein FLJ31033 Hs.535011 2.20 0.00

Hs.191518 || DHX9 || DEAH (Asp-Glu-Ala-His) box polypeptide 9 Hs.191518 2.19 0.00

Hs.309090 || SFRS7 || Splicing factor, arginine/serine-rich 7, 35kDa Hs.309090 2.18 0.00

Hs.477495 || MYSM1 || Myb-like, SWIRM and MPN domains 1 Hs.477495 2.18 0.00

Hs.528836 || NOD27 ||Nucleotide-binding oligomerization domain 27 Hs.528836 2.17 0.00

Hs.504609 || ID1 || Inhibitor of DNA binding 1, dominant negative helix-loop-
helix protein

Hs.504609 2.17 0.00

Hs.593155 || UTRN || Utrophin (homologous to dystrophin) (2) Hs.593155 2.17 0.00

Hs.77424 || FCGR1A || Fc fragment of IgG, high a&nity Ia, receptor (CD64) Hs.77424 2.17 0.69

Hs.435967 || TADA1L || Transcriptional adaptor 1 (HFI1 homolog, yeast)-like Hs.435967 2.16 0.00

Hs.591232 || || Full-length cDNA clone CS0DE014YC17 of Placenta of Homo 
sapiens (human)

Hs.591232 2.16 0.00

Hs.518475 || EIF4A2 || Eukaryotic translation initiation factor 4A, isoform 2 Hs.518475 2.16 0.00

Hs.632478 || LOC653805 || Similar to ribosomal protein S27 Hs.632478 2.16 0.52

Hs.495960 || ATP6AP2 || **ATPase, H+ transporting, lysosomal accessory 
protein 2 

Hs.495960 2.15 0.00

Hs.632532 || HAT1 || Histone acetyltransferase 1 Hs.632532 2.15 0.00

 || || || || N54914 || || || IMAGE:244637 || 56837 IMAGE:244637 2.15 0.00

Hs.546283 || RPL6 || Ribosomal protein L6 Hs.546283 2.15 0.00

Hs.62661 || GBP1 || Guanylate binding protein 1, interferon-inducible, 
67kDa

Hs.62661 2.14 0.00

Hs.528638 || ATPBD1C || ATP binding domain 1 family, member C Hs.528638 2.14 0.00

Hs.210385 || HERC1 || **Hect (homologous to the E6-AP (UBE3A) carboxyl 
terminus) domain and RCC1 (CHC1)-like domain (RLD) 1 

Hs.210385 2.13 0.00

Hs.508769 || PCID2 || PCI domain containing 2 Hs.508769 2.12 0.00

Hs.593056 || || Transcribed locus Hs.593056 2.12 0.40

Hs.281898 || AIM2 || Absent in melanoma 2 Hs.281898 2.11 0.00
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Hs.412103 || EFHA1 || EF-hand domain family, member A1 Hs.412103 2.11 0.00

Hs.597455 || || Transcribed locus Hs.597455 2.11 0.05

Hs.518609 || ARPC5 || Actin related protein 2/3 complex, subunit 5 16kDa Hs.518609 2.11 0.34

Hs.600495 || || Transcribed locus Hs.600495 2.11 0.11

Hs.546510 || SLFN5 || **Schlafen family member 5 Hs.546510 2.11 0.05

Hs.86984 || BCOR || BCL6 co-repressor Hs.86984 2.11 0.00

Hs.515890 || YPEL5 || Yippee-like 5 (Drosophila) Hs.515890 2.11 0.28

Hs.608192 || || Transcribed locus Hs.608192 2.11 0.11

Hs.123464 || P2RY5 || Purinergic receptor P2Y, G-protein coupled 5 Hs.123464 2.11 0.11

Hs.31961 || || CDNA FLJ37694 #s, clone BRHIP2015224 Hs.31961 2.11 0.00

Hs.79136 || SLC39A6 || Solute carrier family 39 (zinc transporter), member 6 Hs.79136 2.10 0.00

Hs.1908 || PRG1 || Proteoglycan 1, secretory granule Hs.1908 2.09 0.07

Hs.508010 || FNDC3A || Fibronectin type III domain containing 3A Hs.508010 2.09 0.00

Hs.530275 || || Transcribed locus, moderately similar to NP_060846.2 nipsnap 
homolog 3B [Homo sapiens]

Hs.530275 2.09 0.00

Hs.531664 || || Transcribed locus, strongly similar to XP_290670.5 PREDICTED: 
KIAA0220-like protein [Homo sapiens] 

Hs.531664 2.09 0.00

Hs.632235 || SHBG || Sex hormone-binding globulin Hs.632235 2.08 0.00

Hs.532634 || IFI27 || Interferon, alpha-inducible protein 27 Hs.532634 2.08 2.55

Hs.485380 || DBF4 || DBF4 homolog (S. cerevisiae) Hs.485380 2.08 0.09

Hs.505874 || TBK1 || TANK-binding kinase 1 Hs.505874 2.07 0.00

Hs.467701 || ODC1 || Ornithine decarboxylase 1 Hs.467701 2.07 0.00

Hs.403010 || || **Transcribed locus, strongly similar to NP_057698.2 TRAF 
and TNF receptor-associated protein; ETS1-associated protein 2 [Homo 
sapiens]

Hs.403010 2.07 0.00

Hs.369284 || C20orf6 || Chromosome 20 open reading frame 6 Hs.369284 2.06 0.00

Hs.634736 || || Transcribed locus Hs.634736 2.06 0.00

Hs.183684 || EIF4G2 || Eukaryotic translation initiation factor 4 gamma, 2 Hs.183684 2.06 0.00

Hs.606459 || || **Transcribed locus Hs.606459 2.06 0.00

Hs.501140 || KIAA1598 || KIAA1598 Hs.501140 2.06 1.00

Hs.46578 || DOCK10 || Dedicator of cytokinesis 10 Hs.46578 2.06 0.00

Hs.432424 || TPP2 || Tripeptidyl peptidase II Hs.432424 2.06 0.00

Hs.362807 || || MRNA; cDNA DKFZp667P0610 (from clone DKFZp667P0610) Hs.362807 2.05 0.00

 || || || || AA780560 || || || IMAGE:867580 || 95697 IMAGE:867580 2.05 0.00

Hs.106688 || CXorf1 || **Chromosome X open reading frame 1 Hs.106688 2.05 0.00

Hs.54642 || MAT2B || Methionine adenosyltransferase II, beta Hs.54642 2.05 0.00

Hs.583792 || PARP14 || Poly (ADP-ribose) polymerase family, member 14 Hs.583792 2.05 0.00

Hs.584801 || SFRS2 || Splicing factor, arginine/serine-rich 2 Hs.584801 2.05 0.00

Hs.156171 || PSMC6 || Proteasome (prosome, macropain) 26S subunit, 
ATPase, 6 

Hs.156171 2.05 0.00
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Hs.508148 || ABI1 || Abl-interactor 1 Hs.508148 2.04 0.00

Hs.600488 || || Transcribed locus Hs.600488 2.04 0.11

Hs.311346 || CMAS || Cytidine monophosphate N-acetylneuraminic acid 
synthetase

Hs.311346 2.04 0.00

Hs.558348 || ITK || IL2-inducible T-cell kinase Hs.558348 2.04 0.00

Hs.534255 || B2M || Beta-2-microglobulin Hs.534255 2.04 0.00

Hs.512576 || KLRC1 || Killer cell lectin-like receptor subfamily C, member 1 Hs.512576 2.04 0.34

Hs.465323 || KIAA1468 || KIAA1468 Hs.465323 2.03 0.05

Hs.633281 || || Transcribed locus Hs.633281 2.03 0.18

Hs.156625 || C1orf80 || Chromosome 1 open reading frame 80 Hs.156625 2.03 0.00

Hs.601789 || || Transcribed locus Hs.601789 2.03 0.00

Hs.513440 || GPR65 || G protein-coupled receptor 65 Hs.513440 2.02 0.05

Hs.594861 || || CDNA FLJ13601 #s, clone PLACE1010069 Hs.594861 2.02 0.00

Hs.118041 || UBP1 || Upstream binding protein 1 (LBP-1a) Hs.118041 2.02 0.00

Hs.159028 || BTN2A1 || Butyrophilin, subfamily 2, member A1 Hs.159028 2.02 0.00

Hs.445239 || HOXA2 || Homeobox A2 Hs.445239 2.02 0.00

Hs.138378 || CASP4 || Caspase 4, apoptosis-related cysteine peptidase Hs.138378 2.02 0.00

Hs.202010 || PLCL2 || Phospholipase C-like 2 Hs.202010 2.01 0.00

Hs.512152 || HLA-G || HLA-G histocompatibility antigen, class I, G Hs.512152 2.01 4.88

Hs.33922 || C1orf156 || Chromosome 1 open reading frame 156 Hs.33922 2.01 0.11

Hs.558798 || TRIM73 || Tripartite motif-containing 73 Hs.558798 2.01 0.79

Hs.522863 || CYorf15A || Chromosome Y open reading frame 15A Hs.522863 2.01 0.18

Hs.471040 || FLJ38973 || Hypothetical protein FLJ38973 Hs.471040 2.00 0.00

Hs.631513 || REST || RE1-silencing transcription factor Hs.631513 2.00 0.00

Genes lower expressed in arthralgia patients (79)

Gene name Gene ID
Fold 

Change

q-value 

(%)

Hs.125713 || FAM92B || Family with sequence similarity 92, member B Hs.125713 0.13 0.79

Hs.116210 || LOC199899 || Hypothetical protein LOC199899 Hs.116210 0.17 2.55

Hs.404997 || TRIM62 || Tripartite motif-containing 62 Hs.404997 0.25 1.00

Hs.435462 || DEADC1 || Deaminase domain containing 1 Hs.435462 0.25 4.21

Hs.443683 || MYOM2 || Myomesin (M-protein) 2, 165kDa Hs.443683 0.26 1.51

Hs.515550 || LOC284361 || Hematopoietic signal peptide-containing Hs.515550 0.26 0.69

Hs.128623 || || Transcribed locus, weakly similar to XP_534504.2 PREDICTED: 
similar to LINE-1 reverse transcriptase homolog [Canis familiaris] 

Hs.128623 0.26 1.51

Hs.104829 || || Transcribed locus Hs.104829 0.27 0.21

Hs.633058 || || Transcribed locus Hs.633058 0.28 0.09
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Genes lower expressed in arthralgia patients (79)

Gene name Gene ID
Fold 

Change

q-value 

(%)

 || || || || AA555001::AI791850::AI821608 || || || IMAGE:1029604 || 81385 IMAGE:1029604 0.30 1.51

Hs.417004 || S100A11 || S100 calcium binding protein A11 (calgizzarin) Hs.417004 0.30 0.00

Hs.471014 || TLN1 || Talin 1 Hs.471014 0.36 1.51

Hs.471955 || RP5-860F19.3 || KIAA1442 protein Hs.471955 0.36 0.79

Hs.104825 || LOC143244 || **Similar to Eukaryotic translation initiation factor 
5A (eIF-5A) (eIF-4D) (Rev-binding factor) 

Hs.104825 0.38 0.00

 || || || || AI493835 || || || IMAGE:2030430 || 126265 IMAGE:2030430 0.38 0.00

Hs.445233 || || Transcribed locus Hs.445233 0.39 0.79

 || || || || AI203272 || || || IMAGE:1941787 || 111416 IMAGE:1941787 0.41 0.00

 || || || || AA535991::AI732345 || || || IMAGE:927639 || 94973 IMAGE:927639 0.41 0.00

Hs.374378 || CKS1B || CDC28 protein kinase regulatory subunit 1B Hs.374378 0.41 0.00

Hs.469173 || USP39 || Ubiquitin speci#c peptidase 39 Hs.469173 0.41 3.54

 || || || || AI821809::AA662117::AI821062 || || || IMAGE:1187808 || 95378 IMAGE:1187808 0.43 0.21

 || || || || AA687438::AA687494::AI821109 || || || IMAGE:1187853 || 116519 IMAGE:1187853 0.43 0.14

Hs.559736 || OLFM4 || Olfactomedin 4 Hs.559736 0.43 3.54

 || || || || R78565 || || || IMAGE:144856 || 127778 IMAGE:144856 0.44 0.00

Hs.79625 || C20orf149 || Chromosome 20 open reading frame 149 Hs.79625 0.44 0.00

Hs.500761 || SLC16A3 || Solute carrier family 16 (monocarboxylic acid 
transporters), member 3

Hs.500761 0.44 0.00

Hs.83347 || AAMP || Angio-associated, migratory cell protein Hs.83347 0.44 0.00

 || || || || AA524273::AI732354 || || || IMAGE:936683 || 28718 IMAGE:936683 0.44 0.00

Hs.517549 || PIB5PA || Phosphatidylinositol (4,5) bisphosphate 5-
phosphatase, A 

Hs.517549 0.45 0.00

Hs.602915 || || Transcribed locus Hs.602915 0.45 0.00

Hs.523097 || LOC642592 || Similar to eukaryotic translation initiation factor 
5A 

Hs.523097 0.46 0.06

Hs.512304 || CCL3L1 || **Chemokine (C-C motif) ligand 3-like 1 Hs.512304 0.46 0.79

Hs.513285 || LOC146439 || Hypothetical LOC146439 Hs.513285 0.46 0.09

 || || || || AA235476::AA292540 || || || IMAGE:723866 || 128936 IMAGE:723866 0.46 0.00

 || || || || AI265991 || || || IMAGE:1891788 || 73626 IMAGE:1891788 0.46 0.00

Hs.235782 || SLCO4A1 || Solute carrier organic anion transporter family, 
member 4A1 

Hs.235782 0.46 0.00

Hs.632182 || TBC1D10B || TBC1 domain family, member 10B Hs.632182 0.46 0.40

 || || || || AA536013::AI732346 || || || IMAGE:927667 || 116112 IMAGE:927667 0.47 0.06

Hs.502872 || MAP3K11 || Mitogen-activated protein kinase kinase kinase 11 Hs.502872 0.47 0.00

Hs.343380 || CDC42EP2 || CDC42 e"ector protein (Rho GTPase binding) 2 Hs.343380 0.47 0.12

Hs.122199 || || CDNA clone IMAGE:4829423 Hs.122199 0.47 4.21

Hs.575475 || LOC644150 || Similar to SH3 domain binding protein CR16 Hs.575475 0.47 0.21

Hs.32804 || || Transcribed locus, strongly similar to XP_374188.1 PREDICTED: 
hypothetical protein XP_374188 [Homo sapiens] 

Hs.32804 0.47 0.00
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Genes lower expressed in arthralgia patients (79)

Gene name Gene ID
Fold 

Change

q-value 

(%)

Hs.24553 || STRA6 || Stimulated by retinoic acid gene 6 homolog (mouse) Hs.24553 0.47 0.00

Hs.604701 || || Transcribed locus Hs.604701 0.47 0.00

 || || || || R27446::R27244 || || || IMAGE:133423 || 28985 IMAGE:133423 0.47 0.00

Hs.107196 || ATPBD4 || ATP binding domain 4 Hs.107196 0.47 0.00

 || || || || AA484302 || || || IMAGE:911483 || 100484 IMAGE:911483 0.47 0.00

Hs.509637 || PLEKHG3 || Pleckstrin homology domain containing, family G 
(with RhoGef domain) member 3 

Hs.509637 0.48 0.28

Hs.1584 || COMP || Cartilage oligomeric matrix protein Hs.1584 0.48 0.00

Hs.568913 || || Transcribed locus, weakly similar to NP_689672.2 hypothetical 
protein MGC45438 [Homo sapiens] 

Hs.568913 0.48 0.00

 || || || || AI262370 || || || IMAGE:1871101 || 19601 IMAGE:1871101 0.48 0.12

 || || || || AA688217::AI821259 || || || IMAGE:1220441 || 30520 IMAGE:1220441 0.48 0.18

Hs.591835 || LOC389641 || Hypothetical gene supported by AK124295 Hs.591835 0.48 0.00

Hs.548787 || D21S2090E || D21S2090E Hs.548787 0.48 0.07

Hs.7835 || MRC2 || Mannose receptor, C type 2 Hs.7835 0.48 0.21

 || || || || AI095492 || || || IMAGE:1697156 || 16175 IMAGE:1697156 0.48 0.00

Hs.592115 || TOP3A || Topoisomerase (DNA) III alpha Hs.592115 0.48 0.00

Hs.633175 || || Transcribed locus Hs.633175 0.48 0.00

Hs.522639 || SUV39H1 || Suppressor of variegation 3-9 homolog 1 
(Drosophila) 

Hs.522639 0.48 0.00

Hs.513977 || NT5M || 5',3'-nucleotidase, mitochondrial Hs.513977 0.49 0.00

 || || || || AA568399 || || || IMAGE:913911 || 6430 IMAGE:913911 0.49 0.12

Hs.239891 || GPR35 || G protein-coupled receptor 35 Hs.239891 0.49 0.06

Hs.37062 || INSL3 || Insulin-like 3 (Leydig cell) Hs.37062 0.49 0.06

Hs.369252 || SLC22A6 || Solute carrier family 22 (organic anion transporter), 
member 6

Hs.369252 0.49 0.00

Hs.570637 || || Transcribed locus, strongly similar to XP_520681.1 PREDICTED: 
similar to prickle-like 2 [Pan troglodytes]

Hs.570637 0.49 0.00

Hs.600218 || || Transcribed locus Hs.600218 0.49 0.00

Hs.574822 || C20orf55 || Chromosome 20 open reading frame 55 Hs.574822 0.49 0.00

Hs.195633 || LOC644046 || Hypothetical protein LOC644046 Hs.195633 0.49 0.40

Hs.307518 || SLC7A14 || Solute carrier family 7 (cationic amino acid transporter, 
y+ system), member 14 

Hs.307518 0.49 0.00

Hs.457403 || || Transcribed locus Hs.457403 0.49 3.02

 || || || || AA420876 || || || IMAGE:745690 || 114061 IMAGE:745690 0.49 0.12

Hs.634875 || || CDNA FLJ14459 #s, clone HEMBB1002409 Hs.634875 0.49 0.00

Hs.37860 || KLF1 || Kruppel-like factor 1 (erythroid) Hs.37860 0.49 1.74

Hs.590921 || CXCL2 || Chemokine (C-X-C motif) ligand 2 Hs.590921 0.50 0.07
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Genes lower expressed in arthralgia patients (79)

Gene name Gene ID
Fold 

Change

q-value 

(%)

Hs.380240 || || Transcribed locus, weakly similar to XP_518535.1 PREDICTED: 
similar to dJ108C2.1.4 (MCM3 minichromosome maintenance de#cient 3 (S. 
cerevisiae), variant 4) [Pan troglodytes] 

Hs.380240 0.50 0.00

Hs.1437 || GAA || Glucosidase, alpha; acid (Pompe disease, glycogen storage 
disease type II)

Hs.1437 0.50 0.07

Hs.523836 || GSTP1 || Glutathione S-transferase pi Hs.523836 0.50 0.12

Hs.491734 || C1orf92 || Chromosome 1 open reading frame 92 Hs.491734 0.50 4.21

FDR<5% and at least a two-fold change in expression

Selecting genes for validation of microarray data using TLDA

SAM revealed 255 signi$cantly di!erential expressed genes whose transcript levels 

di!ered at least twofold between autoantibody negative healthy individuals and 

arthralgia patients positive for ACPA and/or RF (supplementary Table S2). In order to 

narrow down the list of genes for validation, class prediction analysis of microarrays 

(PAM) was applied using the gene expression data as a training set. Applying a 

ten-fold cross validation this analysis identi$ed a set of only 17 genes that could 

correctly classify our controls from autoantibody positive arthralgia patients 

while only two of the 19 arthralgia patients were classi$ed as controls. Thus, the 

expression of these 17 genes could predict with a class error rate of only 10.5% if 

a sample was derived from an autoantibody negative control or an autoantibody 

positive arthralgia patient at risk of developing RA. An additional PAM analysis was 

performed in which only data was used of the 6 autoantibody negative controls 

and the 6 ACPA positive but RF negative persons at risk. Strikingly, the expression 

of 14 genes could correctly classify these two di!erent groups with a class error 

rate of 0%. Interestingly, the majority of these 14 genes are interferon-induced and 

only one gene overlapped with the $rst PAM analysis. When we performed a PAM 

analysis between the 6 controls and the 9 ACPA negative but RF positive patients, 

most of the genes overlapped with the $rst PAM analysis (6 controls versus 19 

autoantibody positive arthralgia patients). Available pre-designed Taqman primers 

and probes were used to validate gene expression levels of the above PAM analyses. 

For 10 selected genes no pre-designed assays were available and therefore these 

genes were excluded from analysis. 

We included 20 IFN related genes derived from comparisons between active RA 

patients and healthy controls performed previously (1). In addition, IFN speci$c 

genes IFNα2, IFNβ and IFNγ were included and housekeeping genes GAPDH and 

18SRNA were added for normalization. Detailed information for selected target 

genes based on di!erential expression between controls and at risk individuals is 

listed in Table S3. 

Genes representative for the observed heterogeneity within the at risk group 
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were selected from the di!erent clusters displayed in Figure 3. Therefore, per gene 

cluster patients were re-clustered after which genes were selected that showed 

the highest variance in expression levels using PAM and SAM analysis. The gene set 

was supplemented with genes representative for the di!erent biological processes. 

Detailed information for selected target genes representative for the heterogeneity 

within the at risk group is listed in Table S4.

In total 87 genes were selected for expression analysis in the total cohort using 

the Taqman Low Density Array (TLDA) technology which is based on quantitative 

real-time PCR.

Table S3. Selected target genes based on di$erential expression between controls and at risk individuals

Symbol Full name Reason†

18SRNA ribosomal 18S-speci#c Control

C12orf35 chromosome 12 open reading frame 35 1

C18orf17 chromosome 18 open reading frame 17 3

CCT4 chaperonin containing TCP1, subunit 4 (delta) 1

CD274 CD274 molecule 3

CKS1B CDC28 protein kinase regulatory subunit 1B 1+2

DDX5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 1

DTX3L deltex 3-like (Drosophila) 2

EEF1G eukaryotic translation elongation factor 1 gamma 3

EIF2AK2 =PKR eukaryotic translation initiation factor 2-alpha kinase 2 3

EPSTI1 epithelial stromal interaction 1 (breast) 2+3

FCGR1A Fc fragment of IgG, high a&nity Ia, receptor (CD64) 3

FLJ31033 hypothetical protein FLJ31033 3

GAPDH glyceraldehyde-3-phosphate dehydrogenase Control

GBP1 guanylate binding protein 1, interferon-inducible, 67kDa 3

HERC3 hect domain and RLD 3 1

HLA-G* histocompatibility antigen, class I, G 4

ID1 inhibitor of DNA binding 1, dominant negative helix-loop-helix protein 1

IFI44L interferon-induced protein 44-like 3

IFI6 interferon, alpha-inducible protein 6 3

IFIH1 =MDA5 interferon induced with helicase C domain 1 2

IFIT1 interferon-induced protein with tetratricopeptide repeats 1 2

IFIT2 interferon-induced protein with tetratricopeptide repeats 2 3

IFITM1 interferon induced transmembrane protein 1 (9-27) 3

IFNA2 interferon, alpha 2 IFN

IFNB1 interferon, beta 1, #broblast IFN

IFNG interferon, gamma IFN

IPO7 importin 7 1

IRF2 interferon regulatory factor 2 3

ISG15 ISG15 ubiquitin-like modi#er 3

KDELR3* KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 3 4

MAT2B methionine adenosyltransferase II, beta 1

MX1 myxovirus (in$uenza virus) resistance 1, interferon-inducible protein p78 
(mouse)

3
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OAS1 oligoadenylate synthetase 1, 40/46 kDa 3

OAS2 oligoadenylate synthetase 2, 69/71 kDa 3

OAS3 oligoadenylate synthetase 3, 100 kDa 3

PARP14 poly (ADP-ribose) polymerase family, member 14 2+3

PLSCR1 phospholipid scramblase 1 3

REN* renin 1

RSAD2 radical S-adenosyl methionine domain containing 2 2

RUFY1 RUN and FYVE domain containing 1 1

SAMD9L sterile alpha motif domain containing 9-like 2+3

SELL selectin L (lymphocyte adhesion molecule 1) 1

SERPING1 serpin peptidase inhibitor, clade G (C1 inhibitor), member 1, (angioedema, 
hereditary)

3

STAT1 signal transducer and activator of transcription 1, 91kDa 2+3

TNFSF10 =TRAIL tumor necrosis factor (ligand) superfamily, member 10 4

TPM3 tropomyosin 3 1

TRIM22 tripartite motif-containing 22 3

* Gene expression below detection limit of TLDA analysis. † Reason for selection (See M&M for details): 1. PAM analysis: 6 controls vs. 19 
persons at risk; 2. PAM analysis: 6 controls vs. 6 ACPA+/RF- at risk; 3. Active RA vs. healthy controls: IFN-induced genes (1); 4. Explorative 
SAM analyses between subgroups of patients; IFN: type I/II IFN speci#c gene; control: gene used for normalization. PCR ampli#cation failed 

in #ve cDNA samples (2 controls, 2 autoantibody positive arthralgia patients and 1 RA patient).

Table S4. Selected genes representative for observed heterogeneity within at risk group

Gene Symbol Full Name Cluster   

(Fig. 2)

Used analysis

BAG1 BCL2-associated athanogene D SAM

BCL2L1 BCL2-like 1 D PAM

CCL5 chemokine (C-C motif) ligand 5 B PAM

CD19 CD19 molecule A PAM

CD79A CD79a molecule A PAM

CD79B CD79b molecule A PAM

DARC Du"y blood group B PAM

DEFA3 defensin alpha 3 D SAM

ERAF erythroid associated factor D PAM

FCGR1A† Fc fragment of IgG, high a&nity Ia, receptor (CD64) B PAM

FCRL5 Fc receptor-like 5 A PAM

FLT3LG fms-related tyrosine kinase 3 ligand A Function

GADD45B growth arrest and DNA-damage-inducible beta A Function

GZMH granzyme H B PAM

HDAC10 histone deacetylase 10 Group III SAM

IFI27 interferon, alpha-inducible protein 27 B PAM

IFNAR2 interferon (alpha beta and omega) receptor 2 C Function

IGKC immunoglobulin kappa constant, immunoglobulin kappa variable 
1-5

A PAM

IGLL1* immunoglobulin lambda-like polypeptide 1 A PAM

IL1A* interleukin 1 alpha D Function

IL32 interleukin 32 A Function

IL7R interleukin 7 receptor A Function

KLF1 Kruppel-like factor 1 (erythroid) D PAM
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LGALS3BP lectin, galactoside-binding, soluble, 3 binding protein A Function

LTB lymphotoxin beta (TNF superfamily, member 3) D Function

LTF lactotransferrin D PAM

MMP9 matrix metallopeptidase 9 (gelatinase B, 92kDa) B PAM

MRPL38 mitochondrial ribosomal protein L38 C PAM

MS4A1 membrane-spanning 4-domains, subfamily A, member 1 A PAM

MYOM2* myomesin (M-protein) 2, 165kDa A SAM

NKG7 natural killer cell group 7 sequence B PAM

PADI2 peptidyl arginine deiminase, type II D Function

PBEF1 pre-B-cell colony enhancing factor 1 B Function

PDK3 pyruvate dehydrogenase kinase isozyme 3 D PAM

RBM38 RNA binding motif protein 38 D PAM

RGS18 regulator of G-protein signaling 18 C SAM

RPL23 ribosomal protein L23 B PAM

S100A12 S100 calcium binding protein A12 B Function

S100A8 S100 calcium binding protein A8 B Function

SELENBP1 selenium binding protein 1 D PAM

SERPING1† serpin peptidase inhibitor, clade G (C1 inhibitor), member 1, 
(angioedema, hereditary)

B PAM

SLC25A1 solute carrier family 25 (mitochondrial carrier; citrate transporter), 
member 1

C PAM

SPP1 secreted phosphoprotein 1 (osteopontin) D Function

STAT4 signal transducer and activator of transcription 4 B Function

TESC tescalcin D SAM

TNFSF7 CD70 molecule D SAM

TRGV9 TCR gamma alternate reading frame protein, T cell receptor gamma 
variable 9

B PAM

XRCC5 X-ray repair complementing defective repair in Chinese hamster cells 
5 (double-strand-break rejoining; Ku autoantigen

C SAM

* gene expression below detection limit of TLDA analysis and therefore excluded from analyses. † also present in gene selection based on 

comparison of autoantibody positive arthralgia patients and healthy controls (Table S3).

Table S5. 52 biomarker gene set

Gene Symbol Full Name

BAG1 BCL2-associated athanogene

BCL2L1 BCL2-like 1

C18orf17 chromosome 18 open reading frame 17

CCL5 chemokine (C-C motif) ligand 5

CD19 CD19 molecule

CD274 CD274 molecule

CD79A CD79a molecule

CD79B CD79b molecule

CKS1B CDC28 protein kinase regulatory subunit 1B

DARC Du"y blood group

DDX5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5

DEFA3 defensin alpha 3

EPSTI1 epithelial stromal interaction 1 (breast)

Binnenwerk Baarsen.24 juli 2009 58   58 27-7-2009   15:14:16



Genomics to improve diagnosis of disease

- 59 -

2

ERAF erythroid associated factor

FCRL5 Fc receptor-like 5

GADD45B growth arrest and DNA-damage-inducible beta

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GZMH granzyme H

HDAC10 histone deacetylase 10

HERC3 hect domain and RLD 3

IFI27 interferon, alpha-inducible protein 27

IFI44L interferon-induced protein 44-like

IFI6 interferon, alpha-inducible protein 6

IFIT1 interferon-induced protein with tetratricopeptide repeats 1

IFNG interferon, gamma

IL7R interleukin 7 receptor

IPO7 importin 7

IRF2 interferon regulatory factor 2

ISG15 ISG15 ubiquitin-like modi#er

KLF1 Kruppel-like factor 1 (erythroid)

LTB lymphotoxin beta (TNF superfamily, member 3)

LTF lactotransferrin

MAT2B methionine adenosyltransferase II, beta

MRPL38 mitochondrial ribosomal protein L38

MS4A1 membrane-spanning 4-domains, subfamily A, member 1

MX1 myxovirus (in$uenza virus) resistance 1, interferon-inducible protein p78 (mouse)

NKG7 natural killer cell group 7 sequence

OAS3 oligoadenylate synthetase 3, 100 kDa

RBM38 RNA binding motif protein 38

RPL23 ribosomal protein L23

RSAD2 radical S-adenosyl methionine domain containing 2

S100A12 S100 calcium binding protein A12

S100A8 S100 calcium binding protein A8

SELENBP1 selenium binding protein 1

SELL selectin L (lymphocyte adhesion molecule 1)

SERPING1 serpin peptidase inhibitor, clade G (C1 inhibitor), member 1, (angioedema, hereditary)

SLC25A1 solute carrier family 25 (mitochondrial carrier; citrate transporter), member 1

STAT4 signal transducer and activator of transcription 4

TESC tescalcin

TNFSF10 =TRAIL tumor necrosis factor (ligand) superfamily, member 10

TPM3 tropomyosin 3

XRCC5 X-ray repair complementing defective repair in Chinese hamster cells 5 (double-strand-break 
rejoining; Ku autoantigen
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Chapter 3.1 
Rheumatoid Arthritis subtypes identi#ed by genomic pro#ling of peripheral blood 

cells: Assignment of a type I interferon signature in a subpopulation of patients
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Abstract

Objective: Rheumatoid arthritis (RA) is a heterogeneous disease with unknown 

etiology. Here we aimed to identify peripheral blood gene expression pro$les that 

may distinguish RA subtypes. 

Methods: Large-scale expression pro$ling by cDNA microarrays was performed 

on peripheral blood from 35 patients and 15 healthy individuals. Di!erential gene 

expression was analyzed by Signi$cance Analysis of Microarrays (SAM), followed 

by Gene Ontology analysis of the signi$cant genes. Gene Set Enrichment Analysis 

(GSEA) was applied to identify pathways relevant to disease.

Results: We found a remarkably elevated expression of a spectrum of genes 

involved in immune defense in the peripheral blood of RA patients compared to 

healthy individuals. SAM analysis revealed a highly signi$cant elevated expression 

of interferon (IFN) type I regulated genes in RA compared to healthy individuals, 

which was con$rmed by Gene Ontology and Pathway analysis, suggesting that 

this pathway was activated systemically in RA. A quantitative analysis revealed that 

increased expression of IFN-response genes was characteristic of approximately 

half of the patients (IFNhigh patients). Application of pathway analysis revealed 

that the IFNhigh group was largely di!erent from the controls, with evidence for 

upregulated pathways involved in coagulation and complement cascades, and 

fatty acid metabolism, while the IFNlow group was similar to the controls.

Conclusion: The IFN type I signature de$nes a subgroup of RA patients, with a distinct 

biomolecular phenotype, characterized by increased activity of the innate defense 

system, coagulation and complement cascades, and fatty acid metabolism.

Introduction 

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by 

chronic in%ammation of the joints. There is growing evidence that patients with 

RA, as de$ned by the American College of Rheumatology Classi$cation Criteria.(1) 

represent a highly heterogeneous group. However, the clinical approach to 

disease classi$cation could erroneously suggest that criteria are applied to classify 

one disease entity. The heterogeneity of RA is re%ected by marked variability in 

clinical presentation, and the presence of distinct autoantibody speci$cities, like 

rheumatoid factor and anti-cyclic citrullinated peptide antibodies (ACPA) in the 

serum.(2;3) 

Disease heterogeneity is also apparent in histological features of the synovium, 

displaying di!erent complexity levels of lymphoid organization in subsets of 

patients.(4;5) Moreover, gene expression pro$ling of synovial tissue from RA and 

osteoarthritis (OA) patients revealed marked variation in gene expression pro$les 

that allowed us to identify molecularly distinct forms of RA synovium.(6;7) 

The wide variation in responsiveness to virtually any treatment in RA is also 

consistent with the heterogeneous nature of the disease.(8-10) Together these 

§

§
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$ndings suggest that distinct disease mechanisms are at play in RA pathology. The 

relative contribution of the di!erent mechanisms may vary among patients and, 

perhaps, in di!erent stages of disease. 

The heterogeneity most likely has its origin in the multifactorial nature of the 

disease, whereby speci$c combinations of environmental factors and a varying 

polygenic background are likely to in%uence not only susceptibility but also the 

severity and disease outcome. Findings from genetically identical twins, where 

the concordance rate is far less than complete, are indicative for a major role of an 

environmental factor in the risk of developing RA.(11;12) 

Given the heterogeneous nature of RA, and its systemic features, we investigated 

whether this heterogeneity is re%ected in peripheral blood cells, because it can be 

anticipated that (etio)pathogenic events in the host are re%ected as phenotypic 

changes in the host cells. Large-scale gene expression pro$ling of peripheral blood 

cells from RA patients could thus provide a molecular portrait that re%ects the 

contributions of diverse cellular responses that are associated with RA in general 

and with disease subtypes, and thus de$nes the samples' unique biology. 

Material and methods

Patients and controls

Peripheral blood (PB) was obtained in PAXgene RNA isolation tubes (PreAnalytix, 

GmbH, Germany) from 35 patients. From all 35 patients, 25 used methotrexate 

(MTX), and 10 patients were MTX and other DMARD naïve. All patients ful$lled 

the revised American College of Rheumatology 1987 criteria for RA,(1) except for 

3 patients in the MTX naive group, which were diagnosed with probable RA with 

a disease duration of 3-12 months, a mono-arthritis and positive for ACPA. Two 

patients have been diagnosed with RA after 6 and 12 months. Table 1 summarizes been diagnosed with RA after 6 and 12 months. Table 1 summarizesTable 1 summarizes 

the characteristics of these patients. 

Table 1. Patient characteristics. 
* available for 23 of 25 patients on MTX treatment. ND indicates not determined 

RA patients on MTX Treatment 

N=25

RA patients without MTX Treatment 

N=10
Age (range) Mean 49 (23-63) 49 (25-67)
Sex: Female, Male 17 F, 8 M 8 F, 2 M
Disease characteristics
CRP (range) Mean 19 (3-76) ND
ESR (range) Mean 27 (2-82) 41 (13-70) 
Rheumatoid factor titer Mean 114 (1-516)* 123 (12-832) 
ACPA titer Mean 935 (1-6264)* 1210 (1-4904) 
Disease duration in months Mean 113 (8-417) 7 (1-12) 
Erosions N=24 N=1 
DAS28 5.5 (3.4-7.2) 5.1 (3.1-7.4) 
Medication
MTX dose (range) Mean 21 (7.5-30) 0
Prednisone ≤10 mg./day N=6 N=0

§
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The control group consisted of 15 healthy individuals (9 females, 6 males, mean 

age: 43 years, ranging from 27-63). In all comparisons mentioned, the groups were 

age- and sex-matched. All patients and controls gave their informed consent, 

and the study protocol was approved by the Medical Ethics Committees from the 

Academic Medical Center and VU medical center.

Sample preparation, labeling and hybridization 

This procedure was performed as previously described.(13) In short, total RNA was 

isolated from PB using the PAXgene RNA isolation kit. Ampli$ed RNA was labeled 

with aminoallyl-dUTP during cDNA synthesis, followed by chemical coupling of 

the aminoallyl group to Cy3 or Cy5 for the experimental and reference samples, 

respectively. The labeled cDNA transcripts were hybridized together on human 

cDNA microarrays with 42,000 elements, representing ~24,000 genes, generatedwith 42,000 elements, representing ~24,000 genes, generated, generated 

at Stanford University, as described.(14)Stanford University, as described.(14) as described.(14)

Data "ltering and analysis

Data were stored and pre-analyzed in the Stanford Microarray Database (SMD) (15) 

at http://genome-www.stanford.edu/microarray. Data are expressed as log
2
 ratios 

of %uorescence intensities of the experimental and the common reference sample. 

Intensity-dependent normalization using local estimation (“Loess”) was performed 

separately on each sector of the array. Spots were included in the analysis when 

in at least 80% of the microarrays a reliable data point was obtained for that 

element (de$ned by a regression correlation coe?cient R > 0.6 for Cy3 and Cy5 

pixel intensities, and a signal intensity of 2.5 times the local background for both 

Cy3 and Cy5). The use of a common reference allows comparison of the expression 

levels across all samples.(13) Therefore, the expression levels (as log2 ratio’s) were 

median centered, i.e. each spotted element was expressed relative to the median 

expression level of that element across all samples. We corrected for array batch 

di!erences by applying Single Value Decomposition.(16) Genes represented more 

than once on the microarrays were averaged in SMD from sequences with the same 

Unigene identi$er. 

Statistical analysis

Statistical analysis on microarray data was performed using Signi$cance Analysis 

of Microarray data (SAM).(17) Genes that were expressed at signi$cantly di!erent 

levels between patients and controls, de$ned by a q-value of less than 5%, were 

analyzed by supervised hierarchical clustering (18) to visualize the correlation of 

co-expressed genes in Treeview (available at http://rana.lbl.gov/EisenSoftware.

htm). 

For an interpretation of the biological processes that are represented by the genes 

that show a signi$cantly di!erent level of expression in RA patients compared 

to the controls, we applied Gene Ontology analysis in the PANTHER database at 

http://PANTHER.appliedbiosystem.com.(19) PANTHER uses the binomial statistics 
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tool to compare our gene list to a reference list (NCBI: Homo sapiens genes) to 

determine the statistically signi$cant over-representation of functional groups of 

genes. A Bonferroni correction was applied to adjust for multiple comparisons. P 

values < 0.05 were considered signi$cant. 

For pathway analysis, we used Gene Set Enrichment Analysis (GSEA) (20) at http://

www.broad.mit.edu/gsea/. Like SAM, it utilizes data permutation to adjust for 

multiple testing, indicated by a false discovery rate. A Total of 408 pathways from 

the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg) and 

Biocarta (http://www.biocarta.com) are applied in this analysis. The same gene 

may be present in more than one pathway or biological process. In addition, we 

incorporated several IFN-response gene sets from published data.(21;22) A minimal 

gene set size of 20 genes per pathway was applied, and pathways with a P-value < 

0.05 and a false discovery rate (FDR) of < 0.25 were considered signi$cant, according 

the authors’ suggestions.(20) For the comparison of mean gene expression levels in 

di!erent gene sets, a Student’s T test was used. 

Results

Gene expression pro"ling in peripheral blood cells of RA patients

Gene expression pro$ling of PB cells from 32 RA, 3 probable RA patients, and 15 age 

and sex-matched healthy controls was performed on microarrays with a complexity 

of ~20K unique genes (43K elements). Data were analyzed as two class, unpaired 

data using SAM.(17)] A total of 577 genes, of which 259 were upregulated, and 

318 genes downregulated, were selected whose transcript levels were expressed 

at signi$cantly di!erent levels between the two groups. The siginifcant gene 

expression di!erences between RA patients and healthy controls were visualized 

in a heatmap (Figure 1A).(18)

Genes upregulated in RA.

A global view of the signi$cantly di!erential expressed genes revealed a 

prominent cluster of IFN-inducible genes that was upregulated in RA patients. 

This cluster, highlighted in Figure 1B, contains highly correlated genes such as 

IFRG28 (28kD interferon responsive protein), IFI35 (interferon-induced protein 35), 

IFI44L (interferon-induced protein 44-like), IFIT1 (interferon-induced protein with 

tetratricopeptide repeats 1), IFIT2, IRF2 (interferon regulatory factor 2), IRF7, GIP2 

(interferon alpha-inducible protein 2), GIP3, SERPING1 (serine proteinase inhibitor 

clade G member 1, C1 inhibitor), OAS1 (2'-5'-oligoadenylate synthetase 1), OAS2, 

MX1 (Myxovirus resistance 1), G1P2/ISG15 (Interferon-induced protein 15), and 

RSAD2 (radical S-adenosyl methionine domain containing 2). 

In addition, all patients showed increased expression of several in%ammatory 

mediators including the chemokines CXCL12, CXCL9, CCL15, CCL19, CCL7, CXCL12, 

CCL19, CCL7, CXCL3, and CCL8 as well as interleukin (IL)-19 and the S100 family 

§
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Figure 1

A. Cluster diagram of the expression of 577 signi#cantly di"erent expressed genes in 35 patients and 15 healthy individuals. 
Genes are organized by hierarchical clustering based on overall similarity in expression patterns.(18) Red represents relative 
expression greater than the median expression level across all samples, and green represents an expression level lower than 
the median. Black indicates intermediate expression. Grey indicates missing data. Colored bars to the right identify the 
locations of a category of clustered genes with a correlated expression pro#le and related function. 

B. Representation of the IFN-response gene cluster with an enhanced expression in the RA patient group.
An expanded view is shown of the genes in the IFN-response cluster of Figure 1A. Genes are either known genes with a 
unigene symbol that is characteristic for the de#ned gene cluster, or genes are unknown, indicated by an accession number 
or unigene cluster ID.

C and D. The IFN-response program is present in RA patients irrespective of treatment. 
Representation of genes that are expressed at signi#cantly di"erent levels between RA patients on MTX treatment (C) or 
patients without MTX treatment (D) and age-and sex matched healthy controls. A selection of genes with a correlated 
expression pro#le is shown that are indicative for an IFN-response program. 
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proteins S100 calcium-binding protein A8 (S100A8), S100A11, and S100A12. Other 

genes that were upregulated in RA patients were members of the antioxidant 

metallothionein family and the anti-in%ammatory IL-1 receptor antagonist. 

Genes downregulated in RA.

Genes that showed a lower expression in RA included: CD3 zeta, TCR beta chain, 

TARP/TCRgammaV9, granzyme M, runx3, and KLRB1, which are involved in cytotoxic 

functions, and many other genes with unknown function. 

Gene Ontology analysis of genes with signi"cant di#erential expression in RA

To systematically categorize the 577 genes with signi$cant di!erential expression 

into functional groups we used the PANTHER database consisting of a large 

collection of protein families that have been subdivided into functionally related 

subfamilies.(19) The di!erentially upregulated genes represented 7 signi$cant 

functional biological processes (Table 2). There were no signi$cant downregulated 

ontology groups. The “Immunity and Defense” ontology group represents a broad 

composite family that consists of more speci$ed ontology subgroups. Within these 

subgroups the most signi$cant upregulated process that distinguished RA patients 

from controls was “Interferon-Mediated Immunity” 

Table 2. 
Ontology analysis of the genes that were expressed at signi#cantly di"erent levels between all 35 patients, or the subgroups 
consisting of 20 IFNhigh and 15 IFNlow patients, and healthy controls. ns indicates non-signi#cant. Processes with a P-value < 
0.05 were considered signi#cant (with Bonferroni correction).

All patients IFNhigh IFNlow

Biological Process p-value p-value p-value

Immunity and defense 1.61E-11 3.41E-15 ns

Interferon-mediated immunity 1.09E-06 3.38E-08 ns

Macrophage-mediated immunity 6.83E-05 1.27E-04 ns

Lipid and fatty acid transport 1.54E-04 ns ns

Transport 4.82E-04 3.33E-02 ns

Cytokine/chemokine mediated immunity 1.63E-03 2.61E-05 ns

Ligand-mediated signaling 3.52E-03 1.92E-02 ns

Cell motility ns 4.24E-03 ns

Blood clotting ns 5.30E-03 ns

Oncogenesis ns 1.04E-02 ns

Cell structure and motility ns 1.55E-02 ns

Inhibition of apoptosis ns 1.66E-02 ns

Signal transduction ns 3.21E-02 ns

Proteolysis ns 3.97E-02 ns

Pathway analysis 

In addition, we performed Gene Set Enrichment Analysis (GSEA) (20) to identify 
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pathways relevant to RA. In contrast to ontology analysis this algorithm is based 

on the usage of all available gene expression data and derives it power from the 

analysis of sets of genes that are coordinately regulated in a de$ned biological 

process or pathway, while it uses data permutation to adjust for multiple testing. InIn 

addition to the intrinsic GSEA pathway gene sets, we included previously reported 

IFN-response sets in our analysis.(21;22) The results revealed that besides the $ve(21;22) The results revealed that besides the $veThe results revealed that besides the $ve 

GSEA intrinsic gene sets (Table 3), the previously described type I IFN-induced 

genes by Baechler et al.(22) (in their supplementary data), and the IFNα-induced 

genes were both signi$cantly increased in RA patients. signi$cantly increased in RA patients. 

Table 3
Pathways which are overexpressed in all patients, and in the subgroups of IFN high and IFNlow patients, all compared to healthy 
controls, analysed by Gene Set Enrichment Analysis. ns indicates nonsigni#cant. Pathways are shown with a P-value < 0.05, 
and a FDR value < 0.25. 

All patients IFNhigh IFNlow

Pathway # genes  p-value  p-value  p-value

Type I IFN-induced genes (22) 83 0.004 <0.001 ns

IFNα-induced (21) 36 0.022 <0.001 ns

IFNβ-induced (21) 51 ns <0.001 ns

Cytokine-cytokine receptor interaction 129 0.006 0.005 ns

Neuroactive ligand-receptor interaction 90 0.009 ns <0.001

Jak-STAT signaling pathway 86 0.016 0.008 ns

Complement and coagulation cascades 44 0.025 0.009 ns

Fatty acid metabolism 41 0.027 0.015 ns

IFNγ-induced (21) 34 ns 0.019 ns

IFN-induced genes in RA

We con$rmed expression of key genes of the IFN pathway, RSAD2 and G1P2, in all 

samples by real-time PCR, which showed a high correlation with the microarray data 

(r = 0.78 and 0.87 respectively, P < 0.0001 in both cases, data not shown). To rule out 

an e!ect of MTX treatment on the IFN-induced genes, we made a comparison of 

patients with (n=25) and without MTX treatment (n=10) with the appropriate age 

and sex-matched controls. SAM revealed that both groups of patients showed a 

prominent IFN-induced gene expression signature (Figure 1C and D). Thus, the IFN 

expression signature was present in RA patients irrespective of MTX treatment. 

The expression pro$les of the three probable RA patients, within the MTX naive expression pro$les of the three probable RA patients, within the MTX naive of the three probable RA patients, within the MTX naivehe three probable RA patients, within the MTX naive within the MTX naive 

group, did not di!er from the other MTX-naive patients. Meanwhile, two of thedid not di!er from the other MTX-naive patients. Meanwhile, two of the 

probable RA patients have been diagnosed with “de$nite” RA at 6 and 12 months 

after Paxgene blood sampling, respectively, suggesting that the RA signature is 

present in the blood prior to diagnosis.
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Selective upregulation of type I IFN-response genes in RA

Type I IFNs are mainly produced directly after viral infection whereas type II IFNs are 

secondary produced by activated T- and natural killer (NK) cells. Type I and type II 

IFN response programs share many of their genes. To disclose information on the 

inducing type of IFN, we obtained a speci$c type I IFN- and type II IFN-response 

gene set (21) (Supplementary Table 1). The type I IFN-response set consists of 5 

genes that respond to both IFNα and IFNβ, but not to IFNγ. The type II IFN-response 

set consists of 13 genes responding speci$cally to IFNy.(21) To investigate the 

relative contribution of either gene set to the RA gene expression pro$le we 

calculated for each gene set the mean gene expression level (log2 ratio) per patient 

and healthy control and compared the two groups with each other (Figure 2). This 

analysis showed that the mean gene expression level of the type I IFN gene set was 

signi$cantly higher in the RA patient group (P = 0.0004), whereas the mean gene 

expression level of the type II IFN genes was similar between patients and controls. 

Hence, these $ndings provide evidence that type I IFNs rather than type II IFNs are 

responsible for the increased expression of IFN-induced genes.

The IFN signature de"nes a subgroup of RA patients. 

Consistent with the heterogeneous nature of RA we observed that the IFN-response the IFN-response 

showed a large variation between RA patients (Figures 2 and 3). To obtain more 

insight into the di!erential expression of IFN-induced genes in individual patients, 

we calculated for each individual, the average expression of the IFN-cluster genes, 

that were upregulated in RA patients, as described in Figure 1B. Next we de$ned 

which patients show an altered IFN-response, by calculating the 95 % limits of the 

controls (normal values, de$ned as the mean expression of the 43 IFN genes, plus 

or minus 1.96 times the standard deviation). We identi$ed 20 patients with an 

average expression level above normal values, further de$ned as the IFNhigh group, 

while the remainder of the patients, with an expression level equal to controls, 

were de$ned as IFNlow (Figure 3).

Figure 2

Type I IFN-induced genes are overexpressed in RA. 
Each square indicates the mean expression levels of 
genes known to be speci#cally induced either by type 
I (13 genes) or type II IFN (5 genes) per individual 
patient or healthy control (HC). These genes are 
extracted from the gene sets used for pathway 
analysis in Table 3.(21) 
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Distinct characteristics of the IFNhigh group

To further characterize the IFNhigh group, we performed SAM analysis, which 

revealed that 484 genes were upregulated in IFNhigh patients, compared to the 

healthy controls, while 229 genes were downregulated. The same analysis for the 

IFNlow patients revealed only 57 upregulated genes and 93 downregulated genes. 

These data indicate that within the RA patients, the patients with an IFN signature 

represent the most distinct group compared to normal controls.

When we applied Gene Ontology analysis, we found that nearly all of the processes 

that were identi$ed as upregulated in the whole RA group, were also upregulated 

in the IFNhigh group. Moreover, an additional group of 10 biological processes were 

selectively upregulated in the IFNhigh group. (Table 2). No downregulated processes 

were identi$ed. 

Gene Ontology analysis of the IFNlow group revealed no signi$cant down or 

upregulated processes.

In accordance with Gene Ontology analysis, pathway analysis by GSEA revealed 

that the IFNhigh patients were responsible for the upregulated pathways in the 

overall RA group (Table 3). This was particularly clear for the IFN-type I induced gene 

sets, complement, and coagulation cascades. On the other hand, the IFNlow group 

was associated with increased expression of the “Neuroactive ligand-receptor 

interaction” pathway. We did not identify any downregulated pathwways in either 

group of RA patients. Overall, these analyses indicate that within the whole group 

of patients, the IFNhigh group is more distinct from controls than the IFNlow group.

The molecular strati$cation of RA was not associated with clinical parameters that 

are described in Table 1. 

Discussion

Since RA is a systemic disease, several investigators addressed the question whether 

disease characteristics are re%ected by changes in gene expression levels in PB 

cells. Whereas these studies provided insight into the genes that were di!erentially 

expressed between RA patients and healthy controls, the issue of transcript-based 

§

Figure 3

A subgroup of RA patients shows increased expression of 
IFN-response genes (IFNhigh). 
Each square represents a single individual with the 
average expression ratio’s of all 43 IFN-response genes, 
that formed a distinct cluster in Figure 1A and B. The 
shaded box indicates the normal range within the 95% 
con#dence limits. RA patients outside the shaded box 
are de#ned as IFNhigh patients.
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disease heterogeneity has not been addressed so far, except for a comparison 

between recent onset arthritis and longstanding disease.(23) 

Using large-scale gene expression pro$ling, we identi$ed a large number of 

genes, including genes involved in the immune/in%ammatory response, such as 

the previously described calcium-binding proteins S100A8, S100A12, and IL1RA. 

(24;25) Pathway level analysis was used to classify gene expression data in biological 

processes and pathways. The clear induction of IFN-response genes in RA patients 

prompted us to incorporate several IFN-response gene sets from published data 

(21;22) in the analysis. This analysis revealed that the type I IFN-mediated immunity 

was the most signi$cantly upregulated pathway in RA patients, independent of 

MTX treatment. Albeit, that inclusion of the type I IFN gene set is a biased decision, 

this approach provides a method to demonstrate the signi$cance of the type I IFN 

response program in RA.   

Most interestingly, our analysis revealed a striking heterogeneity between RAur analysis revealed a striking heterogeneity between RA 

patients based on the di!erential expression of genes involved in the innate 

defense system, in particular the type I IFN system. These $ndings suggest that system, in particular the type I IFN system. These $ndings suggest that 

di!erent pathogenic mechanisms may contribute to the disease. The IFNhigh group 

was further characterized by gene sets re%ecting increased activity of complement 

and coagulation cascades.(26) Next to complement activation, the other pathways(26) Next to complement activation, the other pathways Next to complement activation, the other pathways 

associated with the IFN type I signature, such as “Fatty acid metabolism” and 

“Coagulation” may all contribute to the increased risk for cardiovascular disease in 

a subgroup of RA patients.(27)(27) 

The most signi$cant genes from the complement and coagulation pathway are 

indicated in Fig 1, including Complement subcomponent C1q chain B (C1QB), 

Coagulation factor XII (F12), tissue plasminogen activator (PLAT) and Serpin 

peptidase inhibitor, clade G (C1 inhibitor), member 1 (SERPING1). These genes are 

involved in activation as well as inhibitory components of the pathways. 

Upregulation of IFN-induced genes has also been observed in PB cells of (a subset 

of ) patients with other autoimmune diseases like systemic lupus erythematosus 

(SLE), (22;28) systemic sclerosis (SSc),(29) multiple sclerosis (MS),(13) and in tissues 

from patients with Sjögren’s syndrome (SS),(30) type I diabetes mellitus,(31) and 

dermatomyositis.(32) These $ndings suggest that an activated IFN gene expression 

program is a common hallmark in chronic autoimmune diseases. 

Type I IFNs, which are the early mediators of the innate immune response that 

in%uence the adaptive immune response through direct and indirect actions 

on dendritic cells (DC), T- and B cells, and NK cells, could impact the initiation or 

ampli$cation of autoimmunity and tissue damage through their diverse and broad 

actions on almost every cell type and promotion of T helper 1 responses.(33) This 

appears to be the case for SLE, but for RA both clinical and pathophysiological data 
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have suggested that tumor necrosis factor alpha (TNFα) rather than type I IFN is 

essential for persistence of the disease. Hence, it is believed that mutually exclusive 

cytokine expression patterns are characteristic for distinct autoimmune diseases. 

However, since we observed an IFN type I signature in the PB of a subgroup of RA 

patients this could mean that cytokine pro$les are a patient-speci$c rather than a 

disease-speci$c phenomenon. 

In SLE patients, the IFN signature is related to disease severity.(22) It is at presentIt is at present 

unclear what the role of type I IFNs in RA pathogenesis could be. In analogy toIn analogy to 

SSc(29) and MS,(13) no clinical associations were found for RA so far. We haveWe have 

previously suggested that IFN/STAT-1 activation in RA synovium could be a reactive 

attempt to limit in%ammation.(34) This suggestion was recently supported by 

a study showing that IFNβ de$ciency could prolong experimental arthritis and 

resulted in increased activation of FLS in vitro.(35) In addition, IFNβ-competent 

$broblasts were able to ameliorate arthritis in IFNβ-de$cient recipients. It should 

be noted, however, that systemic administration of IFNβ was unsuccessful in the 

treatment of RA, which may be due to pharmacokinetic issues.(36) 

Concerning the origin of type I IFNs, infectious and endogenous agents, such as 

viruses, bacteria, unmethylated CpG DNA, single- or double stranded RNA, heat 

shock protein 60, or $brinogen fragments could all be proximal mediators of type I 

IFN production and thus lead to the more downstream activation program. In sera 

from SLE patients, IFNα levels correlate with IFN-response gene expression levels 

of PB cells.(37) It has been demonstrated for SLE and SS that immune complexes 

of autoantibodies and DNA- or RNA-containing autoantigens, can induce type I 

IFN production by PB plasmacytoid DCs (pDCs).(28;30;38;39) This response is 

dependent on interaction with FcγRIIa and Toll-like receptors.(30;39) Further 

studies need to determine whether the increased type I IFN-response genes in RA 

are the result of endogenous or infectious factors.

Besides a role for peripheral blood cells as producers of type I IFNs, cells at the site 

of in%ammation may also be responsible for production. Cells with morphological 

and phenotypic characteristics of pDC were shown to in$ltrate skin lesions in 

SLE and actively produce type 1 IFN locally.(40) In patients with SS, numerous 

IFNα -producing cells were detected in the a!ected salivary gland biopsies.(30) 

In RA, IFNβ protein has been detected in the synovium.(41) Moreover, $broblast-

like synoviocytes (FLS) were responsible for increased levels of IFNβ in the RA 

synovium.(42) The endogenous TLR3 ligand, dsRNA derived from necrotic synovial 

%uid cells, has been shown to stimulate the production of IFNβ in RA FLS.(43) 

In conclusion, we demonstrated that genomic pro$ling powers disease 

subclassi$cation and has led to the identi$cation of subgroups of patients, based 

on di!erential expression of genes involved in non-speci$c immunity. 
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Supplementary Table 1

IFN type I and type II –induced Gene sets.
Genes were selected from the previously described IFN-induced genes [20]

Type II IFN-induced genes  

IL15RA

BAK1

VAT1

SF3A1

ICAM1
 
Type I IFN-induced genes 

DDX17

OAS1

IFIT1

MX1

TRIM22

PDXK

MX2

G1P3

POLR2B

CD164

SMAD4

OAS2

IRF2
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Abstract

Rheumatoid arthritis (RA) is a heterogeneous disease with unknown etiology. Here 

we aimed to distinguish RA subtypes based on peripheral blood gene expression 

pro$les in comparison with a pathogen-response transcriptional program. 

Peripheral blood was obtained from 35 RA patients and 15 healthy individuals. 

For expression pro$ling we used DNA microarrays. A combined cluster analysis 

of RA and control samples together with samples from a viral infection model 

revealed that the gene expression pro$le of a subgroup of RA patients (RAA) was 

reminiscent to that of poxvirus-infected macaques. Statistical analysis, followed by 

Gene Ontology analysis of the RAA patients con$rmed that these patients form a 

distinct group, with activation of several host defense mechanisms that resemble 

a common host-pathogen response. Analysis of the promoter region of genes that 

were over-expressed in the RAA patients, revealed an enrichment of transcription 

factor binding sites for NFκB and interferon-activated transcription factors. 

Moreover, this subgroup of RA patients expressed signi$cantly increased titers of 

anti-cyclic citrullinated peptide antibodies.

We conclude that activation of a host-pathogen response de$nes a subgroup of RA 

patients characterized by increased autoreactivity against citrullinated proteins.

Introduction 

RA is a systemic autoimmune disease characterized by chronic in%ammation of 

the joints. The di!erential expression of the disease is re%ected by the marked 

di!erences in the abundance and distribution of T and B cells in the rheumatoid 

synovium, ranging from a scarce and di!use distribution to the abundant presence 

of mononuclear cells, which are organized in germinal center-like structures 

(1;2).The heterogeneous character of RA is further illustrated by the di!erential 

responsiveness to treatment (3-5) and the presence of distinct autoantibody 

speci$cities, like rheumatoid factor and anti-citrullinated peptide antibodies (ACPA) 

in the serum (6;7) .

The existence of such molecular heterogeneity in RA synovium $ts a model 

proposed by Firestein and Zvai%er (8), who suggested two independent processes, 

an immune-mediated and a stromal cell-driven form, which might drive destruction 

of bone and cartilage.

Development of di!erent types of RA may result from speci$c combinations 

of environmental factor(s) and a varying polygenic background. Findings from 

genetically identical twins, where the concordance rate is far less than complete, 

are indicative for a major role of an environmental factor in the risk of developing 

RA (9;10). From animal models it is clear that an exogenous challenge, like infectious 

agents may induce arthritis. In man, microbial infections are known to contribute 

to arthritis (11;12). Combined analysis of the EBV-, CMV-, and Parvo virus B19-data 
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demonstrated that virus infections are far more common in RA or psoriatic arthritis 

than in reactive arthritis (13). Despite this knowledge the environmental factor(s) 

that contribute to RA remain to be determined.

Upon infection with a pathogen, cells undergo a marked reprogramming of their 

transcriptome, providing a direct link between infection and the transcriptional 

pro$le of the host. Surprisingly, di!erent pathogens induce a remarkable overlap 

of transcriptional changes in the host, leading to the concept of a common 

pathogen response (14). Therefore, analysis of the host transcriptome overcomes 

the problematic detection of multiple distinct microorganisms, in case no single 

microorganism but a variety of microorganisms is involved. Large-scale gene 

expression pro$ling using DNA microarray technology in blood cells from patients 

with RA and healthy controls would enable us to detect a molecular portrait 

representing the contributions and interactions of numerous distinct cells and 

diverse factors that may be associated with disease. Consequently, if there is 

a pathogen involved in RA, a systematic analysis of the gene expression pro$le 

should reveal similarities with a pathogen response program. 

We previously provided evidence for an activated IFN-type I response gene 

expression program in a subset of patients with RA (15). This could be indicative for 

a viral contribution. Here we created a framework for evaluating the relationship 

between a viral response program and RA in more detail. Therefore, we compared 

the gene expression pro$les of RA patients with the pro$les of an in vivo virus-

infection model that was examined on the same microarray platform, allowing a 

direct comparison. 

Material and methods

Patients and controls

Peripheral blood (PB) was obtained in PAXgene RNA isolation tubes (PreAnalytix, 

GmbH, Germany) from 35 patients, as described previously (15). From all 35 

patients, 25 used methotrexate, and 10 patients were DMARD naive. The control 

group consisted of 15 age- and sex-matched healthy individuals, as described. 

(15). All patients and controls gave their informed consent and the Medical Ethics 

Committees from AMC and VUmc approved the study protocol.

ACPA measurements 

ACPA titers were measured by ELISA (Euro Diagnostica No. RA-96RT, Arnhem, the 

Netherlands) with a lower detection limit of <1 kAU/ml. 

Sample preparation, labeling and hybridization 

Total RNA was isolated from PB using the PAXgene RNA isolation kit according to 

the manufacturers’ instructions including a DNAse (Qiagen, Venlo, The Netherlands) 

step to remove genomic DNA. 1 µg of total RNA was linear ampli$ed using the 
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MessageAmp™ kit from Ambion. An ampli$ed common reference sample was used for 

all array hybridizations, consisting of a mixture of mRNAs isolated from 11 di!erent 

cell lines supplemented with RNA from synovial tissue, synovial $broblasts, and 

activated PB mononuclear cells (PBMCs). 

5 µg of ampli$ed RNA was labeled with aminoallyl-dUTP during cDNA synthesis 

by reverse transcriptase, followed by chemical coupling of the aminoallyl group 

to Cy3 or Cy5 for the experimental and reference samples, respectively. The Cy3- 

and Cy5-labelled cDNA transcripts were hybridized together on 43K human 

cDNA microarrays (Stanford University) at 65°C for 14 to 18 hours. After washing, 

arrays were scanned using a G2505B microarray scanner (Agilent Technologies, 

Amstelveen, the Netherlands). Feature extraction analysis was performed using 

GenepixPro version 3.0.6.90 (Axon instruments, Union City, CA). 

Data "ltering and analysis

Data were stored and pre-analyzed in the Stanford Microarray Database (SMD) 

(16) at http://genome-www.stanford.edu/microarray. Data are expressed as log
2
 

ratios of %uorescence intensities of the experimental and the common reference 

sample. Intensity-dependent normalization using local estimation (“Loess”) was 

performed separately on each sector of the array. In addition, ‘scale’ normalization 

was applied, which makes the data more comparable across di!erent arrays. Spots 

were included in the analysis when in at least 80% of the microarrays a reliable 

data point was obtained for that element (de$ned by a regression correlation 

coe?cient R>0.6 assuring a linear $t between the Cy3 and Cy5 pixel intensities, 

and a signal intensity of 2.5 times the local background for both Cy3 and Cy5). The 

use of a common reference sample allows comparison of the relative expression 

levels across all samples. Therefore, the expression levels (as log2 ratio’s) were 

median centered, i.e. each spotted element was expressed relative to the median 

expression level of that element across all samples. We corrected for array batch 

di!erences by applying Single Value Decomposition (17). Genes represented more 

than once on the microarrays were averaged in SMD from sequences with the same 

Unigene identi$er. 

Application of published data from the nonhuman primate model of Smallpox 

A genome-wide investigation of poxvirus infection in macaques was performed by 

Rubins et al. (18). In this study, PBMCs were obtained from macaques before and 

after infection with smallpox virus. Gene expression data was obtained using the 

same microarray platform and data was $ltered as described above. The genes in 

the smallpox dataset were centered separately to remove the bias of a di!erent 

reference sample. Two-way hierarchical clustering (19) of macaque and human 

samples was used to subclassify RA patients and visualize the correlation of co-

expressed genes in Treeview (available at http://rana.lbl.gov/EisenSoftware.htm). 
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Statistical analysis

Statistical analysis on microarray data was performed using Signi$cance Analysis 

of Microarrays (SAM) (20). 

For an interpretation of the biological processes that are represented by the genes 

that show a signi$cantly di!erent level of expression in RA patients compared 

to the controls, we used Gene Ontology analysis using the PANTHER (Protein 

ANalysis THrough Evolutionary Relationships) Classi$cation System at http://

PANTHER.appliedbiosystem.com (21). PANTHER uses the binomial statistics tool to 

compare our gene list to a reference list (NCBI: Homo sapiens genes) to determine 

the statistically signi$cant over-representation of functional groups of genes. A 

Bonferroni correction was applied to adjust for multiple testing.

Results

Identi"cation of a virus response signature in a non-human primate model.

In order to create a framework, which allows a direct comparison of the RA gene 

expression pro$le with that of a physiological viral response program we made 

use of available in vivo data on smallpox virus infected macaques (18). This non-

human primate model for smallpox infection provides a detailed view of the in vivo 

host transcriptional program in peripheral blood (PB) after infection. Because the 

microarrays used in this study were of the same platform as the ones used in the 

present study, we could make a direct comparison. First, we extracted microarray 

data from 9 macaques before, and 2 or 3 days post-infection from the public access 

website of the Stanford Microarray Database (SMD) (16). Next, we identi$ed the 

genes that signi$cantly changed in expression in peripheral blood cells of infected 

macaques by Signi$cance Analysis of Microarrays (SAM) (20).  At a false discovery 

rate of 5%, 911 genes showed a signi$cant change in expression after smallpox 

infection. 

The PB gene expression pro"le of a subgroup of patients with RA is reminiscent 

of a viral response program.

We previously analyzed peripheral blood gene expression pro$les from RA 

patients, and compared their pro$les with healthy controls using microarrays with 

a complexity of ~26K unique genes (total 43K elements) (15).

Expression of the viral response genes was examined in a combined data set 

including gene expression data from all RA patients and healthy controls, uninfected 

and infected macaques. Two-way hierarchical clustering clearly separated the 

pro$les of the macaques before and after viral infection (Figure 1), whereas almost 

all of the healthy controls clustered in the same group as the uninfected animals. 

Most interestingly, a total of 23 of the 35 RA patients clustered together with the 

infected macaques. 
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The subgroup of RA patients that clustered together with the virus-infected 

primates, was designated the RAA subgroup. The patients that co-clustered with 

the non-infected primates and healthy individuals were referred to as the RAB 

subgroup (Table 1).

Table 1. Patient characteristics.

RAA

N=23
RAB 
N=12 

Age (mean) 49 49 

Sex: Female, Male 17 F, 6 M 8 F, 4 M

Disease characteristics:

ESR (mean) 31 29 

Rheumatoid factor titer (mean) 129 * 95 

ACPA titer (mean) 1372* 398**

Disease duration in months (mean) 57 132 

Erosions N=14 N=11

DAS28 (mean) 5.4 5.3 

Medication:

MTX dose (mean) 14 18

Prednisone ≤10 mg./day N=6 N=0

Patients were subdivided in RAA and RAB, based on two-way co-clustering with virus-infected macaques, as presented in 

Figure 1. * available for 21 of 23 patients, ** signi#cantly di"erent between RAA and RAB (p=0.03)

A direct comparison between the RAA and 

RAB subgroup by SAM revealed a prominent 

downregulation of genes in the RAA group 

(2003 in total) representing processes 

involved in nucleotide metabolism, including 

pre-mRNA processing, mRNA transcription 

and mRNA splicing (analysed in the PANTHER 

database, p= 5 x 10-24, data not shown). In 

the smallpox infected macaques nucleotide 

metabolism was also highly signi$cant 

downregulated (p=1.3 x 10-11, data not 

shown).

In our further analysis we compared the 

di!erent RA subgroups to the healthy controls 

to obtain a view of the biological aberrations 

compared to a non-disease state. To identify 

genes that show an abnormal expression in 

the RAA subgroup we performed a statistical 

analysis by SAM, which revealed that 663 

Viral infection-associated RA patients (RA  ) 

virus-infected macaques

healthy controls

non-infected macaques

Non-viral infection-associated RA patients (RA  )

A 

B

Figure 1. 

Subgroup of RA patients clusters together with 
smallpox-virus infected macaques. Two-way 
hierarchical clustering was performed on genes 
that are signi#cantly changed in expression after 
smallpox infection of macaques (18). Data from 
the smallpox study were combined with expression 
data from RA patients and healthy controls (see 
Material and Methods). 
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genes were upregulated in RAA patients, while 1246 genes were downregulated 

compared to the healthy controls. To interpret the biological signi$cance of the list 

of di!erentially expressed genes we performed a Gene Ontology analysis in the 

PANTHER database (Table 2). 

Table 2. Gene Ontology of di$erentially expressed genes compared to controls.Gene Ontology of di$erentially expressed genes compared to controls.

CPR* All patients RAA RAB

Upregulated Biological Processes

Immunity and defense x 1.61E-11 1.32E-13 1.52E-03

Interferon-mediated immunity x 1.09E-06 3.54E-04 ns

Ligand-mediated signaling x 3.52E-03 5.38E-04 ns

Cytokine/chemokine mediated immunity x 1.63E-03 3.50E-03 ns

Macrophage-mediated immunity x 6.83E-05 1.13E-02 1.17E-02

Transport 4.82E-04 1.29E-02 4.87E-02

Lipid and fatty acid transport 1.54E-04 4.85E-02 ns

Signal transduction x ns 4.44E-06 4.24E-03

Cell proliferation and di"erentiation x ns 8.97E-06 ns

Developmental processes x ns 5.35E-05 ns

Blood clotting ns 1.06E-04 ns

Cell communication x ns 2.06E-03 4.32E-02

Intracellular signaling cascade x ns 5.97E-03 ns

Inhibition of apoptosis x ns 6.35E-03 ns

Cell adhesion ns 8.08E-03 1.18E-03

Cell structure and motility ns 8.68E-03 ns

Cell surface receptor mediated signal transduction x ns 1.05E-02 ns

Mesoderm development x ns 1.69E-02 ns

Cell cycle ns 1.81E-02 ns

Cell cycle control x ns 3.11E-02 ns

Apoptosis x ns 3.71E-02 ns

Downregulated Biological Processes

Nucleoside, nucleotide and nucleic acid metabolism x ns 4.75E-09 ns

mRNA transcription x ns 1.16E-04 ns

mRNA transcription regulation x ns 3.66E-03 ns

Pre-mRNA processing ns 5.71E-03 ns

Cell cycle ns 1.91E-02 ns

Apoptosis x ns 4.33E-02 ns

Overview of the biological processes represented by the genes that were 

signi$cantly di!erent expressed in RA patient subgroups (Figure 1), compared to 

healthy individuals. Processes were identi$ed by Panther Gene Ontology analysis. 

Processes with P<0.05 (after a Bonferroni correction) were selected as signi$cant. ns: 

not signi$cant. * Biological processes that were also represented by the Common* Biological processes that were also represented by the Common 

Pathogen Response (CPR) (14) are indicated (x).
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RAA patients showed evidence of 21 upregulated processes, including Immunity 

and defense, Interferon-mediated immunity, Cytokine/chemokine mediated 

immunity, Cell proliferation and di!erentiation, (anti-) Apoptotic processes and 

Blood clotting. Among the 6 downregulated processes were several processes that 

indicated reduced transcriptional activity, cell cycling and apoptotic activity (in 

contrast to the upregulated genes these were mainly genes with pro-apoptotic 

activity). Within the list of signi$cantly downregulated genes in the RAA patient 

group were several genes suggesting a reduced cytotoxic response mediated by 

γδ T cells, including CCL5/RANTES, TARP/TCRgammaV9, perforin, NKG2D/KLRK1, 

and granzyme B, K and M. 

The same analysis for the RAB patients revealed only 375 upregulated genes and 179 

downregulated genes compared to healthy controls (Table 3). Accordingly, there 

were fewer processes that discriminated RAB patients from controls (increased Cell 

adhesion, Cell communication, Signal transduction, and Macrophage-mediated 

immunity) (Table 2).

Table 3. Overview of statistical analysis by SAM of the di$erent RA subgroups (as de#ned in Figure 1),Overview of statistical analysis by SAM of the di$erent RA subgroups (as de#ned in Figure 1), 

compared to healthy individuals.

RA
N=35

RAA

N=23
RAB 
N=12

IFNhigh

N=20

No. Upregulated genes 259 663 375 484
No. Downregulated genes 318 1246 179 229
Total number of genes 577 1909 554 713

Our previous analysis on the IFNhigh RA group (15) is included for comparison. The 

number of genes is indicated after a two-class unpaired SAM analysis using a false 

discovery rate of 5%.

To substantiate these $ndings we also performed gene ontology analysis on 

common pathogen response genes, i.e. a set of genes that is commonly induced by 

viral and bacterial triggers through activation of di!erent TLRs (14). In comparison 

with the processes represented by the RA patients, we observed that in the RAA 

group, 18 of the identi$ed processes were shared with the common pathogen 

response, while in the RAB group only 4 processes were identi$ed in the common 

pathogen response (Table 2).

Finally, to gain more insight in the factors that could have induced the increased 

expression of genes in the RAA patients we performed an analysis on transcription 

factor binding sites (TFBS) that are overrepresented in the genes, which were 

upregulated in the RAA patients compared to the healthy individuals (by rVISTA (22)(22) 

at http://genome.lbl.gov/vista/index.shtml, data not shown). The most signi$cantly 

enriched regulatory elements in the 500 bp upstream regions of the overexpressed 

genes were ICSBP/IRF8, IRF-1, ISRE and NFκB binding sites. This indicates that agents 

that activate the NFκB-pathway and induce IFN type I production, are the most 
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important contributors to the expression signature of RAA patients. Because these 

pathways are typical for TLR activation, we next performed this analysis on the 

common pathogen response gene set (14), The search for TFBS overrepresentation 

in the promoter regions of the common pathogen response genes revealed an 

almost identical set of most signi$cant regulatory regions, namely NFκB, NFκB65, 

IRF-1 and ICSBP/IRF8 binding sites. The combined results suggest that activation 

of several TLRs, which mediate IFN type I induction and NFκB activation signals, 

such as TLR3, TLR4, TLR7 and TLR9, could potentially be responsible for the altered 

transcriptome in RAA patients (23).

The most signi$cantly over-represented TFBS in genes with a low expression in 

RAA patients were the binding sites for E2F1DP1 and E2F1DP2, which are involved 

in regulation of the cell cycle, DNA synthesis and apoptosis. The reduced activity of 

genes harboring these TFBS corresponds with the reduced activity of the pathways 

in RAA patients identi$ed by gene ontology analysis.

Relation to the IFN-type high and low RA subgroups

We previously performed an RA subclassi$cation based on the expression of IFN-

induced genes (15). To obtain an insight in the di!erences between IFN- and viral-

determined subclassifcation, we calculated the average expression of 43 correlated 

IFN-induced genes, which we described previously (15) for the di!erent RA 

subgroups (Figure 2A). As anticipated the RAA group showed a signi$cantly higher 

expression of the IFN-response genes, when compared to both the RAB group 

and the controls, corresponding with the Gene Ontology analysis. Although the 

RAA group as a whole displayed an enhanced IFN type I response, six of the IFNlow 

patients were also included in the RAA group, while four of the IFNhigh patients were 

not represented in the RAA group. This indicates that the subclassi$cation of RA 

patients into RAA and RAB is not solely based on the expression of IFN-induced genes, 

but that the entire pathogen response program contributes to the subclassi$cation. 

Statistical comparison of all groups to the healthy individuals indicated that the 

RAA group was the most di!erent from healthy controls (Table 3).

A

B

A

B

A

B

Figure 2. 

A. IFN-response gene expression is enhanced in RA patients that 
clustered together with infected macaques (RAA). The average 
expression ratio’s of 43 IFN-response genes, that were identi#ed 
in RA patients previously (15), are shown for the two patient 
groups and controls. B. ACPA levels are signi#cantly higher in the 
RA patients that clustered together with infected macaques (RAA). 
Data indicate the levels of antibodies to citrullinated proteins 
measured in the sera of RA patients
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Clinical relevance of the patient strati"cation.

Next, the question arose whether the molecular strati$cation of RA was associated 

with clinical di!erences. To address this possibility, the relationship between the 

RA subtypes and clinical parameters, summarized in Table 1, was determined. Most 

strikingly, this analysis revealed that the two groups di!ered in ACPA levels. The RAA 

group showed higher levels of ACPA (p = 0.03, Figure 2B) than the RAB group. 

Discussion 

The combined cluster analysis of RA patients with smallpox virus infected macaques 

revealed a striking heterogeneity between RA patients indicated by the co-

clustering of a subset of patients (RAA subgroup) with the virus-infected primates. 

The combined analysis of di!erent datasets has already demonstrated its 

signi$cance by the discovery of a common $broblast serum response signature 

that is represented in tumor samples and predicts cancer progression (24). Our 

current analysis further indicates that combining di!erent datasets powers disease 

subclassi$cation and leads to the identi$cation of an immune defense gene 

expression pro$le in peripheral blood cells of a subgroup of RA patients. 

Infectious agents have long been considered as possible triggers for autoimmune 

responses (25-27). The higher load of EBV DNA identi$ed in peripheral blood 

cells from RA patients (28) would support this suggestion. Olsen et al proposed 

a “viral signature” as a typical feature of early RA, based on the observation that 

the transcriptome of peripheral blood cells from early RA patients partly overlaps 

with genes induced by In%uenza (29) . Although our study was not designed to 

compare early with longstanding RA, the disease duration was shorter in the 

RAA compared to the RAB group (57 vs 132 months), but did not reach statistical 

signi$cance (p=0.099). Further support for an infectious agent is delivered by the 

remarkable resemblance of the gene expression signature of the RAA group with 

the transcriptional program of the common pathogen response (14). In addition, 

the most important transcription factor binding sites in the upstream regions of 

the genes expressed by the RAA patients correspond with the regulatory regions 

used by genes that comprise the common pathogen response; the binding sites 

for ICSB/IRF8, IRF1, and NFκB suggests the involvement of TLR activation in the 

RAA group. Interestingly, in genes with a low expression in RAA patients the most 

signi$cant transcription factor binding sites were E2F1DP1 and E2F1DP2. These 

factors are normally able to inhibit the NFκB survival signal (30). A reduced activity 

of these transcription factors would imply that an uninhibited survival signal could 

be delivered by NFκB in the RAA patients. 

Another resemblance with a viral infection is the observation that the RAA 

patient group showed signs of a reduced cytotoxic response mediated by γδ T 

cells, suggested by the reduced expression of CCL5/RANTES, TARP/TCRgammaV9, 

perforin, NKG2D/KLRK1, and granzyme B, K and M. This $nding is in line with the 

§
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previously identi$ed low levels of γδ T cells in peripheral blood of RA patients (31)

Furthermore, a lack of expression of granzyme A, RANTES/CCL5, and TCRB, during 

hepatitis C virus infection in non-human primates has shown to be associated with 

the inability to clear the infection (32). Therefore, RAA patients may be more prone 

to viral persistence because of the lack of e!ective virus clearance. In support of 

this, a reduced anti-viral response, indicated by the decreased T cell precursor 

frequencies to EBV gp110 in established RA has been reported (33). Although 

we were not able to directly compare our data to a chronic viral infection, several 

characteristics of acute viral infections have also been observed in chronic viral 

infections. For instance, patients with chronic hepatitis C virus infection show 

reduced numbers of circulating γδ T cells as well (34). In addition, the type I IFN-

response expression pro$le, is also convincingly present in PBMC from patients 

with a chronic hepatitis C infection (35)

In summary, the RAA patients show several characteristics of viral infections, a) 

the increased type I IFN signature, b) a reduced / gene expression signature, c) 

reduced transcript levels of HLA class II molecules (data not shown), and d) reduced 

transcriptional activity(34;36;37).

The fact that the RAB patients were not very di!erent from controls in immunity-

related transcript levels, may suggest that local in%ammation in the joints is less 

severe, and therefore not as profoundly re%ected in peripheral blood cells.

In these patients a more aggressive type of $broblast-like synoviocytes that are 

relatively immune-independent could possibly drive the disease, as we suggested 

earlier (38) 

Although our current analysis supports the suggestion that an infectious agent 

is involved in the development of arthritis, the study design does not allow for a 

$rm conclusion to be drawn. Formally we cannot exclude the possibility that the 

pathogen-response signature may have been triggered by endogenous danger 

signals that are released during in%ammation, independent of infectious agents, 

such as heat shock proteins and DNA or RNA from damaged or dying cells (39). 

Recently, defective degradation of endogenous DNA from apoptotic cells has been 

identi$ed as a trigger for arthritis and the generation ACPA in an animal model, 

leading to increased IFN type I and TNFα release by an unknown mechanism (40). 

We found evidence for diminished apoptosis in the RAA group, which suggests 

that a defect in apoptosis may contribute to the auto-immune process, as has 

been suggested before (41). The increased ACPA levels in the RAA patients might 

therefore be related to defects in the apoptotic pathway. Of interest is the recent 

observation that approximately half of the RA patients show antibody reactivity to 

citrullinated Epstein-Barr virus (EBV)-derived peptide, which correlates with ACPA 

levels (42). These $ndings might suggest that a viral agent could also play a role in 

the induction of ACPA antibodies. 

We are now facing the challenge of unraveling the etiology of the pathogen-

response signature in RA.
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Abstract 

Objective: We investigated the clinical relevance of synovial tissue subtypes in 

rheumatoid arthritis (RA) and searched for peripheral blood (PB) markers that may 

serve as biomarkers associated with synovial tissue subtypes. 

Methods: Gene expression analysis using cDNA microarrays was applied on 

synovial tissue biopsies obtained by arthroscopy and paired PB samples derived 

from 17 RA patients. Molecular tissue subtypes were correlated with histological 

parameters, disease characteristics and PB markers. 

Results: Cluster analysis based on gene expression pro$les and independently on 

immunohistochemical data resulted in an identical subdivision of high and low 

in%ammation tissues. The high in%ammation tissue type was predominantly found 

in patients with a higher disease activity score and shorter disease duration. They also 

had increased levels of C-reactive protein (CRP); higher erythrocyte sedimentation 

rates (ESR) and increased numbers of platelets. At the single gene level the PB gene 

expression pro$les yielded no statistically signi$cant di!erences between the two 

patient groups. However, pathway-level analysis of the PB pro$les revealed that 

tissue subtypes correlated with di!erential expression of sets of genes involved in 

protein biosynthesis and developmental processes.

Conclusion: High tissue in%ammation is associated with more severe disease and 

shorter disease duration. Di!erential expression of sets of genes in PB is associated 

with speci$c subtypes of tissue in%ammation, which cannot be detected at the 

single gene level in PB.

Introduction 

Rheumatoid arthritis (RA) is a systemic in%ammatory autoimmune disease of 

unknown origin, a!ecting the synovium in multiple joints. The heterogeneous 

nature of the disease is re%ected by the variability in clinical presentation (1;2) and 

treatment response (3).

The synovial hypertrophy in RA is largely due to the increased recruitment of 

in%ammatory cells that migrate from the blood into the synovium although the 

histopathology varies widely between patients (4-6). Accordingly, gene expression 

pro$ling in tissues from patients with RA revealed that tissue heterogeneity 

is re%ected at the molecular level (7). Patients could be classi$ed in at least two 

groups based on their gene expression pro$le in synovial tissue. One group of 

patients showed increased expression of in%ammatory genes whereas the other 

group showed increased expression of genes involved in tissue remodeling (7). 

These results point towards the possibility of di!erent pathogenic mechanisms 

playing a role in RA. 

Synovial tissue heterogeneity re%ects the severity of synovial and systemic 

in%ammation (8;9) and could represent di!erences in the underlying pathology, 

requiring di!erent treatments. The analysis of biomarkers in peripheral blood 
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(PB) rather than synovial tissue may facilitate studies on the relationship between 

pathogenetic subsets and clinical signs and symptoms in large patient groups, as 

synovial biopsy is not available in all centers. The notion that gene expression pro$les 

in PB may re%ect interindividual heterogeneity is supported by the presence of type 

I interferon (IFN)-induced genes in the PB of a subset of RA patients (10). However, 

the clinical relevance of a type I IFN-response in RA is at present unknown.

The aim of this study was to investigate the clinical relevance of synovial tissue 

subtypes in RA and to search for PB markers that may serve as biomarker for 

synovial tissue subtypes. Therefore, we applied gene expression analysis using 

cDNA microarrays on a unique set of paired synovial tissue biopsies and peripheral 

whole blood samples derived from 17 RA patients. 

Materials & Methods

Patients 

Consecutive patients with RA according to the ACR criteria were enrolled in the 

study at the outpatient clinic of the Academic Medical Center (AMC) in Amsterdam 

over a period of one year. Inclusion criteria were: 18-85 years of age, a failure 

of at least two disease-modifying anti-rheumatic drugs (DMARDs) including 

methotrexate (MTX), and active disease (disease activity score in 28 joints (DAS28) 

≥ 3.2). Patients with a history of an acute in%ammatory joint disease of di!erent 

origin or previous use of a TNF blocking agent were excluded. Patients were on 

stable maximally tolerable MTX treatment. Whole blood samples were obtained 

using PAXgene tubes (PreAnalytix, GmbH, Germany) from 17 RA patients. From 

the same patients synovial tissue was obtained by arthroscopic synovial biopsy. All 

patients gave written informed consent and the study protocol was approved by 

the Medical Ethics Committee (AMC). 

Sample preparation and hybridization for microarray analysis

Total RNA from synovial tissue biopsies was isolated as described previously (11). 

In total 2.5 ml blood was drawn in PAXgene blood RNA isolation tubes (PreAnalytix, 

GmbH, Germany) and stored at -20°C. Prior to RNA isolation tubes were thawed 

for 2 hours at room temperature. Next, total RNA was isolated using the PAXgene 

RNA isolation kit according to the manufacturer’s instructions including a DNAse 

(Qiagen, Venlo, Netherlands) step to remove genomic DNA. Quantity and purity 

of the RNA was tested using the Nanodrop spectrophotometer (Nanodrop 

Technologies, Wilmington, DE).

We used 43K cDNA microarrays from the Stanford Functional Genomics Facility 

(http://microarray.org/sfgf/) printed on aminosilane-coated slides containing 

~20.000 unique genes. First DNA spots were UV-cross linked to the slide using 150-

300 mJoules. Sample preparation and microarray hybridization was performed as 

described previously (12;13). 
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Microarray data analysis

Data storage and $ltering was performed using the Stanford Microarray Database 

(14) (http://genome-www5.stanford.edu//) as described previously (15). Raw 

data can be downloaded from the publicly accessible Stanford database website. 

We used the Q-score tool from the database as a quality measure to remove low 

quality spots. Q-score determined the appropriate $lter criteria for: the regression 

correlation between channels 1 and 2, the background settings and the minimal 

channel intensities. After removing the low quality spots, data values with the same 

Unigene Identi$er were averaged and all array data was median centered (genes 

and arrays). Statistical Analysis of Microarrays (16) (SAM) was used to determine 

signi$cantly di!erential expressed genes. A gene was considered as signi$cantly 

di!erentially expressed if the False Discovery Rate (FDR) was equal to or less than 

5%. Cluster analysis (17) was used for subclassi$cation of patient groups and to 

de$ne clusters of coordinately changed genes after which the data was visualized 

using Treeview. To interpret our results, we applied PANTHER (Protein ANalysis 

THrough Evolutionary Relationships) Classi$cation System (Applied Biosystems, 

Foster City, CA) at http://PANTHER.appliedbiosystem.com (18;19). This analysis uses 

the binomial statistics tool to compare the list of up- or down-regulated genes to a 

reference list to statistically determine over- or under- representation of PANTHER 

classi$cation categories such as biological processes. A Bonferroni correction was 

applied to correct for multiple comparisons and after classi$cation a signi$cant p-

value (p<0.05) indicates that a given category may be of biological interest. 

Synovial biopsy and immunohistochemistry 

The arthroscopy, tissue sampling and storage were performed as previously 

described (20). The cellular in$ltrate and the presence of adhesion molecules 

were determined by immunohistochemical analysis as described before (21). The 

following antibodies were used to analyze the cellular in$ltrate: anti-CD68 (EBM11: 

DAKO, Denmark) to detect macrophages, anti-CD3 (SK7, Becton Dickinson (BD), 

CA) for T cells, anti-CD22 (CLB-B-ly/1,6B11, the Netherlands) for B cells, anti-CD38 

(HB7, BD) for plasma cells, and anti-CD163 (Ber-MAC3; DAKO) for resident tissue 

macrophages. For the detection of cytokines and adhesion molecules we used: anti-

human TNFα (52B83; Monosan, Belgium), anti-ICAM-1 (MEM111, Sanbio, Belgium), 

anti-VCAM (1G11B1, Sanbio) and anti-E-selectin (BBIG-E4, R&D, Minneapolis, MN). 

Staining of cellular markers was performed using a three-step immunoperoxidase 

method. For staining of cytokines and adhesion molecules biotinylated tyramine 

was used for ampli$cation. For control sections the primary antibody was omitted 

or irrelevant immunoglobulins were applied. Images were acquired and analyzed 

by computer-assisted image analysis using a Syndia algorithm on a Qwin-based 

analysis system (Leica, Cambridge, UK) (22). Cellular markers were expressed as 

positive cells/mm2 (counts/mm2). Staining of cytokines and adhesion molecules 

was expressed as integrated optical density/mm2 (IOD/mm2). CD68+ macrophages 
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and TNFα expression were analyzed separately in the intimal lining layer and the 

synovial sublining. 

The presence of germinal centers in the synovium was assessed by speci$c staining 

for follicular dendritic cells (FDCs) using anti-CD21L (kindly provided by Dr. Y-J. Liu) 

as previously described (23). 

Real-time PCR

In one 48-wells PCR plate (Greiner Bio-One GmbH, Frickenhausen, Germany) 0.5 

µg of total RNA was reverse transcribed into cDNA using the Revertaid H-minus 

cDNA synthesis kit (MBI Fermentas, St. Leon-Rot, Germany) according to the 

manufacturer’s instructions. Quantitative real-time PCR was performed using an ABI 

Prism 7900HT Sequence detection system (Applied Biosystems) using SybrGreen 

(Applied Biosystems). Primers were designed using Primer Express software and 

guidelines (Applied Biosystems). To calculate arbitrary values of mRNA levels and 

to correct for di!erences in primer e?ciencies a standard curve was constructed. 

Expression levels of target genes were expressed relative to GAPDH.

MMP3 ELISA

Serum levels of MMP3 were measured using a commercially available MMP3 

cytoset (Invitrogen, Breda, Netherlands), which detects both the inactive (pro-

MMP3) and the active form of MMP3. The ELISA was performed according to the 

manufacturer’s instructions using ten times diluted serum samples and duplicate 

measurements.

Statistical analysis

Data were analyzed using the software programs Graphpad Prism 4 (Graphpad 

Software, Inc., La Jolla, CA) and SPSS version 14.0 (Chicago, IL). First, the data 

were checked for normal distribution. Next, two-group comparison of normally 

distributed data was analyzed using the non-parametric independent sample t-

test including Levene’s test for equality of variances. Not normally distributed 

data were analyzed using the two-independent-samples Mann-Whitney U test. 

Correlation analyses were performed using Spearman or Pearson correlation 

analysis as appropriate. Di!erences were considered statistically signi$cant with 

P-values less than 0.05. 

Results

Molecular pro"le of synovial tissue

In order to create a framework for an explorative approach in search for PB 

biomarkers that correlate with synovial tissue subtypes in RA, we studied 

molecular and biological features of paired PB and synovial tissue samples. Gene 

expression pro$les were analyzed using cDNA microarrays from synovial biopsies 

§
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of 17 patients with RA obtained by arthroscopy. To study tissue heterogeneity we 

selected genes, which gene expression levels varied at least two-fold from the 

median expression value in at least three patients. The remaining 256 genes were 

unsupervised clustered using two-way hierarchical cluster analysis and visualized 

by Treeview (Figure 1). In accordance with previous $ndings (7), this molecular 

approach revealed the presence of at least two subgroups (I and II) of patients 

based on their di!erential tissue gene expression pro$le. 

To provide insight into the signi$cantly di!erentially expressed genes between the 

two identi$ed tissue groups, we used SAM: 538 genes were signi$cantly higher 

expressed in group I, whereas 1009 genes were signi$cantly higher expressed 

in tissue group II. Genes previously associated with the pathogenesis of RA and 

expressed at higher levels in tissue group I included CILP and COMP. Conversely, 

genes expressed at higher levels in tissue group II and associated with RA were e.g. 

MMP3, SPP1 (also known as Osteopontin), FCGR1A and several genes encoding for 

immunoglobulins.

To interpret the biological function of these signi$cantly di!erentially expressed 

genes we applied PANTHER’s classi$cation system. This pathway-level analysis 

revealed that the 538 genes that were expressed at signi$cantly higher levels in 

tissue group I displayed an overrepresentation of genes involved in among others; 

developmental processes and neurogenesis. The 1009 genes higher expressed 

in tissue group II could be classi$ed into several in%ammation related processes 

such as immunity and defense, T-cell and B-cell mediated immunity, IFN mediated 

immunity and others (Table 1).
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Figure 1. Molecular heterogeneity of RA synovium

Two-way hierarchical cluster analysis was used to 
subclassify patients based on correlated expression pro#les 
in synovial tissues. Each column represents the data of one 
array/sample and each row shows the relative expression 
levels of a single gene for all samples. Red color means 
a relatively higher expression, green color stands for a 
relatively lower expression and a black color black indicates 
that the expression level is equal to the median expression 
level across all samples. Grey indicates missing values. 
Genes were selected if expression levels deviated from the 
median expression level at least twofold in at least three 
tissues. The resulting 256 genes were clustered and this 
resulted in a subclassi#cation of patients based on the 
di"erential expression of genes present in gene clusters A 
and B. 

Binnenwerk Baarsen.24 juli 2009 96   96 27-7-2009   15:14:31



Genomics for patient subclassi#cation

- 97 -

3

Table 1. PANTHER analysis 

Biological process enriched in tissue group 

I

NCBI: H.sapiens 

genes (REF)

In SAM 

list

expected p-value

Developmental processes 2152 76 32 6.2E-11

Ectoderm development 692 27 10 0.00115

Signal transduction 3406 79 51 0.00139

Mesoderm development 551 23 8 0.00193

Neurogenesis 587 24 9 0.00239

Cell structure and motility 1148 34 17 0.00449

Cell motility 352 17 5 0.00449

Cell communication 1213 37 18 0.00583

Lipid, fatty acid and steroid metabolism 770 25 12 0.00924

Cell structure 687 24 10 0.0198

Cell adhesion 622 20 9 0.0408

Biological process enriched in tissue group II NCBI: H.sapiens 

genes (REF)

In SAM 

list

expected p-value

Immunity and defense 1318 159 44 1.06E-43

T-cell mediated immunity 194 44 6 1.41E-20

Signal transduction 3406 194 113 5.48E-13

Cytokine and chemokine mediated signaling pathway 252 35 8 6.44E-10

B-cell- and antibody-mediated immunity 97 22 3 6.62E-10

Interferon-mediated immunity 63 17 2 1.30E-08

Natural killer cell mediated immunity 74 18 2 1.90E-08

Macrophage-mediated immunity 140 24 5 2.07E-08

MHCII-mediated immunity 34 11 1 6.05E-06

Cell surface receptor mediated signal transduction 1638 96 54 8.14E-06

Cell communication 1213 72 40 2.69E-04

Ligand-mediated signaling 421 33 14 1.49E-03

Apoptosis 531 36 18 1.86E-03

MHCI-mediated immunity 22 7 1 2.19E-03

Intracellular signaling cascade 871 53 29 3.33E-03

Comparative analysis between gene expression pro"ling and immuno-

histochemical analysis

To perform a histological validation of the molecular classi$cation of the two tissue 

subtypes we performed immunohistochemical analysis for the cellular markers 

CD163 and CD68 (macrophages), CD22 (B-cells), CD3 (T-cells) and CD38 (plasma 

cells). In addition, the tissues were stained for E-Selectin, TNF, VCAM and ICAM. 

Two-way hierarchical cluster analysis of the immunohistochemical scores revealed 

a clear subclassi$cation of the tissues in at least two groups, which was mostly 
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based on di!erences in the amount of in$ltrating immune cells and the expression 

of E-selectin (Figure 2). 

Comparative analysis of subclassi$cation into two groups between gene 

expression pro$ling and immunohistochemical analysis revealed assignment of 

identical subgroups (Figure 3). This means that gene expression pro$ling provides 

a molecular signature of high in%ammatory and low in%ammatory synovium. 

Knowing that the organization of cellular in$ltrates in the synovium may di!er 

between RA patients (8;9;24;25), we next investigated the relationship between 

the high and low in%ammatory subtypes and the level of T and B cell organization 

observed in tissue. As anticipated, all tissues from the low in%ammatory group 

displayed a di!use type of cellular in$ltrate. All but one of the high in%ammatory 

tissues displayed either an aggregated or germinal center-like organization. 

Seven high in%ammatory tissues contained aggregated clusters of T and B cells 

and two tissues stained positive for CD21L which is selectively present on FDCs 

suggestive for the presence of germinal centers in those two high in%ammatory 

tissues (B130 and B134, data not shown). Only one high in%ammatory tissue (B137) 

displayed a di!use tissue type, but this sample already clustered apart from the 

other high in%ammatory group already re%ecting the di!erence. Collectively, the 
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Figure 2. Subclassification based on immunohistochemistry
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Figure 3. Molecular subclassification fits with differences detected at protein level

Figure 2. Subclassi#cation based on 

immunohistochemistry

Synovial tissues were stained for CD163, 
CD22, CD3, CD38, CD68, TNF, E-Selectin, 
VCAM and ICAM. The amount of staining was 
quanti#ed as number of positive cells per 
mm2 or IOD per mm2. In order to transform 
these values into comparable numbers for 
clustering, for each parameter the mean 
value was calculated after which the value 
per patient was divided by the mean and 
log base two transformed. These numbers 
were two-way hierarchical clustered and 

visualized by Treeview. 

Figure 3. Molecular subclassi#cation 

#ts with di"erences detected at protein 

level

The left side of the #gure shows the 
subclassi#cation based on di"erences in 
gene expression pro#les (Figure 1). The 
right side shows subclassi#cation based 
on di"erences detected at protein level by 
immunohistochemistry (Figure 2). Patients 
were similarly divided into two groups (high 
and low in$ammatory) based on di"erences 
detected at transcript and protein level.
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subclassi$cation correlated with the cellular in$ltrate in the synovial tissues: the 

low in%ammatory tissues were characterized by a di!use organization of in$ltrating 

cells and the high in%ammatory tissue by an aggregated and germinal-center like 

organization.

Di#erent tissue types in relationship to the clinical phenotype

Next the clinical characteristics between patients with high and low in%ammatory 

tissue subtypes were compared (Table 2). Patients with a high in%ammatory tissue 

type had a higher DAS28, a higher number of tender and swollen joints, higher 

visual analog scale for disease activity (VAS), as well as increased levels of ESR, CRP, 

and platelets. In addition, these patients had a shorter disease duration than the low 

in%ammatory patient group. Autoantibody levels were not signi$cantly di!erent 

between the two groups, although there was a trend towards higher levels in the 

high in%ammation tissue group. 

Table 2. Clinical and demographic di$erences between tissue types 

High or low in$ammatory tissue 
Clinical characteristics low high
Age (years) 55 (50-60) 52 (35-56)
DAS28 4.6 (4.5-5.6) 7.2 (6.2-7.3)*
Disease duration (months) 126 (48-163) 42 (21-60)*
Methotrexate (mg/week) 20 (12.5-30) 25 (18.8-25)
IgM rheumatoid factor (U/L) 28 (14-133) 195 (108-405)
ACPA (U/L) 342 (48-595) 736 (40-1211)
Tender joint count 7 (5-12) 16 (12-16)*
Swollen joint count 11 (6-15) 16 (13-17)
VAS (mm) 34 (29-40) 71 (63-79)*
HAQ-DI (0-3) 0.75 (0.5-1.5) 1.4 (1.1-1.9)
Morning sti"ness (minutes) 30 (10-30) 45 (14-150)
ESR (mm/ hour) 23 (20-26) 44 (35-62)*
CRP (mg/L) 6 (5-11) 40 (14-47)*
Leukocytes (109/L) 6.5 (5.9-7.1) 9.7 (6.2-11.2)
Neutrophils (%) 71 (68-74) 74 (62-78)
Lymphocytes (%) 20 (16-25) 18 (13-26)
Monocytes (%) 6 (6-7) 6 (6-8)
Thrombocytes 234 (233-292) 373 (350-412)***

 

Values are presented as median and interquartile range (IQR; 25th-75th percentile). 

DAS28=disease activity score in 28 joints, ACPA=antibodies against cyclic 

citrullinated proteins, VAS=visual analog scale, HAQ-DI= health assessment 

questionnaire-disability scores, ESR=erythrocyte sedimentation rate, CRP=C-

reactive protein; 

* means signi$cantly di!erent between low and high in%ammatory group P-value 

< 0.05, *** P-value < 0.001

Peripheral blood markers re$ecting tissue in$ammation state

In search for novel PB biomarkers, we analyzed the paired PB gene expression 

pro$les in a supervised manner, i.e. driven by the tissue classi$cation. Comparing 
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the blood pro$les of the high in%ammatory patients with those of the low 

in%ammatory patients revealed no individual signi$cantly di!erentially expressed 

genes. These $ndings indicate that di!erential tissue pathology is not re%ected in 

the PB by di!erential expression of single genes.

Subsequently, we applied PANTHER pathway-level analysis to search for signi$cantly 

up- or downregulated biological processes in the blood compartment that could 

discriminate between the tissue subtypes. This analysis showed that the PB pro$le of 

the high in%ammatory tissue patient group displays a signi$cant overrepresentation 

of genes involved in protein biosynthesis (P < 0.0001). Conversely, the PB pro$les 

of the low in%ammatory tissue group exhibited an enriched expression of genes 

involved in developmental processes (P = 0.055). Thus, whereas the molecular 

di!erences in PB cells between high and low in%ammatory tissues are not re%ected 

by signi$cant di!erential expression of individual genes, pathway level-analysis did 

provide evidence for a signi$cant association with distinct biological processes.  

In addition we searched for serum proteins which could be di!erentially expressed 

between the high and low in%ammatory tissue patient groups. Therefore, we 

measured serum levels of MMP3, which was one of the key genes that discriminated 

between the low and high in%ammatory tissue groups. The signi$cant di!erences 

in transcript levels for MMP3 measured by microarray analysis were con$rmed 

by quantitative realtime PCR (qPCR, Figure 4A). Although serum levels of MMP3 

protein correlated with the transcript levels produced in the synovium (Pearson’s 

R = 0.61, P = 0.015), no statistically signi$cant di!erence was observed comparing 

serum samples from patients with the two di!erent tissue types (Figure 4B). 

Discussion 

Gene expression pro$ling of synovial tissues biopsies con$rmed and further 

extended our previous $ndings (7;11) of two di!erent synovial tissue types in 

RA: high and low in%ammatory tissues. The subclassi$cation based on molecular 

markers exactly matched with the subclassi$cation based on immunohistochemical 

§
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Figure 4. MMP3 levels

Patients were divided into high and low in$ammatory tissue groups based on synovial tissue analysis and MMP3 levels 
were compared. Transcript levels of MMP3 measured by qPCR (A). Serum levels of MMP3 measured by ELISA (B). ** p<0.01 
unpaired t test
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markers for cell in$ltration. Accordingly, gene expression pro$ling provides a 

molecular signature of high in%ammatory versus low in%ammatory synovium. 

High in%ammatory tissues were associated with a higher disease activity score and 

shorter disease duration. In addition, the high in%ammatory tissue types correlated 

with increased levels CRP, ESR, and platelets. However, at the single gene expression 

level, no signi$cant di!erences in paired PB blood gene expression pro$les were 

observed between the two tissue types. Pathway-level analysis revealed that tissue 

subtypes correlated with di!erential expression of sets of genes involved in protein 

biosynthesis and developmental processes. 

These results con$rm the existence of two di!erent pathogenic mechanisms 

of disease, one in%ammation-mediated and one immune-independent, as 

suggested previously (26;27). Collectively, the high in%ammatory tissues displayed 

an upregulation of genes involved in several in%ammation mediated processes 

such as (MHC-mediated) immunity and defense, T/B cell-mediated immunity, 

cytokine/chemokine-mediated signaling, IFN-mediated immunity, macrophage-

mediated immunity and others. Compared to the high in%ammatory tissues 

the low in%ammatory tissues exhibit increased expression of genes involved in 

developmental processes and neurogenesis. The low in%ammatory tissue type 

represents a pathogenic process mainly driven by deregulated resident cells such 

as $broblasts leading to tissue destruction without tissue in%ammation combined 

with lower disease activity, CRP and ESR. In line with these $ndings, it has been 

suggested that COMP, found here to be associated with low in%ammatory tissue, 

is arthritogenic by itself in experimental models of arthritis (28). Moreover, 

patients with increased serum levels of COMP had a lower response to anti-TNF 

therapy, independent of CRP levels (29). These $ndings indicate that COMP may 

have a pathogenic role in RA independent of the underlying immune-mediated 

in%ammatory processes. 

We cannot exclude the possibility that the di!erences re%ect two di!erent phases 

of the disease. The observation that the low in%ammatory tissues are associated 

with longer disease duration supports this notion. Temporal di!erences have 

been proposed previously (30;31): progression could occur from a T and B cell 

driven disease to a more immune-independent process that is mainly driven by 

autonomous $broblast-like synoviocytes. We have previously shown that so-called 

early RA represents chronic synovitis; the features of synovial in%ammation are on 

average similar between RA < 1 year’s duration compared to RA > 5 years’ duration 

(5;32). The results presented here suggest that the transition from immune-

mediated in%ammation to a more autonomous, immune-independent process 

may occur several years after onset of clinical signs and symptoms.

Several groups studied the relationship between MMP3 and in%ammatory tissue 

injury (33), and MMP3 appears to play an important role in the pathogenesis of 

RA (34-36). Although serum levels for MMP3 correlate with disease activity, the 

best correlation with disease activity has been shown for ESR and CRP (37-39). Our 
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results showed signi$cant di!erences in ESR and CRP between the high and low 

in%ammatory tissue groups, but serum MMP3 levels were not signi$cantly di!erent. 

Serum MMP3 levels were correlated with the transcriptional levels of MMP3 in the 

synovium, thereby substantiating the idea that although increased serum MMP3 

levels originates from initial production in the synovial tissues, they are not useful 

as soluble biomarkers re%ecting tissue heterogeneity. 

In the current study we did not $nd a clear relation between tissue in%ammation 

status and PB gene expression markers. Previously, we demonstrated that a 

subgroup of RA patients has increased expression levels of type I IFN-response 

genes in PB cells (10). In the current study we did not $nd a clear relation between 

the expression levels of type I IFN response genes in PB cells and tissue in%ammation 

(data not shown). 

Although at the single gene level no relation between PB transcriptome pro$le 

and tissue in%ammation was found, pathway-level analysis revealed that tissue 

subtypes correlated with di!erential expression of sets of genes involved in protein 

biosynthesis and developmental processes. Future studies are needed aimed 

at elucidating the possible role of these systemic biological processes in tissue 

in%ammation. We should keep in mind that we analyzed only one a!ected joint 

which may explain the di?culties in $nding speci$c PB cell activation markers. 

On the other hand, it has been shown in paired synovial biopsy samples from 

patients with RA that the in%ammatory process in one in%amed joint is generally 

representative of that in other in%amed joints (20). 

In summary, our results show the presence of two pathogenic processes or phases 

leading to disease progression: one in%ammation-mediated and one immune-

independent. The results highlight the importance of examination of tissue from 

the site of in%ammation rather than merely analysis of PB.
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Abstract

Given the heterogeneous nature of multiple sclerosis (MS), we applied DNA 

microarray technology to determine whether variability is re%ected in peripheral 

blood cells. In this study we studied whole blood gene expression pro$les of 29 

patients with relapsing remitting MS and 25 age and sex matched healthy controls. 

We used microarrays with a complexity of 43k cDNAs. The data was analyzed using 

sophisticated pathway level analysis in order to provide insight in the deregulated 

peripheral immune response programs in MS. 

We found a remarkable elevated expression of a spectrum of genes known to be 

involved in immune defense in the peripheral blood of MS patients compared 

to healthy individuals. Cluster analysis revealed that the increased expression of 

these genes was characteristic for approximately half of the patients. In addition, 

the gene signature in this group of patients was comparable with a virus response 

program. 

We conclude that the transcriptional signature of the peripheral blood cells re%ects 

the heterogeneity of MS and de$nes a subpopulation of relapsing remitting MS 

patients, who exhibit an activated immune defense program that resembles a virus 

response program, which is supportive for a link between viruses and MS.

Introduction

Multiple sclerosis (MS) is a chronic neurological disorder in which demyelination 

and in%ammation occur in the white matter of the CNS (1). The disease has a 

heterogeneous nature, which is re%ected in the clinical presentation, ranging 

from mild to severe demyelinating disease. The wide variation in responsiveness 

to treatment in MS is consistent with the heterogeneous nature of the disease. 

E.g. treatment with IFNbeta exhibits only partial responses in a subgroup of MS 

patients (2) suggesting that distinct disease mechanisms are at play in MS. 

The heterogeneous nature of MS is also re%ected by immunopathological studies 

using postmortem brain material from MS patients which revealed profound 

heterogeneity in the patterns of demyelination between di!erent patients, whereas 

within the same patient di!erent active plaques were similar (3). Recently, the 

heterogeneity of MS was also dissected in vivo using noninvasive MRI techniques 

combined with statistical remodeling (4). Although in this study the MRI data could 

not be correlated with pathological data, the observed subgroups were clinically 

meaningful. The existence of heterogeneity in the brain of MS patients is proposed 

to re%ect di!erent pathogenic processes underlying MS (3); an in%ammation-

mediated and an immune-independent demyelinating form, which both ultimately 

might drive brain tissue destruction. Thus, di!erent disease mechanisms may vary 

among patients and, perhaps, in di!erent stages of disease.

§

§
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The heterogeneity most likely has its origin in the multifactorial nature of the 

disease, whereby speci$c combinations of environmental factors and a varying 

polygenic background are likely to in%uence not only susceptibility but also the 

severity and disease outcome.

Since the concordance among genetically identical twins is less than complete, an 

environmental factor or factors are anticipated to have a major role in the risk of 

developing MS in a genetically susceptible host (5). Findings from epidemiological 

studies, which revealed an uneven distribution of MS with disease more prevalent 

in temperate climates (6) as well as data from migration studies implicate an 

important role for an infectious agent in MS etiology (7). A number of viruses have 

been associated with the development of MS (8). However, despite this knowledge 

the environmental factor(s) that contribute to MS remain to be determined.

A powerful way to provide insight in the complexity and pathogenesis of MS 

has arisen from DNA microarray technology, which provides the opportunity to 

determine di!erences in gene expression of a large portion of the genome in 

search of genes that are di!erentially expressed between patients with clinically 

diagnosed RRMS. By large-scale gene expression pro$ling in blood cells from 

patients with MS and healthy controls one can obtain a molecular portrait that is 

disease associated. This molecular portrait typically represents the contributions 

and interactions of numerous distinct cells and diverse factors that are associated 

with disease. In addition, a systematic analysis of the gene expression pro$les 

should reveal whether the heterogeneous nature of MS is re%ected in the peripheral 

blood cells. This type of analysis will not only disclose markers that are indicative 

for di!erential disease mechanisms in MS, but may, in the case of a pathogenic 

stimulus of host cells, reveal a pathogen-induced transcriptional program.

Materials and Methods

Patients

Dutch patients with de$nite MS (9) were recruited from the outpatient clinic of 

the MS-Centre at the VUMC Amsterdam. We selected 29 patients with relapsing 

remitting (RR) disease of which 28 had not been treated with interferon beta 

(IFNbeta) for at least 3 years. Some of these patients were not clinically active, 

some had declined disease-modifying drugs (DMDs), and in others the sample was 

taken immediately before they started DMDs. Of the 29 patients, ten patients were 

included during an acute relapse and one patient who did receive IFNbeta therapy 

was included in the analysis. In addition, one patient was analysed twice. The 

control group consisted of 25 healthy volunteers, matched with respect to gender 

and age. All subjects were unrelated and Dutch Caucasians. This study was carried 

out with the approval of the Medical Ethics Committee of the VUMC, and informed 

consent was obtained from all subjects.

§
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Blood sampling

2.5 ml blood was drawn in PAXgene blood RNA isolation tubes (PreAnalytix, 

GmbH, Germany). After blood collection the tubes were incubated for 2h at room 

temperature (RT) to ensure complete lyses of all the blood cells, after which the 

tubes were stored at -20°C. Total RNA was isolated within 7 months after blood 

collection. Tubes were thawed for 2 hours at RT prior to RNA isolation. Next, total RNA 

was isolated using the PAXgene RNA isolation kit according to the manufacturers’ 

instructions including a DNAse (Qiagen, Venlo, The Netherlands) step to remove 

genomic DNA.

Sample preparation for array hybridisation 

Sample preparation and array hybridisation was performed as described previously 

(10). Total RNA was linear ampli$ed using the Message Amp. aRNA kit (Ambion, 

Huntingdon, UK), which is based on the Eberwine method (11). We used 1 µg of 

total RNA as input and followed the protocol according to the manufacturers’ 

instructions allowing 5 hours for in vitro transcription.

Per array hybridization, two separate reaction vials were set up for labeling: 

one for the experimental sample to be labeled with Cy3 (green) and one for the 

common reference sample to be labeled with Cy5 (red). We made a common 

reference that consisted of a mixture of mRNAs isolated from 11 di!erent cell 

lines (12) supplemented with RNA from rheumatoid synovial tissue, $broblasts, 

and activated peripheral blood mononuclear cells (PBMCs). From both samples 

5 µg aRNA was labeled with aminoallyl-dUTP during cDNA synthesis by reverse 

transcriptase, followed by chemical coupling of the aminoallyl group to Cy3 or Cy5 

for the experimental and reference samples respectively.

The labeled cDNA transcripts of an MS patient or healthy control and a common 

reference are then hybridized together onto the 43K cDNA microarrays (Stanford 

University) at 65°C degrees. After 18 hours of hybridization and multiple washing 

steps, the hybridized cDNA products are measured by %uorescent colorimetry 

using the G2505B microarray scanner from Agilent Technologies (Amstelveen, The 

Netherlands).

Data "ltering and analysis 

The array images were analysed using the program GenePix Pro 3.0 (Axon 

Instruments Inc., Union City, CA, USA) and all data was uploaded and analysed using 

the Stanford Microarray Database (SMD) (http://smd.stanford.edu)(13). Intensity 

dependent normalisation using local estimation (14) (“Loess”) was performed 

separately on each sector of the array (“strati$ed” by print-tip). In addition, “scale” 

normalisation was applied which makes the data more comparable across di!erent 

arrays. Next we excluded data from spots with inconsistent hybridization signals 

(de$ned by a regression R2<0.6 for a linear $t between the Cy3 and Cy5 pixel 

intensities) or spots that had been %agged as defective by visual inspection during 
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data extraction (for instance due to scratches or dust particles). In addition, we only 

included spots if the signal intensity was 2.5 times higher than the background and 

less then the saturated value of 65000. We corrected for array batch di!erences 

by applying Single Value Decomposition (SVD). Because a single gene can be 

represented more than once on an array we collapsed our data by averaging 

the results from sequences with the same identi$er (Unigene Cluster ID) in the 

database. Finally, we re-$ltered our data in the SMD and median centered the data 

for genes and arrays. 

We used the log2 of the background-subtracted, normalized ratio of the mean Cy5 

and mean Cy3 expression values and applied several algorithms (see %owchart 

$gure 1) for the analysis. For all algorithms we only used data from arrays if there 

was at least 80% good data present per gene. Signi$cance Analysis for Microarrays 

(SAM) was used (15) to determine the signi$cantly di!erential expressed genes 

between di!erent subject groups. We considered genes as signi$cantly di!erential 

expressed, if the False Discovery Rate (FDR) was less than 5% (a q-value of less than 

0.05). Cluster (16) was used to de$ne clusters of co-ordinately regulated genes after 

which Treeview visualized the clustered data. 

Additionally, we applied PANTHER (Protein ANalysis THrough Evolutionary 

Relationships Classi$cation System; PE Applied Biosystems, Foster City, CA; http://

PANTHER.appliedbiosystem.com (17)) to interpret our data after SAM analysis. This 

analysis is based on a binomial distribution test to classify the list of signi$cantly 

up- or downregulated genes (referred to as “SAM gene list”) in di!erent functional 

categories (molecular function, biological process or biological pathway). After 

classi$cation a signi$cant p-value (p<0.05) indicates that a given category may be 

of biological interest. 

Pathway-level analysis in order to $nd coordinated shifts in gene expression levels

We used two di!erent algorithms both designed to $nd weak coordinated shiftse used two di!erent algorithms both designed to $nd weak coordinated shifts 

in gene expression data: PANTHER (Applied Biosystems) and GSEA (18) (Gene Set 

Enrichment Analysis). 

For the PANTHER pathway-level analysis we used all di!erentially expressed genes 

with their associated fold changes between two groups e.g. RRMS patients and 

SAM (e.g. HD vs. MS)

q<5% ð‰genes q<5% ð ḡenes

PANTHER
ontology

Raw data file

PANTHERPLAGE

Pathways relevant to disease

SAM (e.g. HD vs. MS)

q<5% genes q<5% genes

PANTHER
ontology

Raw data file

PANTHERGSEA

Pathways relevant to disease

Figure 1 Flowchart analysis

Figure 1. Flowchart data analysis

This #gure shows our data analysis steps from raw 
microarray data towards de#ning the pathways 

relevant for disease. 
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healthy controls. The Mann-Whitney U-test is used to look for coordinated changes 

in gene expression within each available pathway. As a result a pathway may be 

found signi$cant even if the fold changes are very small. 

 In contrast to the PANTHER analysis, the pathway-level analysis program GSEA 

uses the total raw data $le consisting of the normalized ratio’s per gene per array. 

GSEA combines a priori de$ned sets of genes to increase signal to noise ratio and 

improve statistical power to determine if genes of a given gene set are enriched 

among the most di!erentially expressed genes between patients and healthy 

controls. We applied GSEA as described before (19), only to con$rm the PANTHER 

analysis, therefore the data is not shown.

Results 

Di#erential gene expression in peripheral blood (PB) of RRMS patients compared 

to healthy controls

We studied di!erences in gene expression in peripheral blood (PB) cells derived 

from healthy controls and patients with RRMS. A schematic outline of the data 

analysis is shown in Figure 1. At $rst the data was analyzed as two class, unpaired 

data using Signi$cance Analysis of Microarrays (15) (SAM). A total of 2025 genes 

were selected whose transcript levels showed signi$cantly di!erential expression 

between patients and controls. Of these genes 1059 were signi$cantly upregulated, 

whereas 966 genes were downregulated in RRMS ($gure 2A). 

The genes with the most upregulated (>1.3 fold) expression levels encode for 

immunoglobulin related proteins e.g. Immunoglobulin lambda constant 2 (IGLC2) 

chain, Immunoglobulin lambda variable group (IGLV@) and Immunoglobulin kappa 

constant chain (IGKC). Other genes with marked increased expression levels in the 

PB cells of MS patients belonged to a group of Interferon (IFN)-induced genes e.g. 

induced protein 44 (IFI44L), IFN-induced transmembrane protein 1 (9-27; IFITM1), 

IFNalpha-inducible protein (clone IFI-15K; G1P2), IFN-induced transmembrane 

protein 3 (1-8U; IFITM3), Myxovirus (in%uenza virus) resistance 1 IFN-inducible 

protein p78 (mouse; Mx1), IFN-induced transmembrane protein 2 (1-8D; IFITM2), 

Adenosine deaminase, RNA-speci$c (ADAR1), IFN regulatory factor 2 (IRF2), IRF7, 

2'-5'-oligoadenylate synthetase 2, 69/71kDa (OAS2) and others. Of note were also 

the increased levels of the antioxidant enzyme Glutathione peroxidase 1 (GPX1) 

and the NADPH oxidase Neutrophil cytosolic factor 1 (NCF1) that are involved in 

the oxidative stress response of the cell. 

The top ten of the most downregulated genes encode for TAF9 RNA polymerase II 

(TAF9), Catalase (CAT), Myomesin (M-protein) 2 (MYOM2), CREBBP/EP300 inhibitor 

1 (CRI1), Zwilch (FLJ10036), T-cell leukemia/lymphoma 1A (TCL1A), Short coiled-

coil protein (SCOC), Hemoglobin, gamma G (HBG2), Claudin 12 (CLDN12), GrpE-

like 2, and mitochondrial (E. coli; GRPEL2), which are involved in several di!erent 

processes.

§
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Ontology analysis of signi"cantly di#erential expressed genes

To systematically categorize the 2025 signi$cantly di!erential expressed genes into 

functional groups we applied the PANTHER ontology classi$cation system (Applied 

Biosystems). PANTHER uses the binomial statistics tool (20) to compare our gene 

list to a reference list (NCBI: Homo sapiens genes) to determine the statistically 

signi$cant over-representation of functional groups of genes. The di!erentially 

upregulated genes represented seventeen signi$cant ontology/functional 

groups. These are: Alzheimer’s disease, presenilin signaling, JAK/STAT signaling, 

Fas signaling, IFN-gamma signaling, in%ammation mediated immunity, apoptosis 

signaling, angiogenesis, Parkinson disease, interleukin signaling, heteromeric G-

protein signaling pathway-rod outer segment phototransduction, metabotropic 

glutamate receptor group III biology, ionotrophic glutamate receptor biology, 

ubiquitin proteasome signaling, D2/D3/D4 dopamine receptor mediated signaling, 

Toll-like receptor (TLR) signaling and cysteine biosynthesis ($gure 2B). Analysis of 

the downregulated gene list revealed two signi$cant categories: p53 signaling and 

again ubiquitin proteasome signaling ($gure 2C). Since this analysis revealed that 

both the signi$cantly upregulated genes as well as the downregulated genes could 

be grouped into ubiquitin proteasome signaling, we took a detailed look at the 

individual genes that constitute these categories. This revealed that most of the 

upregulated ubiquitin proteasome-related genes encoded proteins with ubiquitin 

conjugating activities to mark cellular proteins for degradation by the proteasome. 

In contrast, the downregulated ones represent genes that encode proteasome 

subunits and the UCHL5 gene encoding a deubiquitinating enzyme. Hence, the 

di!erential regulation of genes involved in ubiquitination is compatible with an 

increased ubiquitin proteasome protein degradation activity.

Pathway-level analysis of di#erentially expressed genes 

Next we performed a pathway level analysis, which is based on the premise that 

subtle coordinate changes in gene expression levels across the whole network of 

genes within a certain pathway can already have major e!ects on the outcome. At 

the individual gene level, these gene expression changes do not necessary have to 

be signi$cantly di!erent. In order to $nd such coordinated shifts of gene expression 

values we applied the PANTHER (21) and GSEA (18) pathway-level algorithms that 

are based on the usage of the whole array data set. 

Application of PANTHER pathway-level analysis, which is restricted to pathway sets 

from PANTHER resources, revealed nine pathways within the RRMS patient group 

(table 1). These results con$rmed the activation of genes involved in in%ammation, 

IFN-gamma signaling, Alzheimer disease, JAK-STAT signaling, TLR signaling and the 

metabotropic glutamate receptor group III pathway, all of which were also observed 

in the PANTHER ontology analysis ($gure 2). In addition, this analysis revealed the 

coordinated upregulation of genes involved in glycolysis and (nor)adrenaline 

biosynthesis and the downregulation of genes involved in transcriptional 
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regulation. These data indicate that the observed host response pro$le in RRMS 

represents the concerted action of multiple transcriptional regulators, of which a 

part may re%ect TLR-induced innate immune activation.

Table 1. PANTHER pathway-level analysis: RRMS patients versus healthy controls

Pathway co-ordinately changed in RRMS: Up/down in RRMS In PANTHER 
ontology list

In$ammation mediated by chemokine and cytokine signalling pathway Up Yes

Alzheimer disease-presenilin pathway Up Yes

IFN-gamma signalling pathway Up Yes

Toll receptor signalling pathway Up Yes

JAK/STAT signalling pathway Up Yes

Metabotropic glutamate receptor group III pathway Up Yes

General transcription regulation Down No

Glycolysis Up No

Adrenaline and noradrenaline biosynthesis Up No

PANTHER pathway-level analysis was used to de#ne those pathways of which the corresponding gene expression levels are 
co-ordinately changed throughout a signi#cant part of the pathway. Pathways were considered signi#cantly changed with 
a p-value <0.05.

We con$rmed these results using the recently available Gene Set Enrichment 

Analysis (GSEA) pathway-analysis algorithm (18), which has the advantage that 

one can choose which gene sets to use for the analysis including custom-designed 

gene-sets (data not shown). The data from these two approaches unanimously 

Figure 2. Statistical analysis combined with PANTHER’s ontology

A. Supervised cluster analysis of signi#cantly di"erential expressed genes
A total of 2025 signi#cantly di"erential expressed genes (FDR<5%) were selected after SAM analysis between RRMS patients 
and healthy controls. These genes were supervised (one-way) hierarchical clustered and visualized by Treeview. This type 
of clustering will place genes that show a correlated expression level in adjacent rows. Each column represents the data 

of one array and each row shows the relative 
expression levels of a single gene for all samples. 
Red colours mean a relative higher expression 
level than the median expression level across 
all samples. Green colours mean a relative lower 
expression level than the median expression 
level across all samples. Black colours indicate 
that the expression level is equal to the median 
expression level and grey represents missing 
values
B. PANTHER ontology analysis on the upregulated 
genes
Using the PANTHER ontology analysis the 
signi#cantly upregulated genes could be 
classi#ed into di"erent functional categories.
C. PANTHER ontology analysis on the 
downregulated genes. 
Idem as for B, using the downregulated genes. 

 Healthy Controls      RRMS patients

Ubiquitin proteasome 
p53

Alzheimer disease-presenilin 
JAK/STAT signaling 
FAS signaling 
Interferon-gamma signaling
Inflammation mediated by chemokine and cytokine signaling 
Apoptosis signaling 
Angiogenesis
Parkinson disease
Interleukin signaling

Heterotrimeric G-protein signaling rod outer segment phototransduction
Metabotropic glutamate receptor group III biology
Ionotropic glutamate receptor biology 

Ubiquitin proteasome

D2/D3/D4 dopamine receptor mediated signaling 

Toll receptor signaling
Cysteine biosynthesis

C.

B.

A.
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demonstrate the occurrence of an upregulated expression of genes involved in IFN 

signaling. The signi$cantly di!erential expression of the IFN-response program was 

con$rmed by real-time PCR analysis of the IFN regulated genes MxA, IFITM1 and 

G1P2 (data not shown). Hence, pathway-level analyses reveal that RRMS peripheral 

blood cells harbor features that are indicative for immune activation of TLRs 

possibly by microbial agents, leading to increased expression of IFNs.

Comparison MS host response program with the common pathogen response 

program

Table 2. Deregulated pathways in RRMS partly overlap with a common pathogen response pathway

Signi#cant upregulated pathways in common pathogen response(22) MS vs. HD

In$ammation mediated by chemokine and cytokine signalling pathway X

Apoptosis signalling pathway X

Toll receptor signalling pathway X

Interleukin signalling pathway X

T cell activation  

Angiogenesis X

B cell activation  

Oxidative stress response  

EGF receptor signalling pathway  

FAS signalling pathway X

TGF-beta signalling pathway  

PDGF signalling pathway  

Integrin signalling pathway  

Parkinson disease X

Axon guidance mediated by semaphorins  

Heterotrimeric G-protein signalling pathway-Gq alpha and Go alpha mediated pathway  

Alzheimer disease-presenilin pathway X

Plasminogen activating cascade  

Blood coagulation  

JAK/STAT signalling pathway X

FGF signalling pathway  

Cadherin signalling pathway  

Purine metabolism  

Ras Pathway  

Wnt signalling pathway  

Heterotrimeric G-protein signalling pathway-Gi alpha and Gs alpha mediated pathway  

Glycolysis X

Endothelin signalling pathway  

IFN-gamma signaling pathway X

The common pathogen response genes described by Jenner and Young were classi#ed into functional categories using 
the PANTHER’s classi#cation system. A comparison was made between the common pathogen response program and the 
deregulated pathways we found in RRMS. The overlapping pathways are given in bold and marked with an X. A signi#cant 

part (p=0.03 Chi-square test) of the RRMS pathways overlap with the common pathogen response. 
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In order to create a framework for a more detailed comparison of the RRMS speci$c 

pathways with those of a microbial response program we used data from a meta-

analysis of gene expression pro$les after microbial infection (22). In this analysis the 

transcriptional pro$le of 32 in vitro studies that involved 77 di!erent host-pathogen 

interactions have been analyzed together, which resulted in a de$ned common 

host-transcriptional-response program. In order to analyze which pathways are 

represented in the common response program we applied PANTHER pathway 

level analysis (table 2). This analysis revealed a total of 29 signi$cant pathways in 

the common pathogen response program. Comparison of these pathways with 

the ones we identi$ed in RRMS showed that there is a signi$cant (Chi-square 

test p=0.03) overlap. Of the 20 RRMS speci$c pathways 11 are present within the 

common host response program, suggesting that the RRMS pro$le may re%ect, in 

part, a response to a microbial infection.

Selective upregulation of the type-I IFN signaling pathway in RRMS

IFNs, which are best known for their anti-viral properties (23), are grouped into two 

categories, type-I and type-II IFNs. Type-I IFNs are mainly produced directly after 

viral infection whereas type-II IFNs are secondary produced by activated T and NK 

cells. Moreover, although type-I and type-II IFN response programs share a number 

of genes, their activities can be distinguished based on a number of di!erentially 

activated response genes. Thus a detailed analysis of the observed IFN-induced 

genes in RRMS is likely to disclose information on the inducing type of IFN. 

Therefore we obtained small but speci$c type-I IFN (IFNalpha; 9 genes) and type-

II IFN (IFNgamma; 6 genes) gene sets from the Biocarta database (www.biocarta.

com; supplementary data). To investigate the relative contribution of either gene 

set in the RRMS gene expression pro$le we calculated for each gene set the mean 

gene expression level (log2 ratio) per patient and healthy control and compared 

the two groups with each other ($gure 3). This analysis showed that the mean gene 

expression level of the type-I IFN gene set was signi$cantly higher in the MS patient 

group when compared to the healthy control group. The mean gene expression 

level of the type-II IFN genes was similar between patients and controls. Hence, we 

conclude that type-I IFNs are induced which can cause a positive feedback loop 

resulting in more expression of type-I IFN-induced genes.

Since our data revealed a deregulated expression of genes involved in innate 

immunity, like TLR and type-I IFN-response genes we studied the innate response 

program in more detail. Further insight in the regulatory components of the 

gene modules that are activated in RRMS is likely to disclose information of the 

stimulating component. Genes that are most strongly upregulated via TLRs are NFkB 

response genes via the MYD88-dependent route and IFN-stimulated genes (ISGs) 

via the transcription factors IRF3 and IRF7 (24). Although activation of di!erent 

TLRs upregulate many of the same genes, these receptors also mediate stimulus-

speci$c responses. Genes that are strongly upregulated via TLR4 are the ISGs and 

NFkB response genes. By contrast, the TLR3, TLR7/8 and TLR9 induce a pronounced 
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activation of type-I ISGs, whereas the upregulation of the NFkB response gene set 

is relatively weak (22). Hence, the identi$cation and relative activation of NFkB and 

IFN type-I speci$c genes in MS might provide insight in the mechanism of immune 

activation. In this case we used the type-I IFN speci$c gene set that we have used 

before, together with an NFkB speci$c gene set (23 genes) from the Biocarta 

database (supplementary data). 

In order to con$rm and extend the knowledge on the di!erential gene expression 

programs that are activated upon di!erential TLR stimulation, we analyzed 

previously reported gene expression datasets from experiments in which cells 

were stimulated with either a bacterial (TLR 2 and 4) or a viral (TLR 3 and 7) stimulus 

(22). As expected, we con$rmed that bacteria especially induce the NFkB gene set 

whereas viral agents show a more pronounced induction of the type-I IFN speci$c 

gene set (supplementary data). To investigate the relative contribution of either 

gene set in the RRMS gene expression pro$le we calculated for both gene sets the 

mean gene expression level per patient and healthy control and compared the 

two groups with each other (Figure 3). This analysis again showed that the mean 

gene expression level of the type-I IFN-induced gene set was signi$cantly higher 

in the MS patient group when compared to the healthy control group. However, 

the mean gene expression level of the NFkB speci$c genes was similar between 

patients and controls. The weak expression of NFkB genes in combination with 

the upregulation of type-I IFN genes would argue against a direct contribution 

of a TLR2 or 4 induced activation on peripheral blood cells. Therefore, these data 

suggest that if a microbial infection is directly involved in the peripheral blood host 

response in MS this is most likely of viral origin. 

Gene expression pro"les compared to poxvirus infection model

Next we evaluated the relationship between a viral response program and RRMS 

in more detail, by comparing the gene expression pro$les of MS patients with the 

pro$les of an in vivo virus-infection model. For that purpose we used a dataset 

from a nonhuman primate model for smallpox infection which provides a detailed 

picture of the in vivo host transcriptional response program in PB cells after a viral 
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Figure 3. Increased expression of type-I IFN-

induced genes in RRMS patients

The average log2 expression ratio of two IFN speci#c 
(type-I and II) gene sets as well as an NFkB speci#c gene 
set was calculated for each individual patient and control. 
The mean expression ratio of the type-I IFN speci#c genes 
was signi#cantly higher in the RRMS patient group when 
compared to the healthy control group. In contrast, the 
expression ratio of type-II IFN and NFkB genes did not 
di"er between patients and controls.

* is considered signi#cant using an unpaired T-test; n.s. as not signi#cant
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infection (25). The data was generated on similar human cDNA microarrays that 

we have used, and was also stored and analyzed using the SMD. We extracted 

microarray data from 9 macaques before and 2 or 3 days after infection from the 

public access website of the SMD. These data were $ltered (see M&M) and used 

to construct a smallpox (SP) virus-induced gene set. Therefore, we applied SAM 

analysis to select the signi$cantly di!erential expressed genes between the PB 

gene expression pro$les prior and after smallpox infection. The resulting 1307 

statistically di!erential expressed genes (FDR<5%) were used for an unsupervised 

hierarchical clustering of the PB gene expression data from the macaques (prior 

and after infection), RRMS patients and healthy controls ($gure 4). As anticipated, 

this analysis clearly separated the pro$les of the macaques before and after viral 

infection. In addition, almost all the healthy controls clustered in the same group 

as the una!ected animals. Most interestingly, the MS patients were clearly divided 

into two groups on the basis of their gene expression pro$le. More than 50% of 

the RRMS patients clustered together with the virus-infected animals and showed 

an upregulation of immune defense genes. We refer to this group as the RRMShigh 

group. The patient that was analyzed twice, clustered together within this group 

showing the reliability of the analysis. The remaining patients, designated as the 

RRMSlow group, clustered with the uninfected animals. These results demonstrate 

a remarkable similarity between the virus-induced gene expression pro$les of the 

macaques and the PB pro$le of a signi$cant part (p=0.0002 Chi-Square test) of the 

MS patients. 

Figure 4. A signi#cant part of the RRMS patients co-clusters with smallpox (SP) infected macaques.

Genes were pre-selected of which the gene expression levels were signi#cantly (using SAM: FDR<5%) changed in the smallpox-
infected macaques when compared to the non-infected macaques. Subsequently, these genes were used for unsupervised 
(two-way) hierarchical cluster analysis on the combined data from the smallpox study and our study. This type of clustering 
will not only place genes that have correlated expression levels in adjacent rows, but also places samples that have similar 
expression pro#les in adjacent columns. A subsequent selection of genes was made, by using only those genes whose gene 
expression levels were two fold di"erent from the median expression level in at least four samples. In this #gure only part of 
the total cluster, representing IFN-related genes, is shown. The patient that was analysed twice (marked *), clustered together 
in same arm of the dendogram. The patient receiving IFNbeta treatment (marked #) co-clustered with the virus-infected 
macaques.
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Heterogeneity of RRMS

The above analysis revealed a striking heterogeneity between RRMS patients. 

Analysis of the overall peripheral blood pro$les of only the RRMS patients using 

unsupervised hierarchical clustering con$rmed the sub-classi$cation of MS 

patients into two groups. The result of the cluster analysis correlated with the sub-

classi$cation based on the smallpox virus pro$le (data not shown). These results 

point towards an important discriminating role for immune defense activity in 

RRMS. To further investigate the biological basis of RRMShigh group we compared 

the expression pro$les of only the RRMShigh group of patients with the healthy 

controls by PANTHER pathway-level analysis. In accordance with the overall RRMS 

group versus healthy controls comparison (table 1 and $gure 2) using PANTHER 

analyses, an upregulation of genes involved in IFN signaling, Alzheimer disease, 

in%ammation, angiogenesis, interleukin signaling, JAK/STAT signaling, TLR 

signaling, glycolysis and apoptosis was observed in the RRMShigh group. In addition, 

this comparison revealed the upregulation of genes involved in the Ras and EGF 

receptor-signaling pathway. Interestingly, all the pathways that are speci$c for the 

RRMShigh group overlap with those of the common response pathway from Jenner 

and Young (22), which is in favor of an infectious origin for the immune defense 

program observed in this speci$c patient subgroup (table 2). 

Table 3. Pathway-level analyses; RRMShigh group versus healthy controls

Pathways signi#cantly upregulated in RRMShigh:

In$ammation mediated by chemokine and cytokine signalling pathway

Angiogenesis

IFN-gamma signalling pathway

Interleukin signalling pathway

JAK/STAT signalling pathway

Toll receptor signalling pathway

Ras Pathway

Alzheimer disease-presenilin pathway

Glycolysis

EGF receptor signalling pathway

Comparison between the RRMShigh patient group and the healthy control group using PANTHER pathway-level analysis. 

Pathways were considered signi#cant if p-value<0.05.

GSEA analysis was again used to con$rm the results. Interestingly, using this 

analysis, especially the type-I IFN-induced and viral-response gene sets were highly 

signi$cant enriched in the subgroup of RRMS (data not shown).

Clearly, the molecular heterogeneity that we observed in the PB pro$les of RRMS 

patients is indicative for the heterogeneous nature of RRMS and may suggest the 

existence of di!erent subtypes of RRMS. The question then arose as to whether the 

molecular strati$cation of RRMS was associated with clinical di!erences between 

the patients. To address this possibility, the relationship of the subtypes with 
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clinical and demographic parameters was determined. However, we were not able 

to demonstrate an association between the molecular subtypes and clinical and 

demographic parameters, such as age, disease duration, relapse rate and EDSS. 

Discussion

Several investigators studied gene expression levels in PB cells to address the 

question, whether disease characteristics are detectable systemically. These 

previous studies demonstrated changes in PB gene expression patterns with 

among these genes involved in the p53 and apoptosis pathway (26-30). Whereas 

these studies provided insight in the genes that were di!erentially expressed 

between MS patients and healthy controls, the issue of transcript-based disease 

heterogeneity was not addressed. 

Using pathway analysis we found next to the p53 and apoptosis pathways several 

other pathways and biological processes that are signi$cantly di!erent between 

RRMS patients and healthy controls. The observed upregulation of GPX1 andThe observed upregulation of GPX1 and 

NCF1 together with the downregulation of catalase is suggestive for a disturbed 

oxidative stress response in RRMS. Although oxidative stress has been implicated to 

be involved in virus-induced neuronal injury (31), our results seem to be in con%ict 

with a recent paper published by Hultqvist and co-workers (32). They showed that 

a mutation in the NCF1 gene, leading to a reduced oxidative burst, enhanced the 

autoimmune susceptibility for arthritis and encephalomyelitis in animal models. 

The di!erence may be due to a di!erent role of oxidative burst in disease initiation 

versus established disease. 

Another pathway that was upregulated in MS is glycolysis, which is an important 

metabolic pathway for the ATP biosynthesis of cells. Induction of glycolysis is 

typically observed in virally infected cells. Viruses do not generate the ATP that they 

require and rely heavily on the host cells for ATP biosynthesis. 

Interestingly, we discovered for the $rst time signi$cantly increased gene expression 

levels for several genes involved in (type-I) IFN-mediated immunity in at least half 

of the MS patients. One of these genes is ADAR1 (dsRNA dependent adenosine 

deaminase), which is induced by type-I IFNs and is involved in editing of viral RNAs 

(33) and the mRNA of glutamate receptor units (34). Other IFN-induced genes 

that showed upregulated expression levels in RRMS were OAS1, OAS2, MX1 and 

MX2. The OAS genes encode for dsRNA-dependent synthetases that activate the 

endoribonuclease RNAse L to degrade ssRNA (35). The IFN-inducible Mx proteins are 

GTPases that interfere with virus replication, probably by inhibiting the tra?cking 

(36) or activity of virus polymerases (37). The increased expression of MxA con$rms 

data from a previous report that also showed increased expression of MxA at the 

protein level in PB cells of RRMS patients (38). Accordingly, Chieux and colleagues 

(38) also showed increased levels of IFNα in the serum of MS patients. 

§
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An upregulation of IFN-induced genes is also observed in other autoimmune 

diseases like SLE (39), rheumatoid arthritis (40), Sjögren’s syndrome (SS) (41), type 

I diabetes mellitus (42) and dermatomyositis (43). Moreover, the disease activity 

of SLE patients was correlated with increased serum levels of IFNα (44). However, 

for MS the available clinical data suggest that IFNbeta is involved in inhibiting the 

disease symptoms. These $ndings suggest that type-I IFNs might have di!erential 

clinical e!ects depending on the disease. Although in SLE the pDC in the PB have 

been identi$ed as a major source of IFNα, in SS numerous IFNα -producing cells 

were detected in the a!ected salivary gland biopsies. These studies suggest that 

in SS the source of IFN can be from cells in the PB blood as well as from cells in the 

diseased tissue. Further studies are needed to demonstrate the source of IFN in 

MS. 

Additionally, our data analysis showed a coordinated upregulation of genes involved 

in TLR-signalling, indicative of an activated innate immune signalling. In theory,In theory, 

infectious agents or endogenous factors, such as viruses, bacteria, unmethylated 

CpG DNA, or single- or double stranded RNA could be proximal mediators of type-

I IFN production and more downstream activation programs. Innate immune 

responses to pathogens are believed to be patterned and stereotyped. The 

specialization of di!erent TLRs allows the host to tailor its response to di!erent 

pathogens. This is achieved by the di!erential activation of at least two di!erent 

but partly overlapping pathways: the MyD88-dependent and the IRF3/7 MyD88-

independent pathway. Both pathways lead to induction of the NFkB response 

program and gene activation via the IFN-response element (ISRE) resulting in the 

transcription of IFN-related genes. In general, bacterial pathogens and speci$c 

endogenous factors such as heat shock proteins induce a strong NFkB response 

along with a moderate or weak IFN response. In contrast, other factors such as 

single- or double stranded RNA or viruses induce a strong type-I IFN response 

along with a weak to absent NFkB response. Our results showed a high expression 

of type-I IFN-induced genes in MS patients, while the expression of NFkB speci$c 

genes was comparable with that of the controls. Thus if activation of PB cells of 

MS patients is responsible for the observed activation of IFN-induced genes, it is 

unlikely that this occurred via the MyD88-dependent pathway since we did not 

observe a di!erence in NFkB speci$c gene expression levels. Together with the 

observation that our data did demonstrate the upregulation of genes involved in 

TLR and type-I IFN-signaling, this would restrict the activation of IFN-induced genes 

to TLR receptors that selectively signal via the IRF3/7 pathway, like TLR3, TLR7/8, 

TLR9 (45) or via the recently discovered RNA helicase RIG-I that bind cytoplasmic 

dsRNA (46) or other thus far unknown ligands. 

Infectious agents have long been considered as possible triggers for autoimmune 

responses. The search for a speci$c virus in MS may be hampered due to the fact 
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that there might not be a single MS-speci$c virus, but a variety of distinct viruses or 

a group of related viruses that are involved (47). Upon infection with a pathogen, 

cells undergo a marked reprogramming of their transcriptome (22). Part of the 

response program has been interpreted as a generic “alarm signal” to infection and 

involves functional groups of genes involved in e.g. the interferon (IFN)-response, 

in%ammation, apoptosis and TLR signaling (22). Here we demonstrated that the 

pathways that were found to be di!erent between healthy controls and RRMS 

patients overlap for a great part with the pathways that are induced during the 

common pathogen response program described by Jenner and Young (22) (table 1). 

This overlap is even more convincingly demonstrated in the RRMShigh patient group, 

which showed a high expression of immune defense and interferon-related genes. 

Moreover, we observed a striking similarity of the PB gene expression signature in 

MS with that of the virus infected macaque model, which demonstrates similarity 

of gene clusters that constitute a general “alarm signal” for a viral infection. These 

$ndings might suggest that a viral agent could play a role in MS. 

However, despite the clear relation of a virus response program and the MS gene 

signature, for SLE and SS it was shown that immune complexes from patients IgG 

together with nucleic acid released by necrotic of apoptotic cells can induce type-I 

IFN production by PB plasmacytoid DCs and a concomitant type-I IFN response 

signature in the PB (48). Thus, although the data from epidemiological studies 

and the similarity of the PB gene expression signature in MS with that of the virus 

infected macaque model support a role for viruses in MS, we cannot formally 

exclude a contribution for endogenous factors in the induction of the type-I IFN 

response program in MS. Hence, further studies are needed to determine whether 

the increased expression of type-I IFN response genes are MS are the result of 

endogenous or infectious factors.

Our results clearly indicate that there is a striking di!erence in gene expression 

pro$les between RRMS patients. The wide variation in clinical symptoms, disease 

course and therapy response is consistent with this observation. The question is 

what the molecular classi$cation into RRMShigh and RRMSlow means in clinical terms. 

Based on the expression pro$les it suggests that di!erent pathogenic mechanisms 

may contribute to disease. Therefore this type of analysis provides a rational to 

understand the molecular and biological basis of disease heterogeneity in MS. So 

far we could not demonstrate an association with clinical parameters. However, 

we realize that the design of this study does not allow any $rm conclusions to be 

drawn. 

Because the therapeutic response to IFNbeta therapy also seems to be 

heterogeneous (2), it is tempting to speculate that either one of the subtypes is more 

likely to respond better to IFNbeta treatment. Not so surprisingly, several reports 

have demonstrated an induction of the type-I IFN response program in patients 

treated with IFNbeta (49;50). As anticipated, the one patient receiving IFNbeta 

therapy clustered together with the RRMShigh patients and showed an upregulation 
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of IFN-induced genes. Although transcription-based prediction of IFNbeta therapy 

has been studied (51;52), future research in a large cohort of patients is needed to 

sort out whether the absence or presence of a type-I IFN response in the peripheral 

blood of patients with RRMS is a prognostic factor for successful treatment with 

IFNbeta. 
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Supplementary Table S1.

Biocarta speci#c gene sets:

IFNalpha IFNgamma NFkB

IFNA1 IFNG CHUK

IFNAR1 IFNGR1 FADD

IFNAR2 IFNGR2 IKBKB

IFNB1 JAK1 IKBKG

ISGF3G JAK2 IL1A

JAK1 STAT1 IL1R1

STAT1  IRAK1

STAT2  MAP3K1

TYK2  MAP3K14

  MAP3K7

  MAP3K7IP1

  MYD88

  NFKB1

  NFKBIA

  RELA

  RIPK1

  TLR4

  TNF

  TNFAIP3

  TNFRSF1A

  TNFRSF1B

  TRADD

  TRAF6

Supplementary Figure 1.

Gene expression data from the review of Jenner & Young was used in order to 
determine the relative contribution of type-I, type-II and NFkB speci#c gene 
sets (from Biocarta database) in bacterial- (represented by LPS and E. Coli) 
and viral- (represented by Poly I:C and In$uenza) induced gene expression 
pro#les. For each gene set the average log2 ratio was calculated for dendritic 
cells that were in vitro stimulated with either PolyI:C, LPS, In$uenza or 
E. Coli. Subsequently the ratio’s between PolyI:C and LPS (A) and between 
In$uenza and E.Coli (B) was plotted into a graph. Figure A shows that LPS 
stimulation induces more expression of IFNgamma and NFkB genes than 
Poly I:C stimulation. In contrast, Poly I:C stimulation induces more expression 
of IFNalpha speci#c genes. Figure B shows that E.Coli stimulation induces 
more expression of NFkB speci#c genes than In$uenza, whereas In$uenza 
stimulation induced more expression of IFNalpha and gamma speci#c genes.
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Abstract 

Objective: The goal of this study was to provide insight into the pharmacological 

changes in the peripheral blood molecular pro$le induced by TNF blockade in 

patients with rheumatoid arthritis (RA).

Methods: Peripheral blood was obtained in PAXgene tubes from 33 RA patients 

before and one month after TNF-blocking therapy (in%iximab). From pre- and post-

treatment samples gene expression pro$les were determined from 15 randomly 

chosen patients out of the 33 patients and the remaining 18 RA patients served as 

validation cohort. Hierarchical clustering, Signi$cance Analysis of Microarrays and 

PANTHER pathway-level analysis were used for data-analysis and interpretation. 

From genes of interest the expression levels were con$rmed by quantitative real-

time PCR. 

Results: A group-based paired analysis of the gene expression pro$les from 

the post- vs. pre-treatment samples revealed a signature of genes signi$cantly 

regulated by TNF blockade. The most signi$cantly down-regulated gene was 

Peptidase Inhibitor 3 (PI3/SKALP), which expression level was down-regulated 

1.84-fold after treatment. The down-regulated genes re%ected several biological 

pathways such as in%ammation, angiogenesis, B and T-cell activation. Further 

analysis revealed that the pharmacological response signature was signi$cantly 

regulated in all treated patients, irrespective of clinical response which is indicative 

for the presence of an active TNF pathway in all RA patients.

Conclusions: The results favor a model for the parallel presence of TNF-dependent 

and TNF-independent pathways in the individual RA patient. Clinical response 

status to TNF blockade may be dependent on the relative contribution of TNF-

independent e!ector pathways.

Introduction 

Tumor necrosis factor alpha (TNF) is a proin%ammatory cytokine that plays a 

critical role in the pathogenesis of chronic in%ammatory autoimmune diseases 

like rheumatoid arthritis (RA).(1) Accordingly, TNF antagonists have proven to be 

e!ective for the treatment of RA.(2;3) Blockade of TNF reduces the acute phase 

response and decreases both local and systemic levels of in%ammatory mediators 

in patients with RA (reviewed in (4)). However, the improvement varies between 

patients, and approximately 30% of RA patients fail to respond to this therapy. 

Clinical studies revealed that the response to treatment ranges from an almost 

complete remission to even worsening of clinical symptoms.

The variation in the primary clinical response to treatment suggests that di!erent 

e!ector pathways contribute to disease activity between patients. This could be 

either the consequence of the existence of parallel pathways in a single patient 

whereby the relative contribution of TNF-independent e!ector pathways varies 

§

§
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between patients, irrespective of the level of available TNF-bioactivity. Alternatively, 

the variation in response to treatment could be explained by di!erences in bioactive 

TNF levels associating a good response to the presence and a failure to respond 

to the absence of bioactive TNF. This model is supported by the observation that 

indirectly measured levels of TNF-bioactivity were predictive of clinical response 

to TNF-blockade.(5) In addition, pre-treatment expression levels of TNF in synovial 

tissue is higher in responders compared to non-responders.(6) This would implicate 

that the failure to respond is associated with the presence of a TNF-independent 

pathway with concomitant lack of a TNF-pathway. 

In normal physiology TNF achieves its biological e!ects by binding to multi-

subunit receptor TNFR1 (p50) or TNFR2 (p75) on the cell surface. Soluble TNF (sTNF) 

binds with higher a?nity to TNFR1 (7) while transmembrane TNF (mTNF) primarily 

signals through TNFR2.(8) Whereas TNFR1-mediated signaling is well known for its 

pro-in%ammatory and apoptosis-inducing capacities the signaling through TNFR2 

is less well understood. Moreover, mTNF by itself may lead to intracellular signaling 

(9), making the TNF-induced signaling program even more complex. Ultimately 

the signaling cascade leads to transcriptional activation of TNF-responsive genes. 

Likewise, the capacity of TNF-speci$c blockers to modulate gene expression can 

be considered as the qualitative and quantitative measure of the inhibition of TNF 

bioactivity. Thus, investigating changes in gene transcripts after adding or deleting 

a certain mediator of the immune response re%ects the transcriptional response to 

that mediator. 

With the aid of genomics technology, we are now in a position to determine 

the genome wide pharmacological outcome of TNF blockade in RA patients. 

We hypothesize that an in-depth understanding of the transcriptional changes 

after TNF-blockade in RA will allow us to evaluate the presence and/or absence 

of TNF-induced pathways at the individual patient level. Therefore, we measured 

the pharmacological e!ect of TNF-blockade in RA patients using large-scale gene 

expression pro$ling of peripheral blood (PB) cells. 

Methods 

Patients 

Thirty-three consecutive patients with RA according to the ACR criteria were 

enrolled in the study from the outpatient clinic of the Academic Medical Center 

(AMC) in Amsterdam over a period of one year. Inclusion criteria were: 18-85 years 

of age, a failure to respond to at least two disease modifying anti-rheumatic drugs 

(DMARDs) including methotrexate (MTX), and active disease (de$ned as having a 

disease activity score evaluated in 28 joints (DAS28) ≥ 3.2). Patients with a history 

of an acute in%ammatory joint disease of di!erent origin or previous use of a TNF 

§
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blocking agent were excluded. Patients were on stable maximally tolerable MTX 

treatment. Whole blood samples (2.5 ml) were obtained using PAXgene tubes 

(PreAnalytix, GmbH, Germany) from 33 RA patients prior to initiation of TNF 

blocking therapy with in%iximab (3 mg/kg intravenously, giving according to the 

usual dosing schedule for RA at baseline, at week 2, 6, and subsequently every 8 

weeks). A second PAXgene tube was obtained after one month of treatment. All 

patients gave written informed consent and the study protocol was approved by 

the Medical Ethics Committee (AMC). Gene expression pro$les were determined 

from 15 randomly chosen patients out of the 33 patients. The remaining 18 patients 

were used as a validation group to con$rm gene expression levels by quantitative 

real-time PCR. An overview of the patients’ characteristics is given in Table 1. After 

16 weeks of treatment the clinical response to treatment was assessed using both 

the EULAR criteria (10;11) as well as the reduction in DAS28 of at least 1.2.(12)

Table 1. Baseline patients’ characteristics†

Array samples

(n=15)

qPCR samples 

 (n=18)
Age (years) 51 (39-55) 58 (51-69)
Gender (female/male) 7/8 14/4
Disease Characteristics:

DAS28 5.6 (4.6-7.0) 5.7 (5.0-6.6)
CRP (mg/dl) 8 (6-22) 13 (5-44)
ESR (mm/hour) 25 (12-41) 32 (16-47)
ACPA titer (U/ml) 100 (15-595) 541 (121-1805)
IgM RF titer (U/ml) 28 (14-133) 67 (22-182)
Disease duration (months) 77 (29-240) 65 (36-1992)
Erosions n=13 n=15

Medication:
MTX dose (mg/week) 25 (20-30) 21 (15-25)
Prednisone use n=2 n=5
NSAID use n=7 n=12

† Values are listed as median (interquartile range 25-75) unless indicated otherwise; DAS28, 28-joint Disease Activity Score; 
CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; ACPA, anti-citrullinated peptide antibodies; RF, Rheumatoid 
Factor; MTX, methotrexate; NSAID, Non-Steroidal Anti-In$ammatory Drugs

Blood sampling for RNA isolation

Blood (2.5 ml) was drawn in PAXgene blood RNA isolation tubes (PreAnalytix) and 

stored at -20°C. RNA was isolated using the PAXgene RNA isolation kit according 

to the manufacturer’s instructions including a DNAse (Qiagen, Venlo, Netherlands) 

step to remove genomic DNA. Quantity and purity of the RNA was tested using the 

Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE).

Sample hybridization for microarray analysis

We used 43K cDNA microarrays from the Stanford Functional Genomics Facility 

(http://microarray.org/sfgf/) printed on aminosilane-coated slides containing 
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~20.000 unique genes. Only one batch of arrays was used for all experiments. 

First DNA spots were UV-cross linked to the slide using 150-300 mJoules. 

Sample preparation and microarray hybridization were performed as described 

previously.(13;14)

Microarray data analysis 

Data storage and $ltering was performed using the Stanford Microarray Database 

(15) (http://genome-www5.stanford.edu//) as described previously.(16) Raw (log2) 

data can be downloaded from the publicly accessible Stanford database website. 

To determine the signi$cant pharmacological response to treatment we performed 

a paired analysis using signi$cance analysis of microarrays (SAM).(17) A gene was 

considered as signi$cantly di!erential expressed if the False Discovery Rate (FDR) 

was equal to or less than 5%. Cluster analysis (18) was used to de$ne clusters of co-

coordinately changed genes after which the data was visualized using Treeview. 

To interpret our data after SAM analysis, we applied PANTHER (Protein ANalysis 

THrough Evolutionary Relationships) Classi$cation System (Applied Biosystems, 

Foster City, CA) at http://PANTHER.appliedbiosystem.com. (19;20) This analysis 

uses the binomial statistics tool to compare the list of signi$cantly up- or down-

regulated genes to a reference list (NCBI Homo sapiens) to statistically determine 

over- or underrepresentation of PANTHER classi$cation categories such as biological 

processes. A Bonferroni correction was applied to correct for multiple testing and 

after classi$cation analysis a signi$cant P-value (P < 0.05) indicates that a given 

category may be of biological interest. 

Real-time PCR

In 48-wells PCR plates (Greiner Bio-One GmbH, Frickenhausen, Germany) 0.5 

µg of total RNA was reverse transcribed into cDNA using the Revertaid H-minus 

cDNA synthesis kit (MBI Fermentas, St. Leon-Rot, Germany) according to the 

manufacturer’s instructions. Quantitative real-time PCR was performed using an ABI 

Prism 7900HT Sequence detection system (Applied Biosystems) using SybrGreen 

(Applied Biosystems). Primers were designed using Primer Express software and 

guidelines (Applied Biosystems). To calculate arbitrary values of mRNA levels and 

to correct for di!erences in primer e?ciencies a standard curve was constructed. 

Expression levels of target genes were expressed relative to 18SRNA.

Statistical analysis

Pre- and post-treatment values were compared by paired t-test analysis using 

Graphpad Prism 4 (Graphpad Software, Inc., La Jolla, CA) Di!erences were 

considered statistically signi$cant with P-values less than 0.05. 
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Results

Pharmacogenomics response to in"iximab treatment

The bioactivity of TNF in RA patients can be measured retrospectively by analyzing 

the change in gene transcription after TNF blockade. In this explorative study 

we set out to determine the transcriptional response to TNF-blocking therapy in 

RA using DNA microarray analysis of peripheral blood (PB) cells. Therefore, gene 

expression pro$les of 15 RA patients before (t=0) and one month after (t=1) TNF-

blocking therapy (in%iximab) were compared. Using a false discovery rate (FDR) of 

<5% SAM revealed 1623 signi$cantly regulated genes: 692 genes were signi$cantly 

up-regulated whereas 931 genes were signi$cantly down-regulated after one 

month of treatment (for total gene list see supplementary Table S1). Accordingly, 

these genes encompass the pharmacogenomic anti-TNF response signature and 

are referred to as such in this article.

The most signi$cantly down-regulated gene was Peptidase Inhibitor 3 (PI3/

SKALP), which expression level was down-regulated 1.84-fold after treatment. This 

signi$cant down-regulation was con$rmed by quantitative real-time PCR in the 

independent validation cohort of 18 RA patients receiving in%iximab treatment 

(p=0.02; data not shown). To verify that the gene expression changes were indeed 

regulated by TNF-blockade, two di!erent gene sets involved in TNFR1 and TNFR2 

signaling were obtained (http://www.biocarta.com). For all genes in both gene 

sets the average value in expression level for each patient was calculated and 

pre-treatment levels were compared with post-treatment levels. This revealed a 

signi$cant down-regulation of both gene sets after TNF-blockade (paired t-test P < 

0.05, data not shown) con$rming that both TNFR signaling pathways are a!ected 

by in%iximab. 

To unravel the biological function of the pharmacogenomic anti-TNF response 

signature we applied PANTHER’s classi$cation analysis. The down-regulated 

genes could be classi$ed into several biological pathways such as in%ammation, 

angiogenesis, and B and T-cell activation (Table 2) indicating that blocking TNF 

dampens these immune-related pathways. The up-regulated genes consisted of 

many genes with unknown function and could therefore not be classi$ed into 

pathways. 

Collectively, these data demonstrate the existence of a universal pharmacogenomic 

anti-TNF response signature re%ecting the pharmacological changes in PB after 

neutralization of TNF.

§
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Table 2. PANTHER pathway-level analysis of signi#cantly di$erential expressed genes

Pathways down-regulated genes: Ref. list FDR<5% Expected P-value

Angiogenesis 229 21 6.11 2.32E-04

In$ammation mediated by chemokine and cytokine 
signaling pathway

315 25 8.41 3.18E-04

B cell activation 86 12 2.3 7.18E-04

Integrin signaling pathway 227 20 6.06 7.30E-04

T cell activation 111 13 2.96 1.86E-03

FGF signaling pathway 148 15 3.95 2.23E-03

PDGF signaling pathway 189 17 5.05 2.82E-03

TGF-beta signaling pathway 154 15 4.11 3.50E-03

Ras Pathway 91 11 2.43 6.39E-03

EGF receptor signaling pathway 150 14 4 1.01E-02

Endothelin signaling pathway 98 11 2.62 1.22E-02

Alzheimer disease-amyloid secretase
pathway

77 9 2.06 3.93E-02

FDR, False Discovery Rate; Ref. list, NCBI Homo sapiens reference gene list

Pharmacogenomic anti-TNF response signature is common in all patients

The identi$cation of a pharmacogenomic anti-TNF response signature allows 

evaluation of the presence or absence of a TNF-blockade response for each 

individual patient. This knowledge will provide information regarding the 

presence or absence of TNF bioactivity in relation to clinical response. Therefore, 

we calculated for each patient the treatment-induced change (ratio T=1/T=0) in 

transcript level for each gene in the pharmacogenomic anti-TNF response signature 

and visualized the response values between patients using supervised one-way 

hierarchical cluster analysis (Figure 1A). This analysis revealed signi$cant changes 

in the expression level of the pharmacogenomic anti-TNF response signature in all 

RA patients tested. Thus all patients carry features of TNF bioactivity irrespective of 

clinical response.

However, this analysis does not give much information about the possible inter-

individual di!erence in the extent of pharmacological response. Hence, for each 

individual patient a mean expression value for both the up- and down-regulated 

pharmacogenomic response genes was calculated and pre-treatment values were 

compared with post-treatment values (Figure 1B). These results revealed that all 

patients treated displayed a similar magnitude of the pharmacogenomic anti-TNF 

response signature. 

Next we wanted to analyze if inter-individual di!erences present at baseline or 

after treatment may be related to clinical response to treatment. Therefore, for 

each clinical response group (poor, moderate and good responders using EULAR 

criteria) the average expression levels for both the up- and down-regulated 

pharmacogenomic anti-TNF response genes were calculated and the di!erent 

response groups were compared with each other (Figure 1C). Baseline expression 
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genes encompassing the above described pharmacogenomic anti-TNF response 

signature were similar between the di!erent clinical response groups. Collectively, 

these data could not reveal consistent di!erences in the pharmacogenomic anti-

TNF response signature between clinical responders and non-responders. 

These results imply that all RA patients have a certain level of the active TNF response 

program prior to treatment, which is re%ected by a common pharmacological 

response towards TNF-blockade irrespective to clinical response to treatment.

Heterogeneity in pharmacological anti-TNF response

Whereas all patients showed a common pharmacogenomic response, not all 

patients exhibited a good clinical response to treatment. This suggests that 

other pathways might contribute to disease, which may include pathways that 

are di!erentially a!ected by TNF-blockade therapy. To explore the existence of 

subtle inter-individual di!erences in the pharmacodynamic anti-TNF response, 

we searched for di!erences between the pharmacological anti-TNF responses 

at the individual patient level by calculating for each patient and for each gene 

the ratio of gene expression pre- vs. post-therapy (log-2 ratios). This allowed us to 

search for gene expression di!erences that are missed in the group (post- vs. pre-
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Figure 1. Pharmacogenomic response to anti-TNF treatment

One-way (supervised) 
hierarchical cluster 
analysis using the 1623 
pharmacogenomic 
response genes whose 
expression levels 
were signi#cantly 
(FDR<5%) changed 
after one month of 
TNF blockade. Genes 
were only included 
if both baseline and 
post-treatment data 
were present in at 
least 80% of the 
patients, resulting 
in a total selection 
of 1303 genes. Up-
regulated genes after 
therapy are indicated 
by a red color, down-
regulated by a green 

color and genes that show no di"erences in expression after therapy are indicated in black. Figure 1B shows the individual 
pre- vs. post-treatment comparison of the mean expression values of the pharmacogenomic anti-TNF response signature. 
Figure 1C shows that the extent of pharmacogenomic response as well as the baseline and post-treatment levels are not 
related to EULAR response (1=poor; 2=moderate; 3=good). *** P < 0.001 (paired T test)
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change after treatment in at least 4 patients were found. Unsupervised two-way 

hierarchical clustering based on the expression levels of these 440 genes divided 

the RA patients into two di!erent patient groups (I and II) (Figure 2A). 

Usage of di!erent criteria for the gene selection generally resulted in an identical 

subdivision, indicative for the robustness of this cluster-based subclassi$cation of 

patients (data not shown). SAM on all the measured genes revealed 249 genes that 

were increased and 2528 genes that were decreased in group II (FDR<5%; Figure 

2B). PANTHER classi$cation analysis revealed that the up-regulated 2528 genes in 

group I are involved in processes like oxidative phosphorylation, DNA repair, (pro-) 

apoptosis, protein metabolism, modi$cation and biosynthesis, whereas 249 genes 

up-regulated in group II are involved in (anti-)apoptosis, cell proliferation and cell 

di!erentiation. 

These analyses performed at the individual patient level demonstrate heterogeneity 

in the biological processes that are activated as a result of treatment. The observed 

variation in the pharmacological response might help to understand (part) of the 

mechanism explaining the di!erential clinical responsiveness to TNF blockade. 
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Pre-mRNA processing (65 genes)

Nucleoside, nucleotide and nucleic acid metabolism (330 genes)

mRNA splicing (46 genes)

Protein biosynthesis (77 genes)

Protein modification (123 genes)

Oxidative phosphorylation (21 genes)

Protein folding (33 genes)

Electron transport (36 genes)

DNA metabolism (48 genes)

Protein complex assembly (17 genes)

Cell cycle (98 genes)

Other metabolism (60 genes)

DNA repair (26 genes)

Apoptosis (54 genes; 18 pro- and 15 anti-apoptotic)

Proteolysis (90 genes)

Cell structure and motility (14 genes)

Apoptosis (9 genes; 2 pro- and 3 anti-apoptotic)

Blood circulation and gas exchange (4 genes)

Cell proliferation and differentiation (11 genes)

Figure 2. Inter-individual di"erences 

in treatment-induced changes in gene 

expression

Gene expression ratio’s (biological response) 
that di"ered at least two-fold after 
treatment in at least 4 patients were two-
way hierarchically clustered. The resulting 
440 genes divided the RA patients into two 
di"erent patient groups (I and II) based on their 
di"erence in pharmacological response (A). 
SAM revealed 2777 signi#cantly (FDR<5%) 
di"erential changed genes between 
groups I and II. Cluster analysis was used to 
visualize these signi#cant pharmacological 
di"erences in gene expression changes and 
PANTHER classi#cation analysis was applied 
to determine the biological relevance of 
the pharmacological di"erences (B). Up-
regulated genes after therapy are indicated 
by a red color, down-regulated by a green 
color and genes that show no di"erences 
in expression after therapy are indicated 
in black. At the top the EULAR response 
is given in colors: Red, 0= poor response; 
blue, 1=moderate response; green, 2=good 
response. 
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Discussion 

The current study demonstrates the pharmacological e!ect of TNF blockade on 

the PB transcriptome pro$le. Four weeks after the start of TNF blockade signi$cant 

changes in the expression levels were found. Pathway level analysis of these 

signi$cant changes in gene expression levels revealed an overall dampening of 

immune response after TNF blockade. According to the pro-in%ammatory cytokine 

activity of TNF we observed a down-regulation of genes involved in in%ammation, 

angiogenesis, T and B cell activation after TNF blocking therapy. Interestingly, 

we observed this down-modulation of in%ammation in every treated RA patient 

irrespective of clinical response, implying that all RA patients had an active TNF 

response program prior to treatment contributing to disease. 

Good pharmacodynamic (PD) markers are needed to improve the prediction 

of drug e?cacy and safety at the individual patient level. These quantitative PD 

markers should re%ect features of drug exposure and drug response with respect 

to modulation of the molecular target, the cognate biochemical pathways and/

or downstream biological e!ects.(21;22) The availability of these quantitative PD 

markers may provide a rational basis for decision making during e.g. treatment 

optimization. A relatively easy to measure PD marker currently described for TNF-

blocking therapy is serum CRP levels.(2) In addition, cytokine levels for IL-1RA and 

IL-6 are described to be downregulated early after TNF blockade and the change 

in IL-6 levels is associated with CRP reduction.(23) However, most of the described 

PD markers are assessed by using mean levels of patient groups and therefore do 

not necessarily apply for each individual patient. Our $ndings show a signi$cant 

downregulation of several pro-in%ammatory genes after one month of in%iximab 

treatment in all treated patients, irrespective of clinical response, indicating that 

these genes are treatment-speci$c. Therefore, this anti-TNF response signature 

provides a rich framework for selecting PD markers potentially useful for 

monitoring the pharmacological response of TNF-blockade therapy. Especially 

gene targets, such as the most signi$cantly downregulated gene SKALP, may be 

selected as possible PD marker to monitor anti-TNF response. Studying the kinetics 

of these genes should reveal if they can also be used as early PD markers and genes 

encoding for a serum protein may be useful as serum protein PD markers. 

Despite the highly bene$cial e!ects of TNF blockade in suppressing disease, clinical 

improvement appears to be limited to a subset of patients. Clinical studies revealed 

that the response to treatment ranges from an almost complete remission to even 

worsening of clinical symptoms. The few pharmacogenomics studies published 

so far were conducted in order to $nd genes predictive for clinical response to 

TNF-blocking therapy.(24-28) Overall, the identi$cation of predictive biomarkers 

for clinical response to treatment has not yet led to consistent results, although 

synovial TNF expression may explain about 10% of the e!ect.(6) As indicated by the 
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small sample size per clinical response group, the current study was not designed 

to identify predictors of clinical response to treatment. In contrast to the predictive 

studies, the present study was performed to determine the pharmacological 

response in PB induced by TNF-blocking therapy. Our results provide evidence for 

the concept that all treated patients reveal a comparable qualitative and quantitative 

pharmacological response upon TNF-blockade, indicative for the neutralization 

of bioactive TNF irrespective of clinical response. These $ndings would reject the 

model wherein the pharmacodynamic response is restricted to patients who show 

a good clinical response (Figure 3, model A). Instead, our results favor a model of 

parallel TNF-dependent and TNF-independent pathways in the individual patient, 

wherein the relative contribution of the TNF-independent pathways varies between 

patients and may determine the clinical outcome (Figure 3, model B). Candidates 

for TNF-independent pathways involve cells and mediators such as IL-17, B-cells 

and T-cells that have been shown to play major roles in the pathogenesis of RA.(29) 

Clinical response to TNF blockade may be determined by the contribution of the 

di!erent TNF-independent pathways to disease. If the TNF pathway is dominant 

over the others, patients are more likely to elicit clinical improvement after TNF 

blockade.(6;30) Conversely, when besides TNF other pathways are either playing a 

major role in disease pathogenesis or are activated as a result of treatment, patients 

will show no improvement of disease activity. 

The overall presence of an activated TNF-pathway in all treated RA patients is in 

line with a study showing joint protection and changes in in%ammatory markers by 

in%iximab plus MTX treatment even in patients without clinical improvement,(31) 

although the interpretation of this study has been questioned by others.(32;33) In 

Individual A

TNF

RA

Model A

Individual B

Others

Model B

Individual A

TNF & Others

Individual B

TNF & Others

RA

Perpetuators Perpetuators

TNF IL-17, T/B cells

Pathology Pathology Pathology

RA RA

Perpetuators Perpetuators

TNF >>>>

Pathology

TNF <<<<

Responder Non-responder Responder Non-Responder

IL-17, T/B cellsIL-17, T/B cells

Figure 3. Models describing the possible role of TNF in disease pathogenesis of RA

The pharmacodynamic response to TNF blockade is restricted to patients who show a good clinical response to treatment 
(model A). In the individual RA patient the balance between TNF-dependent and independent pathways determines the 
treatment e"ect of TNF blockade (model B).
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addition, our results are complementary to previous work showing that a reduction 

of TNF mRNA levels in whole blood did not predict clinical response in RA patients 

treated with in%iximab.(34) 

Despite the presence of an active TNF response program in all RA patients treated, 

not all patients responded well to in%iximab treatment suggesting that other gene 

transcripts may change di!erentially between patients. Indeed, a detailed analysis 

revealed the existence of subtle interindividual di!erences in the PD response 

that separated RA patients in two groups. Moreover, starting from a hypothesis-

driven approach we identi$ed di!erential e!ects in the activation of IFN-response 

genes upon blockade of TNF (van Baarsen et al. unpublished observations). Further 

studies with larger sample sizes are needed to investigate the relation between 

the identi$ed di!erent PD response patterns and the primary clinical response to 

treatment.
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Abstract 

Introduction: Cross-regulation between TNF and type I IFN has been postulated 

to play an important role in autoimmune diseases. Therefore we determined the 

e!ect of TNF-blockade in rheumatoid arthritis (RA) on the type I IFN-response gene 

activity in relation to clinical response.

Methods: Peripheral blood from 33 RA patients was collected in PAXgene tubes 

before and after the start of in%iximab treatment. In a $rst group of 15 patients the 

baseline expression of type I IFN-regulated genes was determined using cDNA-

microarrays and compared to levels one month after treatment. The remaining 

18 patients were used as an independent group for validation using quantitative 

(q)PCR. 

Results: Gene expression analysis revealed that anti-TNF antibody treatment 

induced a signi$cant increase in type I IFN-response activity in a subset of RA 

patients, whereas expression levels remained similar or were slightly decreased 

in others. The $ndings appear clinically relevant since patients with an anti-TNF 

induced increased IFN-response gene activity had a poor clinical outcome. This 

association was con$rmed and extended for an IFN-response gene set consisting 

of OAS1, LGALS3BP, Mx2, OAS2 and SERPING1 in $ve EULAR good and $ve EULAR 

poor responders, by qPCR.

Conclusions: Regulation of IFN-response gene activity upon TNF-blockade in 

RA is not as consistent as previously described, but varies between patients. The 

di!erential changes in IFN-response gene activity appear relevant to the clinical 

outcome of TNF-blockade in RA. 

Introduction 

Cytokines are key regulators of pathogenic processes in a variety of in%ammatory 

and autoimmune diseases. Major roles for both TNF and type I interferon (IFN) 

have previously been demonstrated. Type I IFN (IFNα/β) play an important role in 

systemic lupus erythematosus (SLE) (1). Evidence for the role of IFN in SLE came 

from the induction of disease during IFNα/β treatment and circulating IFN-inducers 

(2;3). Type I IFN activity in SLE is associated with disease severity (1). TNF was the 

$rst cytokine convincingly demonstrated to contribute to chronic in%ammation 

in several autoimmune diseases, including rheumatoid arthritis (RA) and Crohn’s 

disease (4). Accordingly, blockade of TNF activity has proven to be highly bene$cial 

in the treatment of these diseases (5;6). 

Blockade of TNF reduces the acute phase reaction and decreases the local and 

systemic levels of in%ammatory mediators in patients with RA (reviewed in (7)). 

However, the improvement varies between patients, and approximately 30% of RA 

patients fail to respond to this therapy. It has been suggested that TNF suppresses 

IFNα production by inhibiting both the generation of plasmacytoid dendritic cells 
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(pDC) and their IFNα secretion (8;9). Accordingly, it was shown that TNF blockade 

in systemic onset juvenile idiopathic arthritis (SoJIA) patients is associated with a 

higher expression of IFN-response genes (9). The authors concluded that inhibition 

of TNF activity in SoJIA patients is associated with increased transcription of IFNα 

regulated genes. The expression of type I IFN response genes in the peripheral blood 

cells re%ects a direct means to measure the in vivo IFN-response inducing bioactivity. 

Similar $ndings were made for patients with primary Sjögren’s syndrome (SS) who 

were treated with a TNF antagonist (10). Here, the type I IFN bioactivity in the blood 

was measured in an indirect manner, based on the use of a bioassay wherein a 

serum sample is tested to induce the expression of IFN response activity. Together, 

these $ndings might explain why anti-TNF therapy is not e!ective in SLE (11) and 

is associated with increased anti-dsDNA autoantibody titers. Conversely, evidence 

is available from studies that IFNβ decreased TNF production by peripheral blood 

mononuclear cells in healthy individuals (12). These observations suggest reciprocal 

regulation between TNF and type I IFNs, which represent two opposing vectors in 

immune homeostasis, whose disbalance may lead to immunopathology.

Therefore, we aimed to determine the e!ect of TNF blockade on the type I IFN-

response gene activity in RA patients in relation to the clinical response. Previously, 

we demonstrated increased expression levels of type I IFN response genes in 

approximately 50% of anti-TNF treatment naive RA patients compared to healthy 

controls (13). The IFN signature was unrelated to medication and disease activity. 

This analysis was based on the measurement the expression of 34 type I IFN 

response genes directly in the peripheral blood of RA patients. Accordingly, other 

researchers reported shared IFN response features in peripheral blood cells of a 

subset of RA and SLE patients (14). In concordance with these results, another report 

demonstrated increased levels of IFNα in serum of a subset of RA patients (15). We 

were interested to know whether TNF blockade in RA led to a consistent increase 

in type I IFN-response gene activity as was reported for SoJIA and SS. Moreover, 

we were interested to know whether anti-TNF-induced changes in IFN-response 

activity were relevant for the clinical outcome of TNF-blockade. 

Materials & Methods 

Patients 

Consecutive patients with RA according to the ACR criteria were enrolled in the 

study at the outpatient clinic of the Academic Medical Center (AMC) in Amsterdam 

over a period of one year. Inclusion criteria were: 18-85 years of age, a failure of at 

least two disease modifying anti-rheumatic drugs including methotrexate (MTX) 

and active disease (DAS28 ≥ 3.2). Patients with a history of an acute in%ammatory 

joint disease of di!erent origin or previous use of a TNF blocking agent were 

excluded. Patients were on stable, maximally tolerable MTX treatment. Whole 
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blood samples (2.5 ml) were obtained using PAXgene tubes (PreAnalytix, GmbH, 

Germany) from 33 RA patients prior to initiation of anti-TNF therapy with in%iximab 

(3 mg/kg intravenously at baseline, week 2, 6, and subsequently every 8 weeks). 

After one, two, three and four months of treatment another PAXgene tube was 

obtained. All patients gave written informed consent and the study protocol was 

approved by the Medical Ethics Committee (AMC). After 16 weeks of treatment 

clinical response was assessed using the EULAR response criteria (16;17) as well as 

the reduction in DAS28 (response de$ned by a decrease in DAS28 ≥1.2) (18). An 

overview of the patients’ characteristics is given in Table 1. 

Table 1. Baseline patients’ characteristics†

Array analysis
(n=15)

qPCR analysis
(n=18)

Age 51 (39-55) 58 (51-69)
Gender (female/male) 7/8 14/4
Disease Characteristics:

DAS28 5.6 (4.6-7.0) 5.7 (5.0-6.6)
CRP (mg/dl) 8 (6-22) 13 (5-44)
ESR 25 (12-41) 32 (16-47)
ACPA titer (U/ml) 100 (15-595) 541 (121-1805)
IgM RF titer (U/ml) 28 (14-133) 67 (22-182)
Disease duration (months) 77 (29-240) 65 (36-1992)
Erosions n=13 n=15

Medication:
MTX dose (mg/week) 25 (20-30) 21 (15-25)
Prednisone n=2 n=5
NSAID n=7 n=12

† Values are listed as median (interquartile range 25-75) unless indicated otherwise; DAS28, 28-joint Disease Activity Score; 
CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; ACPA, anti-citrullinated protein antibodies; RF, Rheumatoid 
Factor; MTX, methotrexate; NSAID, Non-Steroidal Anti-In$ammatory Drugs

Blood sampling for RNA isolation

2.5 ml blood was drawn in PAXgene blood RNA isolation tubes (PreAnalytix, GmbH, 

Germany) and stored at -20°C. Tubes were thawed for 2 hours at room temperature 

prior to RNA isolation. Next, total RNA was isolated using the PAXgene RNA isolation 

kit according to the manufacturer’s instructions including a DNAse (Qiagen, Venlo, 

Netherlands) step to remove genomic DNA. Quantity and purity of the RNA 

was tested using the Nanodrop spectrophotometer (Nanodrop Technologies, 

Wilmington, DE).

Microarray data 

We used 43K cDNA microarrays from the Stanford Functional Genomics Facility 

(http://microarray.org/sfgf/) printed on aminosilane-coated slides containing 

~20.000 unique genes. Only one batch of arrays was used for all experiments. 

First DNA spots were UV-cross linked to the slide using 150-300 mJoules. Sample 
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preparation and microarray hybridization were performed as described previously 

(13;19). Data storage and $ltering was performed using the Stanford Microarray 

Database (20) (http://genome-www5.stanford.edu//) as described previously (21). 

Raw data (log2) can be downloaded from the publicly accessible Stanford database 

website. 

IFN-response gene set

Previously, we showed that a prominent cluster of highly correlated type I IFN-

response genes is upregulated in a subgroup of biological-naive RA patients 

compared to healthy controls (13). A gene set consisting of 34 type I IFN-response 

genes was obtained from these data. A smaller IFN gene set consisting of 15 genes 

was selected for validation analysis using Fluidigm’s BioMark™ Real-Time PCR 

System. Detailed information of the gene lists is given in Table 2. 

Quantitative real-time PCR

RNA (0.5 µg) was reverse transcribed into cDNA using the Revertaid H-minus 

cDNA synthesis kit (MBI Fermentas, St. Leon-Rot, Germany) according to the 

manufacturer’s instructions. Quantitative real-time PCR was performed using an 

ABI Prism 7900HT Sequence detection system (Applied Biosystems, Foster City, CA) 

using SybrGreen (Applied Biosystems). Primers were designed using Primer Express 

software and guidelines (Applied Biosystems) and used primer sequences are 

listed in supplementary Table S1. To calculate arbitrary values of mRNA levels and 

to correct for di!erences in primer e?ciencies a standard curve was constructed. 

Expression levels of target genes were expressed relative to 18SRNA.

Fluidigm’s BioMark™ Real-Time PCR System

The BioMark™ 48.48 Dynamic Array (Fluidigm Corporation, San Francisco, CA) for 

real-time quantitative PCR was used to simultaneously measure the expression 

of 15 IFN-response genes (See Table 2) in 47 samples (plus 1 negative control) in 

triplicate. This experiment was performed at the outsourcing company ServiceXS 

(Leiden, Netherlands). Used pre-designed Taqman Gene Expression Assays are 

listed in supplementary Table S1. Expression levels of target genes were expressed 

relative to 18SRNA.

Statistical analysis

Data were analyzed using software programs Graphpad Prism 4 (Graphpad 

Software, Inc., La Jolla, CA) and SPSS version 14.0 (Chicago, IL). First data were 

checked for normal (Gaussian) distribution. Paired t-test analysis was used to 

compare pre- and post-treatment expression levels. Two-group comparisons were 

analyzed using unpaired t test or two-way ANOVA analysis, where appropriate. 

Data were considered signi$cant with P-values less than 0.05. 
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Table 2. IFN-response gene sets used in study

IFN set 
(34 genes)

Validation 
(15 genes)

Symbol Name

X AA075725 none

X AA142842 none

X AI347124 none

X ATF3 Activating transcription factor 3 

X EIF2AK2 Eukaryotic translation initiation factor 2-alpha kinase 2

X X EPSTI1 Epithelial stromal interaction 1 (breast)

X Hs.128576 CDNA FLJ90394 #s, clone NT2RP2005632

X Hs.97872 Transcribed locus 

X IFI16 Interferon, gamma-inducible protein 16

X X IFI35 Interferon-induced protein 35 

X X IFI44L Interferon-induced protein 44-like

X X IFI6 Interferon, alpha-inducible protein 6

X X IFIT1 Interferon-induced protein with tetratricopeptide repeats 1

X IFIT2 Interferon-induced protein with tetratricopeptide repeats 2

X X IFITM1 Interferon induced transmembrane protein 1 (9-27)

X IL1RN Interleukin 1 receptor antagonist 

X X IRF2 Interferon regulatory factor 2

X IRF7 Interferon regulatory factor 7 

X X ISG15 ISG15 ubiquitin-like modi#er

X X LGALS3BP Lectin, galactoside-binding, soluble, 3 binding protein 

X MX1 Myxovirus (in$uenza virus) resistance 1 

X X MX2 Myxovirus (in$uenza virus) resistance 2 (mouse)

X X OAS1 2',5'-oligoadenylate synthetase 1, 40/46kDa

X X OAS2 2'-5'-oligoadenylate synthetase 2, 69/71kDa

X PARP14 Poly (ADP-ribose) polymerase family, member 14 

X PLSCR1 Phospholipid scramblase 1 

IFN set 
(34 genes)

Validation 
(15 genes)

Symbol Name

X RNF213 Ring #nger protein 213 

X X RSAD2 Radical S-adenosyl methionine domain containing 2 (alias cig5)

X RTP4 Receptor (chemosensory) transporter protein 4 

X X SAMD9L Sterile alpha motif domain containing 9-like

X X SERPING1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 

X TAP1 Transporter 1, ATP-binding cassette, sub-family B (MDR/TAP)

X TNFAIP6 Tumor necrosis factor, alpha-induced protein 6 

X UBE2L6 Ubiquitin-conjugating enzyme E2L 6
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Results

Di#erential e#ect of TNF blockade on type I IFN signature

Previously, we compared the gene expression pro$les of peripheral blood cells of 

RA patients to those of healthy controls and found that a subgroup of RA patients 

has an increased expression of type I IFN-response genes (13). This increased 

expression in IFN-response genes was highly variable between the individual 

RA patients and unrelated medication and disease activity. In the present study 

we determined the gene expression pro$les of peripheral blood cells of 15 RA 

patients before and one month after anti-TNF (in%iximab) treatment. The e!ect of 

TNF blockade on the transcription of type I IFN-response genes was investigated 

using the type I IFN-response gene set described in our previous RA study (13). For 

each patient the expression levels of 34 type I IFN-response genes (Table 2) were 

averaged and baseline values were compared to post-treatment levels (Figure 1A). 

At the patient group level there was no signi$cant change in type I IFN-response 

gene activity upon initiation of TNF blockade. The regulation of IFN-response genes 

upon TNF blockade was highly variable between patients. 

To con$rm these results by quantitative real-time (q)PCR in an independent cohort 

of 18 RA patients, 3 genes (RSAD2, IFI44L and OAS1) were selected that showed the 

best correlation (R>0.9) with the mean expression value of the type I IFN-response 

gene set used in the previous analysis. The mean expression of the 3 genes was 

measured by qPCR for all 18 RA patients before and one month after in%iximab 
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Figure 1. Di"erential regulation of IFN-response genes upon TNF blockade

The expression levels of 34 type I IFN-response genes were determined by cDNA microarray analysis in peripheral blood cells 
of 15 patients before (T0) and one month after (T1) anti-TNF treatment. Subsequently, for each patient the expression levels 
were averaged (note: data are in log2 space) and baseline levels were compared to post-treatment levels (A). The patients 
whose IFN-response gene levels are induced after TNF blockade are indicated by red lines and patients with a downregulation 
by green lines. Subsequently, the expression levels of three (RSAD2, IFI44L and OAS1) IFN-response genes were measured by 
quantitative real-time PCR in an independent group of 18 patients. The expression levels of the three genes were averaged 
and baseline levels were compared to post-treatment levels (B). ns: not signi#cant using a paired t test analysis
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therapy. Ten patients showed on an increased expression of these three IFN-

response genes after TNF blockade, whereas in eight patients similar or decreased 

levels were observed (Figure 1B). Collectively, these results con$rm $ndings 

from the microarray study and evidently demonstrate that the regulation of IFN-

response gene activity upon TNF-blockade in RA is not as consistent as previously 

described for SLE and SS.

Change in type I IFN-response gene activity is unrelated to baseline levels

Since the type I IFN-response gene expression levels are already highly 

heterogeneous in biological naive RA patients, we questioned whether the 

observed changes were related to the magnitude of IFN-response gene expression 

prior to treatment. Therefore the relationship between the extent of the baseline 

IFN-response gene expression levels and its change after TNF blockade was 

tested. In the 15 patients the baseline mean expression of the type I IFN gene set 

did not correlate with their corresponding change after treatment (Pearson R= -

0.42, p=0.12). This was con$rmed in the validation group of 18 patients using the 

mean expression levels of the three IFN-response genes (RSAD2, IFI44L and OAS1) 

measured by qPCR, although a trend towards signi$cance was observed (Spearman 

R=-0.44, p=0.064).

These $ndings reveal that the type I IFN-response gene expression pro$le prior to 

treatment is not associated with the direction of its change upon TNF blockade. 

TNF/IFN cross regulation and clinical response to treatment

Finally, we investigated whether the treatment-induced changes in type I IFN-

response gene expression levels were associated with clinical response to treatment. 

Therefore, the patients (n=15) were divided into two groups based on their change 

(ratio>1 and ratio<1) in mean expression level for the 34 IFN-response genes as 

demonstrated in Figure 1A. Subsequently clinical parameters were compared 

between these two groups. Clinical response to treatment was determined after 

16 weeks of treatment. Interestingly, the patients that showed an increase in 

type I IFN-response gene expression levels after one month of treatment had a 

worse clinical response to treatment. This was re%ected by less improvement in 

disease activity scores (DAS, P=0.013) and higher tender joint counts (TJC, P=0.015) 

and higher health assessment questionnaire-disability scores (HAQ-DI, P=0.008) 

after treatment (Figure 2). Accordingly, all patients without an anti-TNF induced 

increase in type I IFN gene activity had a good or moderate response to treatment 

as assessed by the EULAR response criteria (P=0.018, Figure 2). 

To determine whether the IFN response to TNF blockade was sustained over time, 

$ve EULAR good and $ve EULAR poor responders were selected and the expression 

levels of 15 IFN-response genes (selected from the 34 gene set used above, see 

Table 2) were measured at baseline, 1, 2, 3 and 4 months after treatment by qPCR. 
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Figure 2. Di"erential regulation of IFN-response genes upon TNF blockade and clinical response to treatment

Patients were divided into 
two groups (ratio<1 and 
ratio>1) based on their 
IFN-response upon TNF 
blockade and compared 
to each other with respect 
to clinical response 
to treatment. Ratio is 
determined by the T=1/
T=0 expression levels of 
the IFN-response genes 
as demonstrated in Figure 
1A. Data are shown as box 
plots; each box represents 
the 25th to 75th percentiles. 
The lines inside represents 
the median and the end 
of the whiskers represent 
the smallest and largest 
observation. Patients with 

an upregulation in IFN-response genes displayed a signi#cant (unpaired t test, * P<0.05; **P<0.01) worse clinical response 
to treatment as assessed by change in DAS (DAS before treatment minus DAS 16 weeks after treatment, A), EULAR response 
(B), tender joint count (TJC) (C) and HAQ-DI (D) scores after treatment. 
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Figure 3. Poor response to TNF blockade is accompanied with upregulation of IFN-response genes

For #ve EULAR (0) poor responder (red color) and #ve EULAR (2) good responder (green color) patients the expression levels of 
15 IFN-response genes were measured by quantitative real-time PCR (Biomark) at baseline, one, two, three and four months 
after treatment. From two poor and one good responder patients the three months time points are missing. The IFN-response 
gene expression levels during treatment were compared between the two clinical response groups using two-way ANOVA 
test. Treatment-induced change in the expression levels of two genes; LGALS3BP (A) and OAS1 (B) were signi#cantly di"erent 
between the two response groups. The mean expression level of #ve IFN-response genes (LGALS3BP, OAS1, Mx2, SERPING1 
and OAS2) showed the best signi#cant di"erence between the two clinical response groups. RQ means relative quantity. 
Graphs show the mean and SEM expression levels for each clinical response group.
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The expression levels were averaged for the individual patients and the treatment-

induced changes in IFN-response gene expression levels over time were compared 

between the two clinical response groups using two-way ANOVA. Overall, the 

IFN-response genes showed an upregulation in the poor responder group, which 

was most prominent two months after the start of therapy (data not shown). At 

single gene level the increased expression in poor versus good responders reached 

signi$cance for the OAS1 and LGALS3BP genes (Figure 3A and 3B). For three other IFN-

response genes (Mx2, OAS2 and SERPING1) a trend (~p=0.06, data not shown) was 

observed towards increased expression in the poor responder patients. Combining 

these $ve genes (OAS1, LGALS3BP, Mx2, OAS2 and SERPING1) together into one IFN-

response gene set improved the signi$cance (Figure 3C). These data demonstrate 

that poor response to in%iximab treatment is associated with treatment-induced 

increase in type I IFN-response gene activity.

Discussion 

In this explorative study we demonstrated that blockade of the in%ammatory 

cytokine TNF in RA patients modulates the expression of IFN-response gene activity 

in a heterogeneous manner. A combined expression value of several type I IFN-

response genes was determined to reduce the extensive overlap in individual gene 

expression levels that exists between responder and non-responders. The data 

reveal that some RA patients display a treatment-induced increased expression of 

type I IFN-response genes, whereas others display no e!ect or a small decrease 

in type I IFN-response gene activity. The divergent e!ect of TNF inhibition on 

expression of IFN-response genes is consistent with the heterogeneous nature of 

RA and the heterogeneous clinical response to TNF blocking therapy. We provided 

evidence that the treatment-induced change in expression levels of IFN-response 

genes is associated with the EULAR response rate at 16 weeks after the start of 

in%iximab treatment. RA patients who revealed an increased IFN-response gene 

expression pro$le after one to two months of anti-TNF treatment exhibited a poor 

clinical response. No association between clinical response to in%iximab treatment 

and baseline IFN-response gene activity was found. 

IFNs are known for their immune regulatory properties. Previously, we provided 

evidence for a type I IFN-response signature in RA (13). Upregulation of type I IFN-

response genes has been reported in peripheral blood cells of (a subset of ) patients 

with other autoimmune diseases, like SLE (1;22-24), dermatomyositis (25) and(1;22-24), dermatomyositis (25) and 

multiple sclerosis (21). Type I IFNs (IFNαβ) exert broad dual e!ects on the immuneαβ) exert broad dual e!ects on the immune) exert broad dual e!ects on the immune 

system, re%ecting both immune stimulatory and immune suppressive activities. 

Immune stimulatory activities relate to activation of myeloid DC, chemokines, 

chemokine receptors, costimulatory molecules (CD40, CD80 and CD86) and humoral 

responses. Immune suppressive e!ects are re%ected by Th2 cell skewing and anti-

§
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proliferative and pro-apoptotic e!ects. According to their dual e!ect on immunity, 

their role in disease may range from detrimental to bene$cial. Although the anti-

TNF induced increase in IFN-response activity might be an epiphenomenon related 

to the e!ect of TNF blockade, it is tempting to speculate on a role of increased IFN 

bioactivity in the deteriorating clinical e!ects. The association between an increase 

in type I IFN-response gene activity and poor response to anti-TNF treatment may 

suggest a harmful role for type I IFN bioactivity in RA or, alternatively, a failed 

attempt to counter regulate in%ammation. 

The di!erences between the e!ects of TNF blockade on IFN-response activity 

between the studies in SS (10) and SoJIA (9) on the one hand, and our studies 

in RA and spondyloarthritis (SpA) (26) on the other could have their origin in 

di!erences in design between the studies, such as the use of in%iximab in RA 

versus etanercept in SS, and the di!erent read out system used in the SS study 

which was based on an indirect reporter-cell assay to measure type I IFN activity in 

plasma. Using the reporter assay we previously demonstrated that the serum type 

I IFN bioactivity was increased in SpA patients treated with etanercept whereas it 

was transiently declined by in%iximab (26). This result is indicative for di!erential 

e!ects of etanercept and in%iximab on IFN-response activity. In an attempt to $nd 

an explanation for the apparent discrepancies, we learned that in both RA and SS 

an increased IFN-response activity is associated with a poor clinical response.

The inter-individual di!erences in anti-TNF induced IFN-response may be the 

result of di!erential regulatory processes. Evidence is available that TNF blockade 

may exert both inhibitory and activating e!ects on IFN response activity. In vitro 

experiments suggested that endogenous secretion of TNF by pDCs represents a 

negative feedback on IFN production (9). Whereas this $nding suggested that TNF 

displays counteracting e!ects on IFN-response activity, others have reported that 

TNF initiates an IRF1-dependent autocrine loop leading to sustained expression of 

STAT1-dependent type I IFN-response genes (27). Hence the divergent outcome 

of the IFN-response activity might be a consequence of di!erences in the relative 

contribution of each of these processes in the regulation of IFN-response activity. 

Alternatively, genetic variation in the type I IFN biology could underlie the variation 

in response activity. Single nucleotide polymorphisms (SNPs) in several transcription 

factors involved the type I IFN pathway (e.g. IRF5, Tyk2, STAT4) have recently been 

associated with a number of autoimmune diseases including SLE (28;29) and RA 

(30-32). Future studies are needed to unravel the mechanism behind the divergent 

alterations in IFN-response gene activity upon TNF blockade.

Conclusions

In summary, this study shows that there is a large variation between RA patients in 

the change of IFN-response gene expression levels after TNF blockade. The change 

§
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in IFN-response genes is unrelated to baseline expression levels. Interestingly, 

treatment-induced increase of IFN-response gene activity is associated with poor 

clinical response to in%iximab treatment. Additional studies in larger patient 

cohorts should reproduce and con$rm these $ndings.
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Table S1. Real-time PCR assay information§

Primer sequences for regular quantitative realtime PCR using SybrGreen:   

Symbol product size (bp) Forward primer sequence Reverse primer sequence

18SRNA 84  CCGAGTAAGTGCGGGTCATAA CCATCCAATCGGTAGTAGCG

RSAD2 90  GTGGTTCCAGAATTATGGTGAGTATTT CCACGGCCAATAAGGACATT

OAS1 175  TGCGCTCAGCTTCGTACTGA GGTGGAGAACTCGCCCTCTT

IFI44L 77  CCGAGCGGTATAGGATATATTCTGTT TGCTCCTTCTGCCCCATCTA

   

Pre-designed Taqman Gene Expression Assays used for Fluidigm’s BioMark™ Real-Time PCR System :  

Symbol Assay ID Gene Name 

IFI6 Hs00242571_m1 interferon, alpha-inducible protein 6 

IFIT1 Hs00356631_g1 interferon-induced protein with tetratricopeptide repeats 1 

IFITM1 Hs00705137_s1 interferon induced transmembrane protein 1 (9-27) 

IRF2 Hs01082884_m1 interferon regulatory factor 2 

ISG15 Hs01921425_s1 ISG15 ubiquitin-like modi#er 

OAS2 Hs00942643_m1 2’-5’-oligoadenylate synthetase 2, 69/71kDa 

RSAD2 Hs00369813_m1 radical S-adenosyl methionine domain containing 2 

SAMD9L Hs00541567_s1 sterile alpha motif domain containing 9-like 

SERPING1Hs00934329_m1 serpin peptidase inhibitor, clade G (C1 inhibitor), member 1,(angioedema, hereditary)

EPSTI1 Hs00264424_m1 epithelial stromal interaction 1 (breast) 

IFI35 Hs00413458_m1 interferon-induced protein 35 

IFI44L Hs00199115_m1 interferon-induced protein 44-like 

Mx2 Hs00159418_m1 myxovirus (in$uenza virus) resistance 2 (mouse) 

OAS1 Hs00242943_m1 2’,5’-oligoadenylate synthetase 1, 40/46kDa 

18SRNA Hs99999901_s1 Eukaryotic 18S rRNA;18S ribosomal RNA 

LGALS3BP Hs01003086_m1 lectin, galactoside-binding, soluble, 3 binding protein 
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Abstract

Background: Multiple sclerosis (MS) is a heterogeneous disease. In order to 

understand the partial responsiveness to IFNß in Relapsing Remitting MS (RRMS) 

we studied the pharmacological e!ects of IFNß therapy. 

Methodology: Large scale gene expression pro$ling was performed on peripheral 

blood of 16 RRMS patients at baseline and one month after the start of IFNß therapy. 

Di!erential gene expression was analyzed by Signi$cance Analysis of Microarrays. 

Subsequent expression analyses on speci$c genes were performed after three and 

six months of treatment. Peripheral blood mononuclear cells (PBMC) were isolated 

and stimulated in vitro with IFNß. Genes of interest were measured and validated 

by quantitative realtime PCR. An independent group of 30 RRMS patients was used 

for validation.

Principal Findings: Pharmacogenomics revealed a marked variation in the 

pharmacological response to IFNß between patients. A total of 126 genes were 

upregulated in a subset of patients whereas in other patients these genes were 

downregulated or unchanged after one month of IFNß therapy. Most interestingly, 

we observed that the extent of the pharmacological response correlates negatively 

with the baseline expression of a speci$c set of 15 IFN response genes (R = -0.7208; 

p = 0.0016). The negative correlation was maintained after three (R= -0.7363; p= 

0.0027) and six (R= -0.8154; p= 0.0004) months of treatment, as determined by 

gene expression levels of the most signi$cant correlating gene. Similar results 

were obtained in an independent group of patients (n=30; R = -0.4719; p = 0.0085). 

Moreover, the ex vivo results could be con$rmed by in vitro stimulation of puri$ed 

PBMCs at baseline with IFNß indicating that di!erential responsiveness to IFNß is 

an intrinsic feature of peripheral blood cells at baseline. 

Conclusion: These data imply that the expression levels of IFN response genes 

in the peripheral blood of MS patients prior to treatment could serve a role as 

biomarker for the di!erential clinical response to IFNß.

Introduction

Multiple sclerosis (MS) is a common in%ammatory disease of the central nervous 

system characterized by progressive neurological dysfunction. The disease has a 

heterogeneous nature, which is re%ected in the clinical presentation, ranging from 

mild to severe demyelinating disease. No curative therapy is currently available, 

and the majority of a!ected individuals are ultimately disabled.[1]

IFNs were the $rst agents to show clinical e?cacy in RRMS. Interferon beta (IFNß) 

decreases clinical relapses, reduces brain disease activity, and possibly slows down 

progression of disability. However, therapy is associated with a number of adverse 

reactions, including %u-like symptoms and transient laboratory abnormalities. 

Moreover, the response to IFNß is partial, i.e. disease activity is suppressed by only 

§

§
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about one third.[2] Clinical experience suggests that there are IFN ‘responders’ as well 

as ‘non responders’, however clear criteria for such classi$cation are still lacking.[3] 

In the absence of predictive biomarkers the question remains who will respond to 

therapy and who to treat when inconvenience and costs are signi$cant. 

Part of the unresponsiveness to IFNß can be explained by immunogenicity. However, 

since not all unresponsive patients develop neutralizing antibodies (Nabs), and 

Nabs can disappear over time,[4–7] other mechanisms have to be involved to 

explain unresponsiveness. Hence, there have to be biological disease mechanisms 

in a subpopulation of patients that results in insensitivity or resistance to the e!ects 

of IFNs. This implies that pharmacological responses may di!er between patients, 

leading to inter-individual di!erences in clinical e?cacy. We hypothesize that an in 

depth understanding of the pharmacological factors underlying the therapeutic 

mechanisms and therapy unresponsiveness is the key for the identi$cation of 

predictive markers.

In normal physiology type I IFNs achieve their biological e!ects by binding to multi-

subunit receptors IFNAR-1 and -2 on the cell surface, thereby initiating a complex 

cascade of intracellular secondary messengers that emerge in two divergent 

pathways. One pathway, leads to activation of the transcription factor IFN-

stimulated gene factor 3 (ISGF3), a complex of phosphorylated Signal Transducer 

and Activator of Transcription (STAT) 2 with STAT1 and IFN regulatory factor 9 (IRF-9; 

p48) that binds to the IFN-stimulated response element (ISRE) present in multiple 

genes.[8,9] The other pathway involves STAT2/1 and STAT2/3 heterodimers and 

STAT1 homodimer (IFN-α-activated factor, AAF), which bind to the IFN gamma-

activated sequence (GAS) response element.[9–12] Ultimately, the IFN-induced 

activation of ISRE and GAS enhancer elements switch on a wide variety of genes[13] 

leading to speci$c transcriptional changes. 

With the aid of genomics technology, we are now in a position to provide su?cient 

knowledge to determine pharmacological outcomes that will allow us to search 

for predictors of therapeutic outcomes. Previously we demonstrated that gene 

expression signatures in MS may di!er signi$cantly between patients.[14] We found 

that a subgroup of MS was characterized by an increased expression of an immune 

defense response gene set, including a type I IFN response signature. Here we 

generated and analyzed pre- and post- IFNß treatment gene expression patterns 

of RRMS patients with the aim of identifying pre-existing and/or drug-induced 

signatures that will allow us to make predictions on the expected pharmacological 

e!ects of IFNß treatment. We show that the expression level of IFN response 

genes prior to treatment, could serve a role as biomarker for the pharmacological 

di!erences between patients with MS at the molecular level. 

Binnenwerk Baarsen.24 juli 2009 155   155 27-7-2009   15:14:46



Chapter 4

- 156 -

4

Methods

Patients 

A $rst group of 16 Dutch patients (10 females and 6 males) and a second group 

of 30 Dutch patients (17 females and 13 males) with clinically de$nite relapsing-

remitting MS was recruited from the outpatient clinic of the MS Centre Amsterdam. 

Mean age at start of IFNß therapy for the test group is 40.6 ± 7.7, mean EDSS is 2.3 

± 1.3 (range 1 - 6). Blood samples were obtained at a $xed time during the day 

just before treatment and 1, 3 and 6 months after start of the therapy. Patients 

received either Avonex (n=4), Betaferon (n=7), Rebif 22 (=2) or Rebif 44 (n=3). For 

the validation group, mean age at start of IFNß therapy is 34.0 ± 9.9, mean EDSS 2.3 

± 1.1 (range 0 - 4.5). Patients received either Avonex (n=7), Betaferon (n=8), Rebif 

22 (n=4) or Rebif 44 (n=11).

The study was approved by the ethics committee of the VUmc and all patients 

provided written informed consent.

Blood sampling 

From each patient blood was drawn into one PAXgene tube (PreAnalytix, 

GmbH, Germany) and three heparin tubes (Beckton Dickinson, Alphen a/d Rijn, 

Netherlands). After blood collection, tubes were transferred from the clinic to the 

lab within one hour in order to isolate fresh peripheral blood mononuclear cells 

(PBMCs) from heparinized blood using lymphoprep (Axis-Shield, Lucron) density 

gradient centrifugation. PAXgene tubes were stored at room temperature (RT) for 

two hours to ensure complete lyses of all blood cells after which tubes were stored 

at –20 until RNA isolation. Total RNA was isolated within 7 months after storage. 

Tubes were thawed 2 hours at RT prior to RNA isolation. Next, RNA was isolated 

using the PreAnalytix RNA isolation kit according to the manufacturers’ instructions, 

including a DNAse (Qiagen, Venlo, Netherlands) step to remove genomic DNA. 

Quantity and purity of the RNA was tested using the Nanodrop spectrophotometer 

(Nanodrop Technologies, Wilmington, Delaware USA).

Microarray hybridization 

We used 43K cDNA microarrays from the Stanford Functional Genomics Facility 

(http://microarray.org/sfgf/) printed on aminosilane-coated slides containing 

~20.000 unique genes. First DNA spots were UV-crosslinked to the slide using 

150-300 mJoules. Prior to sample hybridisation, slides were prehybridized at 42 

degrees Celsius for 15 minutes in a solution containing 40% ultra pure formamide 

(Invitrogen, Breda, Netherlands), 5% SSC (Biochemika, Sigma), 0.1% SDS (Fluka 

Chemie, GmbH, Switserland) and 50 µg/ml BSA (Panvera, Madison, USA). After 

prehybridization slides were brie%y rinsed in MilliQ water, thoroughly washed in 

boiling water and 95% ethanol and air-dried. Sample preparation and microarray 

hybridisation was performed as described previously,[15] apart from the di!erent 

postprocessing and prehybridization described above. 

§
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Microarray analysis 

Data storage and $ltering was performed using the Stanford Microarray 

Database[16] (http://genome-www5.stanford.edu//) as described previously.[14] 

Statistical Analysis of Microarrays [17] (SAM) was used to determine signi$cantly 

di!erential expressed genes. A gene was considered as signi$cantly di!erential 

expressed if the False Discovery Rate (FDR) was equal to or less than 5%. Cluster 

analysis[18] was used to de$ne clusters of co-coordinately changed genes after 

which the data was visualized using Treeview. 

Microarray data in this paper are stored in the publicly accessible Stanford 

Microarray Database website http://smd.stanford.edu/ which supports the MIAME 

guidelines. In addition, data is stored in the Gene Expression Omnibus (GSE10655). 

The National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/) 

Genbank accession numbers for the genes and gene products discussed in this 

paper are listed in Table S1. 

Realtime PCR 

RNA (0.5 µg) was reverse transcribed into cDNA using a Revertaid H-minus 

cDNA synthesis kit (MBI Fermentas, St. Leon-Rot, Germany) according to the 

manufacturers’ instructions. Quantitative realtime PCR was performed using an 

ABI Prism 7900HT Sequence detection system (Applied Biosystems, Foster City, CA, 

USA) using SybrGreen (Applied Biosystems). Primers were designed using Primer 

Express software and guidelines (Applied Biosystems) and are listed in table 1. To 

calculate arbitrary values of mRNA levels and to correct for di!erences in primer 

e?ciencies a standard curve was constructed. Expression levels of target genes 

were expressed relative to housekeeping gene glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH). 

Table 1. Primers used for quantitative realtime PCR 

Genes Genbank accession 

nr.

Sense primer Antisense primer Length PCR 

product (bp)

MxA NM 002462 TTCAGCACCTGATGGCCTATC GTACGTCTGGAGCATGAAGAACTG 92

OAS1 NM 016816 TGCGCTCAGCTTCGTACTGA GGTGGAGAACTCGCCCTCTT 175

STAT1 NM 007315 TGCATCATGGGCTTCATCAGC GAAGTCAGGTTCGCCTCCGTTC 156

RSAD2 NM 080657 GTGGTTCCAGAATTATGGTGAGTATTT CCACGGCCAATAAGGACATT 90

IRF7 NM 004031 GCTCCCCACGCTATACCATCTAC GCCAGGGTTCCAGCTTCAC 99

ISG15 NM 005101 TTTGCCAGTACAGGAGCTTGTG GGGTGATCTGCGCCTTCA 151

IFNß NM 002176 ACAGACTTACAGGTTACCTCCGAAAC CTCCTAGCCTGTCCCTCTGGGACTGG 93

In vitro study 

Freshly isolated PBMCs were washed using PBS containing 1% fetal calf serum 

(FCS; BioWhittaker, Cambrex) and plated in 24-wells culture plates at a density of 

2x106 cells per ml per well. Cells were left unstimulated or activated with 10 Units 

recombinant IFNß (Abcam, Cambridge, UK) for 4h after which RNA was isolated 
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using the Rneasy Qiagen RNA isolation kit (Qiagen) according to the manufacturers’ 

instructions. A DNAse (Qiagen) step was included to remove genomic DNA. 

Quantity and purity of the RNA was tested using the Nanodrop spectrophotometer 

(Nanodrop Technologies, Wilmington, Delaware USA)

Statistical analysis 

Correlation analyses were performed using Graphpad Prism 4 software. First, 

data was tested for normal distribution. For normally distributed data, a Pearson 

correlation was used. A Spearman rank correlation was calculated in case of 

nonparametric distribution of the data. Correlations were considered signi$cant if 

p-values were less than 0.05. 

Results 

Pharmacogenomics of IFNß therapy in MS

In order to understand the pharmacological e!ects of IFNß therapy we analysed 

the peripheral blood gene expression pro$les of 16 RRMS patients at baseline and 

one month after the start of therapy. Two class paired analysis using Signi$cant 

Analysis of Microarrays (SAM) at a False Discovery Rate (FDR) of less than 5% 

between pre- and post-therapy data was applied to identify genes that signi$cantly 

changed in expression after IFNß treatment. Surprisingly, only 3 genes, “Interferon 

§

Figure 1

A. Biological response to IFNß 

therapy in MS patients.

Two-way hierarchical cluster 
analyses using gene expression 
ratio’s (biological response). This 
diagram contains genes that were at 
least two-fold up- or downregulated 
after IFNß therapy in at least seven 
patients. Upregulated genes after 
therapy are indicated by a red colour, 
downregulated by a green colour 
and genes that show no di"erences 
in expression after therapy are 
indicated in black.
B. Cluster of IFN-induced genes.

Selection of genes clustering 
together based on similar biological 
response pro#les within the patient 
group. The genes clustered together 
with a correlation of 0.925 and are 
known to be induced by IFN. The 
mean expression ratio of all genes in 
this IFN cluster is referred to as the 
biological IFN response. 
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alpha-inducible protein 27” (IFI27), “Tripartite motif-containing 69” (TRIM69) and 

“Epithelial stromal interaction protein 1 (breast)” (EPSTI1), showed a signi$cant 

change. 

Given the heterogeneous nature of MS we questioned whether the observed 

poor yield of response genes upon IFNß treatment of the whole MS cohort 

could be a re%ection of averaging out di!erences as a consequence of variation 

in pharmacological responsiveness between the patients. To test this hypothesis 

we investigated the pharmacological response at the individual patient level by 

calculating for each patient and for each gene the ratio of gene expression pre- 

vs. post therapy (log-2 ratios). We selected genes that showed at least a two-fold 

change in expression after IFNß treatment in at least 7 patients. A total of 126 

genes met this criteria and were subsequently subjected to a two-way hierarchical 

(unsupervised) cluster analysis (Figure 1A). Compliant with our hypothesis, this 

analysis showed a marked variation in biological response to IFNß between 

patients. Some patients showed upregulated genes, whereas in other patients the 

same genes were downregulated or unchanged after IFNß therapy. As anticipated, 

part of this gene expression pattern is consistent with expression of known IFN 

response genes [13]. We next selected the cluster of genes showing the most inter-

individual variation resulting in 28 IFN-induced genes (Table S1) that clustered 

tightly together (R=0.925) indicating a coordinate regulation of these genes 

(Figure 1B). The expression data of some of the IFN-induced genes was validated by 

quantitative realtime PCR and showed a good correlation with the microarray data 

(Table 2). These $ndings con$rmed the hypothesis that there exists considerable 

variation in the pharmacological e!ects of IFNß between patients with RRMS. 

Table 2. Correlation between microarray data and realtime PCR data 

Genes p value R value

MxA  0.0188 0.4335

OAS1 <0.0001 0.6972

STAT1 <0.0001 0.7371

RSAD2 <0.0001 0.7086

IRF7 0.0014 0.5648

ISG15 <0.0001 0.7051

Relationship between pharmacological response and baseline gene expression 

levels

Previously, we demonstrated signi$cant di!erences in the expression of type I 

IFN-induced genes between untreated RRMS patients.[14] Here we investigated 

whether there is a relationship between the di!erential in vivo responsiveness to 

IFNß and baseline expression levels of IFN-induced genes. Therefore, we tested for 

each patient whether there is an association between the mean expression levels 

of the IFN response gene cluster (shown in Figure 1B) before therapy with the 

response ratio after therapy. This analysis demonstrated that the mean baseline 

expression of the 28 IFN response genes negatively correlates with the in vivo IFN-
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induced response levels (p = 0.0049 and R = -0.6657) (Figure 2A), suggesting that 

the baseline gene expression level of these genes could serve a role as predictive 

marker for the pharmacological responsiveness to IFNß.

In order to create a gene set that best predicts the pharmacological response 

to IFNß we selected those genes whose expression shows the most signi$cant 

negative correlation between baseline and biological response (with a cut o! of 

p<0.01 and R <-0.65). This resulted in a gene set containing 15 genes (Table 3). 

Comparing baseline gene expression levels and biological response using the 

average of these 15 genes revealed a signi$cant negative correlation (R = -0.7208; 

p = 0.0016) ($gure 2B). To exclude a potential bias of the gene selection at baseline, 

we analyzed the correlation of the biological response determined by the mean 

expression value of the selected 15 IFN-induced genes with the baseline values 

of all genes on the array. This resulted in three additional genes (IFI44L, MT1E and 

IMAGE:1879725; R <-0.65 and variance >1.00) that signi$cantly correlated with the 

pharmacological response to IFNß therapy. Although these genes did not cluster 

tightly together with the previously selected genes, they may be important in the 

response to IFNß. 

To investigate whether the observed negative correlation between baseline and 

treatment induced changes are stable over time we measure the expression level 

of the most signi$cant correlating gene (RSAD2; see Table 3) again after three and 

six months of IFNß therapy. The negative correlation between baseline expression 

level and biological response was maintained after 3 months (p = 0.0027, R =-0.7363) 

and 6 months (p = 0.0004, R = -0.8154) of therapy ($gure 2C and D). To validate our 

results, we measured expression levels of RSAD2 in a second independent group of 
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IFN-induced gene set (15) Figure 2. Correlation between 

baseline and biological 

response to IFNß therapy. 

Biological responses were 
calculated, using a set of IFN-
induced genes (A and B) or a 
single IFN-induced gene (C and 
D) and correlated with baseline 
levels, resulting in a signi#cant 
negative correlation. In C and D 
the expression levels of RSAD2 is 
measured by quantitative realtime 
PCR and normalized to the 
expression levels of GAPDH. A. IFN 
cluster as described in Figure 1B; B. 
Selection of 15 genes; C. Biological 
response after three months, 
using RSAD2 gene expression 
levels; D Biological response after 
six months using RSAD2 gene 
expression levels.
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patients (n=30) before and after IFNß treatment. In this independent study group 

we con$rmed the negative correlation between baseline gene expression level 

and treatment induced biological response (p<0.0085 and R=-0.4719).

Table 3. Correlation between baseline and therapy induced (ratio) expression levels measured at single gene level 

Symbol Accession number p value R value

RSAD2 NM_080657 0.0011 -0.7983

IFIT1 NM_001548 0.0004 -0.7746

MX1 NM_002462 0.0006 -0.7619

ISG15 NM_005101 0.0008 -0.7532

IMAGE:1926927 AI347124 0.0026 -0.7168

EPSTI1 NM_001002264 0.0059 -0.7162

Transcribed locus Hs.552346 0.0038 -0.6977

IRF7 NM_004031 0.0029 -0.6925

IMAGE:545138 5'EST AA075776; 3'EST 
AA075725

0.0065 -0.6881

LY6E NM_002346 0.0035 -0.6834

OAS1 NM_016816 0.0051 -0.6822

OAS3 NM_006187 0.0076 -0.6787

IMAGE:504372 AA142842 0.0087 -0.6707

SERPING1 NM_000062 0.0064 -0.6688

Transcribed locus Hs.97872 0.0047 -0.6677

IFI44L NM_006820 0.0196 -0.6353

Transcribed locus Hs.125087 0.0108 -0.6175

MT2A NM_005953 0.011 -0.6166

TRIM22 NM_006074 0.0118 -0.6115

SAMD9L NM_152703 0.0121 -0.6102

IMAGE:2562181=OAS2 NM_002535 0.0203 -0.591

OAS2 NM_002535 0.0169 -0.5865

DHX58 NM_024119 0.0222 -0.5842

PARP12 NM_022750 0.0343 -0.5482

TOR1B NM_014506 0.0532 -0.4914

IFIT2 NM_001547 0.086 -0.4426

RTP4 NM_022147 0.1759 -0.369

LGALS3BP NM_005567 0.314 -0.279

Comparative analyses of di#erent treatment regimens

Since in the present study di!erent pharmaceutical IFNβ preparations were used 

for treatment, we wanted to exclude the possibility of potential di!erences in 

pharmacokinetics and exposure as an explanation for our $ndings. Di!erent 

studies have indicated no or negligible di!erences in bioavailability between 

di!erent treatment preparations and routes of administration [19,20]. To exclude 

a possible bias in our results due to di!erences in frequency of injection [20,21] we 
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divided our patients in two groups based on frequency of injection and compared 

their biological responses. One group of patients (group A) consists of patients 

with weekly treatment (Avonex) and the other group of patients (group B) who 

are treated three to four times a week (Rebif and Betaferon). Comparison of the 

response rates between the treatment groups revealed a similar range of response 

levels independent of the treatment regimen for both the test cohort (group A, n=4 

and group B, n=12) based on microarray data, and the validation cohort (group 

A n=6 and group B n=24) based on quantitative PCR data (Figure 3). To provide 

further evidence that our results were not in%uenced by the frequency of injection 

we con$rmed the negative correlation between the response rate and baseline 

IFN response gene expression in the group of frequently dosed patients (group 

B: test cohort (n=12), R=-0.8361, p=0.0007; validation cohort (n=24), R=-0.4513, 

p=0.0269). 

Altogether, these results reveal that the observed negative correlation between 

baseline IFN signature and the extent of the biological response is not biased by 

the treatment regimen.

Con"rmation of ex vivo "ndings by in vitro IFNß stimulation of PBMC isolated 

at baseline

To further con$rm that the observed inter-individual pharmacological di!erences 

were a consequence of di!erential responsiveness of peripheral blood cells and 

to exclude i. blood sampling error di!erences because of possible di!erential 

time-intervals between blood sampling and injection of IFNß, and ii. interference 

of inhibitory plasma proteins such as neutralizing antibodies, we performed an 

in vitro cell stimulation assay. Therefore we used puri$ed PBMCs isolated prior to 

treatment, which were cultured for 4 hours in the presence of recombinant IFNß. 

To analyze the in vitro response to IFNß at baseline we measured the expression 

Figure 3. Comparative analysis between di"erent treatment regimens.
Comparison of biological response of Avonex treated patients and Betaferon or Rebif treated patients. A. Average biological 
response using the set of 15 IFN-induced genes in the test group of 16 RRMS patients; B. Biological response using PCR based 
gene expression levels for RSAD2 in the second independent validation group of 30 RRMS patients.
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of a selected set of three known IFNß response genes and IFNß itself in resting 

and IFNß treated PBMCs by quantitative realtime PCR. The selected IFNß response 

genes were i. RSAD2, which showed the most signi$cant correlation of biological 

response versus baseline at single gene level (Table 3), ii. MxA, which showed a good 

negative correlation and is known as a marker of IFN bioactivity, [22] and iii. STAT1, 

which is one of the components important for IFNß signaling. We hypothesized 

that baseline expression level of these genes in%uences subsequent IFNß signaling 

upon treatment. We compared the in vitro biological response of these genes to the 

mean in vivo biological response of the selected 15 genes. For all genes a signi$cant 

correlation was revealed between the in vitro and in vivo biological response (Table 

4). From these results we concluded that the di!erential IFNß responsiveness 

in MS is a consequence of intrinsic di!erences of peripheral blood cells in their 

responsiveness to IFNß. Moreover, the consistency between the in vivo and in vitro 

response to IFNß provides further evidence to exclude the involvement of di!erent 

types and dosages of treatment on the observed pharmacological di!erences. 

Table 4. Correlation between biological responses of single IFN-induced genes measured in vitro and mean 

biological response (using 15 genes) measured in vivo 

Genes p value R value

RSAD2 0.0012 0.7518

MxA 0.0280 0.6064

STAT1 0.0100 0.6614

IFNß 0.0036 0.7675

Biological IFN response and clinical parameters 

The results described above could point towards a method to predict 

responsiveness to IFNß therapy based on baseline expression levels of IFN-induced 

genes. In the clinic the response status of a patient is measured by evaluation of 

Expanded Disability Status Scale (EDSS) progression, relapse rate and disease 

activity on Magnetic Resonance Imaging (MRI). For the $rst patient group (n=16) 

EDSS progression, number of steroid interventions and relapse rate two years 

before initiation of treatment were assessed retrospectively and compared to the 

$rst two years after start of treatment. With this limited set of response criteria no 

association with the predictive pharmacological gene set of 15 IFN induced genes 

could be observed.

Discussion

Our results reveal that RRMS patients show a heterogeneous pharmacological 

response to IFNß therapy. In some patients we demonstrate that administered 

exogenous IFNß induces functional activation of the IFN pathway, whereas other 

patients do not reveal a functional IFNß response. The latter are characterized by a 

biomarker pro$le re%ecting a saturated IFN activation pathway prior to treatment. 

§
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Hence the baseline expression of the biomarker pro$le re%ecting the baseline 

status of the IFN activity negatively correlates with the pharmacological e!ects of 

IFNß treatment. This indicates that the baseline expression levels of the selected set 

of 15 IFN-induced genes can be used as a predictive marker for the responsiveness 

to IFNß treatment. 

Thus patients with clinically de$ned similar disease may have intrinsic di!erent 

modes of immune status. These $ndings make more evident the complexity of the 

disease and the relationship to therapy responsiveness.

Although di!erent regimens of IFNß treatment were used in this study evidence isß treatment were used in this study evidence is were used in this study evidence is 

available that this does not a!ect our conclusions. 

Firstly, there is accumulating evidence that there is no or little di!erence 

between di!erent types of IFNβ in terms of their biological activity and routes of 

administration [19,20]. Extent and duration of clinical and biologic e!ects were 

independent of the route of administration of IFNβ. Rebif when given s.c. or i.m. 

was found to be bioequivalent to Avonex [23,24]. Moreover, there were no major 

di!erences between the results with IFNβ1a and 1b in the duration of the changes 

in the pharmacodynamic markers after the two routes of injection [25,26]..

Secondly, we excluded a possible bias in our results due to frequency of injection 

by analyzing di!erent treatment groups separately. No signi$cant di!erences in 

the range of biological response levels between Avonex treated patients and Rebif 

or Betaferon treated patients were observed, and selection of the high-frequently 

(Rebif and Betaferon) dosed patients by excluding weekly–treated (Avonex) 

patients from our analyses still resulted in a negative correlation between baseline 

IFN levels and biological response rate. 

Thirdly, in the present study we show that the observed negative correlation 

between biological response and baseline levels of IFN induced genes is consistently 

observed over time, at one, three and six months after start of the therapy. 

Finally, we showed that response-rates ofe showed that response-rates of in vitro stimulated PBMC isolated prior to 

treatment are consistent with those of the ex vivo results. These results convincinglyThese results convincingly 

supported the conclusion that the in vivo biological response is independent 

of di!erences in treatment regimens and interfering serum proteins such as 

neutralizing antibodies (Nabs).

Hence, we concluded that the inter-individual variation in pharmacological 

response to IFNß therapy is an intrinsic property of the peripheral blood cell 

compartment.

Several investigators have recently reported on transcription based responses 

to IFNß in MS. Baranzini and colleagues [27] used a pre-selected set of 70 genesIFNß in MS. Baranzini and colleagues [27] used a pre-selected set of 70 genes in MS. Baranzini and colleagues [27] used a pre-selected set of 70 genes 

and reported that (un)supervised two-way hierarchical clustering does not reveal 

signi$cantly di!erential expressed genes between responders and non-responders. 

Using quadratic discriminant analysis-based integrated Bayesian inference system 
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they found a gene triplet consisting of apoptosis-related genes as best predictive 

for good responder versus poor responder classi$cation. Most of the 70 genes they 

selected are represented on our microarray but we didn’t observe a di!erence for 

these genes using a gene-by-gene approach. However, the majority of genes that 

we found as predictive for responsiveness using an open survey approach were 

not present in the gene set selected by Baranzini and colleagues and therefore 

not identi$ed in their study. A careful comparison between the di!erent IFNβ 

pharmacogenomics studies [28,29] learns that there is consistency between these 

reports and our data with respect to the heterogeneity of the IFNβ response. 

Although not explicitly mentioned in these reports, we learned that they contained 

evidence for inter-individual di!erences in response to IFNβ. Overall, despite basic 

di!erences in the designs, we con$rm and extend the trends observed in these 

reports with respect to the heterogeneity in treatment response rates. In addition, 

our paired analysis method provides an ideal approach for a patient centric mode 

of data analysis and discloses signi$cant di!erences in the expression of an IFN 

driven response gene set at baseline in relation to the pharmacological response. 

Our $ndings provide a perfect explanation for the inter-individual variation in the 

pharmacological responses mentioned above.

Our data based on paired analysis at the individual patient level clearly show that 

there is evidence for di!erences in IFNß responsiveness between patients with 

MS. The inter-individual di!erences in IFNß responsiveness may be the result of 

genetic variation in the IFNß biology.[2,30] Feng and colleagues [31] showed that 

IFN-induced levels of mRNA and protein for IFN-regulatory genes (IRF-1 and IRF-2) 

and antiviral genes (MxA and 2´, 5´-OAS) were signi$cantly lower in PBMC from 

patients with clinically active MS compared to normal controls. They demonstrated 

that clinical disease activity was related to decreased phosphorylation of Ser-

STAT-1 and proposed that this could be a mechanism explaining a defective IFN 

response. Whereas these studies provided insight into the IFN responsiveness 

in terms of a group average the issue of inter-individual heterogeneity was not 

addressed. Other mechanisms that could account for di!erential responsiveness to 

IFNß include variation in activity of inhibitory transcription factors. Evidence exists 

that crosstalk with other cytokine-activated pathways, could cause tachyphylaxis 

to type I IFNs. Although type I IFNs have an essential function in mediating innate 

immune responses against viruses, they may already be produced at very low 

levels in the absence of viral infections [32] in serum of a subset of MS patients. 

Since e.g. IFNα is known to desensitize further responses to IFNs, the presence of 

low endogenous IFNs could block IFNß-induced signals.[33,34] 

This explorative pilot study suggests a predictive value of baseline gene expression 

levels of IFN-induced genes. Since the molecular di!erences most likely re%ect 

distinct pathophysiologic processes underlying disease, it is tempting to speculate 
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that these di!erences will predict individual responsiveness to treatment. Clinical 

response to IFNß may be determined by disability progression and relapse rate. 

Because MS is a chronic disease with an unpredictable clinical course it remains 

di?cult to assess clinical responder status at an individual patient level. A more 

objective method for determining disease activity is the measurement of MRI 

parameters, e.g. CNS atrophy measures or T1 gadolinium enhancing or the 

appearance of new T2 lesions.[3,35,36] However, using these methods it is still 

extremely di?cult to precisely de$ne the state of responsiveness after a short period 

of treatment or preferably before start of the treatment. These facts emphasize 

the importance of $nding pharmacological predictors and/or determinants for 

treatment responsiveness. We realize that the design of this study does not allow 

any $rm conclusions to be drawn concerning the clinical parameters associated 

with the molecular phenotype. 

Hence, further studies in a large cohort of patients starting IFNß treatment are 

needed to validate and further investigate the predictive value of baseline IFN 

response gene expression levels and it is of great importance to $nd a correlation 

between clinical parameters and the biological IFN response. In future, molecular 

strati$cation of patients at baseline may be helpful in assembling homogeneous 

populations of patients, which will improve the likelihood of observing drug 

e?cacy in clinical trials. 
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Table S1. Gene details

Symbol Name Accession number GenBank

DHX58 DEXH (Asp-Glu-X-His) box polypeptide 58 NM_024119

EPSTI1 Epithelial stromal interaction 1 (breast) NM_001002264

IFI27 Interferon, alpha-inducible protein 27 NM_005532

IFI44L Interferon-induced protein 44-like NM_006820

IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 NM_001548

IFIT2 Interferon-induced protein with tetratricopeptide repeats 2 NM_001547

IMAGE:1926927  AI347124

IMAGE:2562181 2'-5'-oligoadenylate synthetase 2, 69/71kDa NM_002535

IMAGE:504372  AA142842

IMAGE:545138  5'EST AA075776; 3'EST 
AA075725

IRF7 Interferon regulatory factor 7 NM_004031

ISG15 ISG15 ubiquitin-like modi#er NM_005101

LGALS3BP Lectin, galactoside-binding, soluble, 3 binding protein NM_005567

LY6E Lymphocyte antigen 6 complex, locus E NM_002346

MT1E Metallothionein 1E NM_175617

MT2A Metallothionein 2A NM_005953

MX1 Myxovirus (in$uenza virus) resistance 1, interferon-inducible 
protein p78 (mouse)

NM_002462

OAS1 2',5'-oligoadenylate synthetase 1, 40/46kDa NM_016816

OAS2 2'-5'-oligoadenylate synthetase 2, 69/71kDa NM_002535

OAS3 2'-5'-oligoadenylate synthetase 3, 100kDa NM_006187

PARP12 Poly (ADP-ribose) polymerase family, member 12 NM_022750

RSAD2 Radical S-adenosyl methionine domain containing 2 NM_080657

RTP4 Receptor (chemosensory) transporter protein 4 NM_022147

SAMD9L Sterile alpha motif domain containing 9-like NM_152703

SERPING1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1, 
(angioedema, hereditary)

NM_000062

TOR1B Torsin family 1, member B (torsin B) NM_014506

TRIM22 tripartite motif-containing 22 NM_006074

TRIM69 Tripartite motif-containing 69 NM_182985
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The development of high-throughput techniques such as microarray analysis holds 

great promise for the unraveling of complex multifactorial diseases. After a decade 

of technical and analytical improvements, the technology and algorithms for data 

analysis have been shown to be robust and reproducible across properly designed 

and controlled experiments, and across di!erent research groups. Encouraging 

results have been generated using microarray technology for the identi$cation of 

predictors for disease outcome and metastasis and underlying pathways in breast 

cancer and lymphoma (1;2). 

The results described in this thesis are focused on the autoimmune diseases RA and 

MS and highlight the importance of molecular rede$nition of these diseases based 

on di!erential gene expression pro$les, which provides a framework for further 

detailed investigation.

5.1 Genomics for early diagnosis of disease

5.1.1 Rheumatoid Arthritis (RA)

RA is one of the most common chronic in%ammatory diseases for which no cure is 

available. Because of the destructive nature of the disease it would be highly desirable 

to start treatment as early as possible. Recognition of the preclinical phase allows 

a timely start of treatment with the ultimate goal of primary prevention. SeveralSeveral 

reports have described the appearance of autoantibodies against citrullinated 

proteins and RF years before the clinical symptoms of arthritis (3;4). In addition, a 

recent study showed that arthritis development in prospectively followed arthralgia 

patients is dependent on ACPA status and that autoantibodies can be present years 

without causing disease (5). Thus, autoantibodies may represent changes in the 

immune system that induce early pathogenesis. However, since not all autoantibody 

positive individuals are likely to develop arthritis we hypothesized that additional 

factors/processes are required or some individuals may have a protective immune 

response pro$le. To test this hypothesis we analyzed the peripheral blood gene 

expression pro$les of autoantibody positive arthralgia patients without arthritis. 

In chapter 2 we identi$ed four di!erent molecular subgroups of autoantibody 

positive arthralgia patients associated with future development of arthritis. 

Interestingly, one subgroup of patients was associated with protection against 

arthritis development and characterized by an increased expression of genes 

involved in B-cell activity. The other subgroups were associated with development 

of arthritis and displayed increased expression levels of genes involved in IFN-

mediated immunity, hematopoiesis and cytokine/chemokine mediated signaling. 

These results provide a framework for the discovery of biomarkers to predict the 

development of arthritis in autoantibody positive individuals at risk for RA.

The increased IFN response activity might have its origin in a disturbed response 

to an environmental trigger and/or an abnormality in genes involved in type I IFN 

§

§

Binnenwerk Baarsen.24 juli 2009 172   172 27-7-2009   15:15:24



Summary and Discussion

- 173 -

5

biology. Subsequently, the increased expression of genes involved in IFN-mediated 

immunity may a!ect the overall reactivity of the immune system and thus can 

predispose the individual to autoimmunity. This altered immunoreactivity is 

directed to particular antigens, i.e. citrullinated antigens, which a!ect B- and T-cell 

recognition of epitopes and autoantibody production. Genes involved in cytokine/

chemokine mediated signalling may act on the progression of autoimmunity by 

modulating the immune response and altering cell tra?cking to target tissues. 

Accordingly, Hueber and colleagues reported an increase in the levels of monocyte 

chemoattractant protein-1 (MCP-1) in ACPA positive patients before disease onset 

(6). Knowing that immune cell tra?cking is a crucial process in the initiation of 

disease, it is tempting to speculate that the increased expression of B cell genes 

in individuals who did not develop arthritis is a re%ection of a blockade in the 

migration of B cells to the target tissue.

On the basis of our data, we propose that the activity of individuals’ genes a!ect 

susceptibility to RA at three levels. First, some genes a!ect the overall reactivity 

of the immune system and thus can predispose the individual to autoimmunity. 

Second, this altered immunoreactivity is directed to particular antigens and 

third, still other genes act on the progression of autoimmunity to target tissues 

to modulate immune attack. Our results imply that, among others IFN-mediated 

immunity and cell tra?cking specify the processes relevant to progression to 

arthritis besides autoantibody positivity.

Additional speci$c processes that contribute to progression towards RA 

might involve epitope spreading. Mouse models of autoimmune arthritis andMouse models of autoimmune arthritis and 

demyelination have shown the occurrence of epitope spreading to citrullinated 

antigens (7). In line with these results, a recent study showed a limited ACPA 

isotype usage in healthy relatives compared to RA patients. The authors speculate 

that epitope spreading and expansion of the isotype repertoire might be necessary 

for development of RA. It is tempting to speculate that the pathogenicity of the 

autoantibodies is related to the immune pro$le of the autoantibody positive 

individual. It will be interesting to determine if there is a relation between the 

di!erent gene expression pro$les in autoantibody positive arthralgia patients that 

we described and the $ne speci$city and isotype usage of their autoantibodies.

Perhaps our results in autoantibody positive arthralgia patients can be extrapolated 

to other diseases wherein autoantibodies are involved. In that case the production 

of autoantibodies in individuals who have a skewed immune response pro$le may 

lead to epitope spreading, immune activation, cell tra?cking and development of 

disease. Therefore the combined analysis of di!erent autoantibodies together with 

gene expression pro$les may be predictive for future development of di!erent 

autoimmune diseases. Future studies are needed to test this hypothesis. 
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5.1.2 Multiple Sclerosis (MS)

The prevalence of MS is much lower than RA and diagnosis of disease is generally 

at a younger age, which makes large studies using blood donors like those 

performed in RA more di?cult. Unfortunately, preclinical markers like RF and ACPA 

have not yet been identi$ed in MS patients. However, a recent nested case-control 

study of US military personnel (63% male) who have serum samples stored in the 

Department of Defense Serum Repository showed that the presence of anti-MOG 

(myelin oligodendrocyte glycoprotein) IgM-/IgG+ antibodies measured by ELISA 

was associated with a moderately increased risk of developing MS (8). Interestingly, 

since this association was lost after adjustment for antibody titers to Epstein-

Barr nuclear antigens (EBNA), the association may in part re%ect cross-reactivity 

between MOG and EBNA. 

5.2 Genomics for patient subclassi#cation

MS and RA are both complex chronic in%ammatory diseases with unknown etiology 

and a multifactorial background. Gene expression pro$ling of peripheral blood cells 

of RA and MS patients revealed a remarkable variation in gene expression levels 

leading to subclassi$cation of patients depending on their molecular signature. 

5.2.1 Heterogenomics in RA 

A large-scale gene expression pro$ling study of synovial tissues from patients 

with erosive RA revealed considerable heterogeneity among di!erent patients 

(9;10). It has been demonstrated that di!erent arthroscopic biopsies taken from 

one joint result in gene expression signatures that are more similar within the joint 

of one patient than between patients (11). A systematic characterization of the 

di!erentially expressed genes highlighted the existence of at least two molecular 

distinct forms of RA tissues. One group revealed abundant expression of clusters 

of genes indicative of an ongoing in%ammation and involvement of the adaptive 

immune response. This subgroup is referred to as the RA high in%ammation group. 

Further analyses of the genes involved in the high in%ammation tissues provide 

evidence for a prominent role of genes indicative for an activated STAT-1 pathway. 

These $ndings were con$rmed at the protein level (12;13) 

Tsubaki and colleagues demonstrated that tissue heterogeneity within RA can 

already be observed in the early phase of RA (14). In this study, gene expression 

pro$les were analyzed from synovial lining tissues from 12 patients with early RA 

(duration of less than 1 year after diagnosis) and 4 with long-standing RA (duration 

of more than 3 year after diagnosis). As seen in the previous study using biopsies 

from long-standing RA patients, the early RA patients could be divided in at least 

two di!erent groups based on their gene expression pro$les. 

In chapter 3 we con$rmed and further extended the molecular heterogeneity at 
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tissue level using synovial tissue biopsies obtained during arthroscopic surgery. In 

addition, the subclassi$cation of synovial tissues based on gene expression pro$les 

matched the subclassi$cation based on immunohistochemical data using protein 

markers for in$ltrating cells and in%ammatory cytokines. The high in%ammatory 

tissues were characterized by a high expression of genes involved in many 

in%ammation-mediated processes such as immunity and defense and T and B cell 

mediated immunity. In contrast, the low in%ammatory tissues displayed increased 

expression of genes involved in amongst others developmental processes and 

neurogenesis. We demonstrated the clinical relevance of tissue subtyping. RA 

patients with a high in%ammatory subtype had a higher disease activity score 

(DAS) together with a shorter disease duration compared to patients with a low 

in%ammatory tissue type. Since data on normal healthy synovial tissue was not 

available we were not able to investigate how these biological activities relate to 

“normal” levels. 

The existence of molecular heterogeneity in rheumatoid synovial tissues $ts a 

model proposed by Firestein and Zvai%er (15), who suggested two independent 

phases that drive destruction of bone and cartilage; an antigen-driven immune 

cell mediated process and a subsequent antigen-independent stromal cell driven 

process. This model is extended by Kirwan who proposed the existence of two 

pathogenic mechanisms in which synovial in%ammation will lead to joint pain, 

joint swelling and cartilage thinning, whereas synovial hyperplasia will lead to joint 

swelling and erosions (16). Accordingly, we showed that the high in%ammatory 

tissue type is accompanied with a higher tender joint count. Since our patient 

groups also di!er in disease duration, the observed tissue heterogeneity may also 

re%ect two di!erent phases of joint destructions; an acute antigen-dependent 

in%ammatory cell type phase and a chronic stromal cell type driven phase. The 

transition from immune-mediated in%ammation to a more autonomous, immune-

independent process may occur several years after onset of clinical signs and 

symptoms. Longitudinal studies are needed to test if these pathogenic mechanisms 

are running in parallel or in time.

5.2.1.1 Heterogenomics of peripheral blood cells from RA patients

While gene expression analysis of synovial tissue samples of a!ected organs o!ers 

insights into the genes that are instrumental in patient strati$cation and primarily 

involved in disease activity and pathogenesis, this approach is not feasible in 

studies of large cohorts of patients. Due to the systemic nature of RA and the 

communication between the systemic and organ speci$c compartments, we and 

others have studied whole blood and/or peripheral blood mononuclear cells to 

obtain disease-related gene expression pro$les. The peripheral blood is especially 

suitable to analyze gene expression pro$les that can be used as biomarker to select 

patients for improved diagnosis as well as for patient centric therapy approach. 

In chapter 3 we performed gene expression pro$ling analysis on whole blood cells, 
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which revealed clear and signi$cant di!erences between RA patients (n=35) and 

healthy individuals (n=15). The microarray data con$rmed previous observations 

of increased expression of the calcium-binding protein S100A8 and S100A12. 

Application of gene set analysis algorithms to identify gene sets that re%ect a 

distinct pathway or biological process revealed an increased expression of immune 

defense genes, including type I IFN-response genes, suggesting that this pathway 

is activated systemically. Most interestingly, the increased expression of immune 

defense genes was characteristic of not all but approximately half of the patients 

(17). In addition, a combined cluster analysis of RA and control samples together 

with samples from a viral infection model revealed that the gene expression pro$le 

of a subgroup of RA patients was reminiscent to that of poxvirus-infected macaques 

(18). Based on these $ndings we conclude that activation of the immune response, 

with among the gene sets a type I IFN signature, de$nes a subgroup of RA patients. 

Similar $ndings were reported by Olsen and colleagues who studied di!erentially 

expressed genes between early (disease duration less than 2 years) and established 

RA (with an average disease duration of 10 years) (19). Genes involved in immune/

in%ammatory processes and genes related to cell proliferation and neoplasia were 

expressed at lower levels in early arthritis. About a quarter of the early arthritis 

genes overlapped with an in%uenza-induced gene set. This $nding led the authors 

to suggest that the early arthritis signature may partly re%ect the response to an 

unknown infectious agent. Together these results are supportive for di!erential 

expression of IFN response gene activity in RA, which could be the consequence of 

either an exogenous or endogenous stimulatory agent. 

5.2.1.2 Linking tissue heterogeneity to peripheral blood pro#les 

In chapter 3.3 we explored the presence of blood based markers associated 

with tissue in%ammation. Whereas the synovial tissues clearly demonstrated the 

presence of a high and low in%ammatory tissue type, this di!erence was not 

found to be linked to the paired peripheral blood gene expression level. These 

results imply that the re%ection of tissue in%ammation in the peripheral blood cell 

compartment is not that obvious. We con$rmed other studies by showing that 

patients with a higher DAS and higher level of tissue in%ammation display increased 

levels of CRP combined with a higher ESR and more thrombocytes. The lack of 

molecular peripheral blood cell activation markers measured at transcriptional 

level in combination with increased CRP, ESR and thrombocytes in the blood 

maybe partially explained by the fact that CRP is an acute phase protein produced 

in the liver, thrombocytes have negligible amounts of RNA and the $nding that 

the frequency of white blood cells were not di!erent between the two groups. In 

addition, we should keep in mind that we analyzed the gene expression pro$les 

of only one a!ected joint which may explain the di?culties in $nding correlating 

blood markers since in%ammatory processes may be di!erent between joints. 

Using a pathway level analysis approach we found that the peripheral blood cells 
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of patients with a high in%ammatory tissue type displayed increased expression 

of genes involved in protein biosynthesis. Conversely, peripheral blood cells of 

patients with a low in%ammatory tissue type showed an enriched expression of 

genes involved in developmental processes. Further studies are needed to elucidate 

the role of these biological processes in tissue in%ammation. Figure 1 summarizes 

the heterogenomics of RA.

Figure 1. Discovery of RA subtypes in peripheral blood cells and synovial tissue 

Schematic overview of the discovery of RA subtypes in 
peripheral blood cells and synovial tissue. Hierarchical 
clustering of di"erentially expressed genes in PB cells 
and synovial tissues from RA patients highlighted the 
existence of at least two molecular distinct forms of RA. It 
is hypothesized that two di"erent pathogenic mechanisms 
are playing a role in RA. The #rst is an immune cell 
mediated destruction of cartilage via activation of matrix 
metalloproteases such as MMP3 whereas the second is an 
immune independent mechanism possible mediated by 
tissue remodeling and growth factors. Patients with a high 
in$ammatory tissue type display increased CRP, ESR and 
thrombocyte counts. In addition, a subgroup of patients has 
increased expression levels of type I IFN response genes. 
(Adapted and changed from Future Rheumatology June 
2006 Vol. 1, No. 3, Pages 311-322, with permission of Future 
Medicine Ltd) 

5.2.2 Heterogenomics in MS 

Since it is highly di?cult to obtain from large study groups brain tissue during 

the course of disease it is not easy to elucidate the role of tissue heterogeneity 

in the pathogenesis of disease. Because of the autoimmune nature of the disease 

and the migration of immune cells to the brain, we hypothesized that the disease 

processes are re%ected in the peripheral blood compartment which we are able to 

study during disease. 

In chapter 3.4 we performed gene expression pro$ling in peripheral blood (PB) 

cells of MS patients which revealed an elevated expression of a spectrum of genes 

involved in immune defense e.g. TLR signaling when compared to healthy controls. 

Most strikingly, our results demonstrated evidence for a remarkable heterogeneity 

between the RRMS patients. This was primarily based on di!erential expression 

of type IFN response genes. Moreover, the expression signatures of half of the 

MS patients were similar to those of virus-infected macaques (20). Collectively, 

these $ndings provide a basis for patient strati$cation in RRMS and may support 

the hypothesis that viral antigens play an important role in the pathogenesis MS. 

However, since endogenous antigens such as DNA or RNA containing immune 

complexes can also activate certain TLR signaling routes leading to increased 
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transcription of type I IFN induced genes (21), further studies are needed to elucidate 

the origin of the type I IFN induced gene expression signature. Similar results have 

been generated by Yamaguchi and colleagues who also showed a dysregulated 

expression of IFNβ response genes in treatment naïve RRMS patients (22). 

5.3 Common denominators in autoimmunity; what’s the role of IFN? 

Upregulation of IFN-induced genes has now been observed in PB cells and/or 

target tissue of (a subset of ) patients with di!erent autoimmune diseases e.g. RA, 

SLE, SSc, SS, MS, and type 1 diabetes. These $ndings suggest that an activated IFN 

gene expression program may be a common denominator in autoimmune diseases 

in general. 

The initial activation of the type I IFN 

gene activity most likely depends 

on both the genetic background as 

well as encountered environmental 

(endogenous and/or exogenous) factors 

of the individual. Individuals harboring 

a certain genetic pro$le of e.g. risk 

alleles for genes involved in IFN biology 

may than generate increased levels of 

IFN-response genes. It is speculatedIt is speculated 

that the IFN-response program could 

be associated with the activation 

of immature DCs, which regulatef immature DCs, which regulate 

deletion of autoreactive lymphocytes. 

Subsequently, IFN-matured DCs may 

activate autoreactive T cells leading to 

autoreactive B cell development and 

a $rst level of autoimmunity (23). Loss 

of tolerance for self antigens may then 

lead to autoantibody production. 

In the case of SLE, autoantigen/

autoantibody complexes may trigger 

pathogen recognition receptors (such as 

TLRs) that induce IFNα production and 

thereby perpetuates the IFN response 

program. Consequently, a vicious circle 

is established of increased type I IFN-

response activity and autoreactivity 

against self antigens resulting in 

autoimmune disease (Figure 2). Breaking 
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Figure 2. The possible role of IFN in autoimmunity 

Both genetic and environmental factors may lead to an 
increased expression of type I IFN-response genes. The 
increased activity of type I IFN-response genes may lead 
to accelerated DC activation and a break of peripheral 
tolerance resulting in activation of autoreactive T and 
B cells. The subsequent immune response against self-
antigens will lead to autoantibody production. In SLE the 
autoantibody production may lead to immune complex 
formation which can activate immune cells to produce 
more type I IFN eventuating in a vicious circle of immune 
activation and IFN production.
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this circle resulting in downregulation of the type I IFN-response gene activity could 

be a therapeutic approach for SLE. Indeed, recent results from a phase I clinical 

trial showed reduction in clinical disease activity and downregulation of type I IFN-

response genes in SLE patients treated with an anti-IFNα mAb (24). Conversely, 

type I IFN treatment is bene$cial in MS patients and in animal models of arthritis. 

Besides a role for the IFN response program as common denominator in 

autoimmune diseases other gene expression pro$les have been reported that are 

shared by autoimmune diseases. In particular Maas and colleagues (25) studied 

the overlap of gene expression pro$les between di!erent diseases. They identi$ed 

95 genes that were increased and 117 genes that were decreased in PBMC of all 

patients with RA, SLE, type I diabetes and MS. These genes were involved in e.g. 

in%ammation, signaling, apoptosis, ubiquitin/proteasome function and cell cycle. 

Hierarchical cluster analysis on the basis of gene signatures in PBMC revealed that 

RA and SLE patients were intermixed with one another. Moreover, they reported that 

from the genes that were di!erentially expressed between PBMCs from patients 

and unrelated una!ected individuals, the gene expression pro$le of 127 genes was 

shared between patients with autoimmune diseases and una!ected $rst-degree 

relatives. This commonality between a!ected and una!ected $rst degree relatives 

suggests a genetic basis for these shared gene expression pro$les. Accordingly, 

they showed that these genes are clustered in chromosomal domains supporting 

the hypothesis that there is some genetic logic to this commonality (26). 

5.4 Pharmacogenomics

Given the destructive nature of autoimmune diseases it would be highly desirable 

to predict in an early stage the most bene$cial treatment for the patients at risk. If 

we rely solely on clinical or radiographic/MRI manifestations we will probably be 

responding too late in order to maximize protection. Ideally, it would be desirable 

to make predictions on the success before the start of therapy. Ultimately, this may 

lead to a personalized form of medicine, whereby a speci$c therapy will be applied 

that is best suited for an individual patient. 

We applied genomics for studying the pharmacodynamics of IFNβ and anti-TNF 

therapy and for predicting the response to therapy. The term pharmacogenomics 

emerged in the late 1990s and is associated with the application of genomics in drug 

development. Pharmacogenomics is de$ned as: “The investigation of variations of 

DNA and RNA characteristics as related to drug response”. In this thesis we focused 

on transcriptomics which investigates RNA characteristics.

5.4.1 Pharmacogenomics of anti-TNF treatment in RA patients 

TNF antagonists are approved worldwide for the treatment of various rheumatic 
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diseases. Clinical experience indicates that there are ‘responders’ as well as ‘non 

responders’, however clear criteria for such classi$cation are still lacking. For RA, 

treatment is only e!ective for approximately two-third of the patients (27) which 

has attracted interest in the pharmacology and mechanism of action. 

Until now a few pharmacogenomics studies have been published to gain insight in 

the pharmacodynamics and to identify genes predictive of responsiveness to TNF 

blockers. Thus far, studies aimed at identifying biomarkers before the treatment 

to predict the response to anti-TNF treatment in RA have not revealed consistent 

results. The discrepancies are partly explained because of di!erences in study 

design, experimental platform and patients included. In addition, universal criteria 

for de$ning the clinical response to treatment are currently lacking. Therefore, 

additional studies using large cohorts of patients and more stringent response 

criteria are necessary. 

In chapter 4.1 we describe the pharmacogenomics of In%iximab treatment in RA 

patients (n=15) before and 1 month after the start of in%iximab. These results 

revealed a similar change in the expression of a pharmacogenomic response 

gene set in the peripheral blood compartment of all patients treated irrespective 

of clinical response. This study indicates that all RA patients exhibit an active TNF 

response program contributing to disease pathogenesis (28). However, since 

not every RA patient shows a good clinical response to anti-TNF treatment we 

hypothesize that in these non-responder patients additional biological programs 

besides TNF are involved in disease pathogenesis. The relative contribution of these 

TNF-independent pathways may determine clinical response to treatment.

Although TNF antagonists have been shown to be e!ective for the treatment of 

several in%ammatory diseases including RA, several clinical complications have 

been reported. Patients treated with TNF antagonists may develop lupus-like 

symptoms and increased dsDNA autoantibody levels. It was hypothesized that 

these complications were the result of anti-TNF induced increase in type I IFN 

Individual A

TNF & Others

Individual B

TNF & Others

Pathology

RA RA

Perpetuators Perpetuators

TNF >>>>

Pathology

TNF <<<<

Responder Non-Responder

not TNF

e.g. IL-17, T/B cells

IFN

not TNF

e.g. IL-17, T/B cells

Figure 3. Pharmacogenomics of anti-TNF 

treatment in RA

By analyzing the change in gene expression 
pro#les upon antagonizing the function of TNF we 
demonstrated that all RA patients exhibit an active 
TNF response program contributing to disease 
pathogenesis. The results described in chapter 4 
favour a model for the parallel presence of TNF-
dependent and TNF-independent pathways (named 
“others”) in the individual RA patient. Clinical 
response to TNF blockade might be determined by 
the relative contribution of the TNF-independent 
pathways to disease. Moreover, poor response to 
treatment is associated with TNF blockade induced 
expression of type I IFN response genes.
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activity since SLE is characterized by increased expression levels of IFN-response 

genes in PB and because SOJIA patients treated with TNF antagonist have increased 

expression levels of IFN-response genes (29). However, as described in chapter 4.2, 

gene expression studies in whole blood of RA patients before and 1, 2, 3 and 4 

months after the start of TNF-blockade (in%iximab) revealed a variable e!ect on 

the expression of IFN-response genes upon treatment. Therefore, the positive 

e!ect of TNF blockade on IFN is not consistently observed in RA. The anti-TNF 

induced increase in type I IFN gene activity was not associated with the extent of 

IFN-response gene activity at baseline. Interestingly, the anti-TNF induced increase 

in type I IFN-response gene activity was associated with poor clinical response to 

treatment as assessed by EULAR criteria. Although the anti-TNF induced increase 

in IFN-response gene activity might be an epiphenomenon related to the e!ect of 

TNF blockade, it is tempting to speculate on a role of increased IFN bioactivity in 

the deteriorating clinical e!ects (as discussed in chapter 5.3). Figure 3 summarizes 

our main $ndings with respect to pharmacogenomics of TNF blockade in RA.

5.4.2 Pharmacogenomics of IFNβ treatment in MS

Interferons (IFN) were the $rst agents to show clinical e?cacy in treatment of 

MS, and prolonged treatment is still the best available therapy. Because MS is a 

chronic disease with an unpredictable clinical course it remains di?cult to assess 

clinical responder status at an individual patient level. Despite availability of 

objective methods for determining disease activity such as the measurement of 

MRI parameters, e.g. CNS atrophy measures or T1 gadolinium enhancing or the 

appearance of new T2 lesions (30-32) it is still extremely di?cult to precisely de$ne 

the state of responsiveness after a short period of treatment. This emphasizes the 

importance of $nding pharmacological response markers that could aid in the 

assignment of clinical responders and non-responders of IFNß therapy.

In chapter 4.3 we described the change in gene expression pro$les in PB after IFNβ 

therapy, or in other words: the pharmacogenomics of IFNβ treatment in PB. The 

heterogeneous expression of type I IFN induced genes in untreated MS patients 

was con$rmed and we investigated how this signature was related to treatment 

response. As anticipated (22), type I IFN response genes were increased upon 

treatment. Interestingly, it was observed that the extent of the pharmacological 

response correlates negatively with the baseline expression of a speci$c set of IFN 

response genes. Furthermore, these ex vivo results could be predicted in vitro using 

IFNβ stimulated PB cells isolated prior to treatment. Overall, we concluded that the 

inter-individual variation in response to IFNβ therapy is an intrinsic property of the 

PB cell compartment and unrelated to treatment regimens and interfering serum 

proteins such as NAbs. 

Because MS is a chronic disease with an unpredictable disease course it is highly 

di?cult to determine the clinical response to treatment at the individual patient 

level. Due to the small sample size of our study we lacked power to address the 
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question of an association with the clinical response to treatment. Nonetheless, 

these data imply that the type I IFN induced gene expression signature prior to 

treatment determines the pharmacological di!erence between patients and could 

serve a role as biomarker for clinical response to IFNβ. Currently, experimental 

studies are carried out with larger study groups and well de$ned patient samples 

to investigate the clinical relevance of the observed results. 

The inter-individual di!erences in IFNß responsiveness may be the result of genetic 

variation in the IFNß biology. Other mechanisms that could account for di!erential 

responsiveness to IFNß include variation in activity of inhibitory transcription 

factors. Evidence exists that crosstalk with other cytokine-activated pathways, 

could cause tachyphylaxis to type I IFNs. Although type I IFNs have an essential 

function in mediating innate immune responses against viruses, they may already 

be produced at very low levels in the absence of viral infections (33) in serum of a 

subset of MS patients. Since e.g. IFNα is known to desensitize further responses to 

IFNs (62), the presence of low endogenous IFNs could block IFNß-induced signals 

(34;35). Future studies aimed at unraveling these possibilities should shed new light 

on the mechanism of variation in IFN response in relation to the endogenous IFN 

signature. Figure 4 describes the future activities towards a personalized medicine 

approach for IFNß in RRMS. 

Figure 4. Steps towards a personalized medicine approach for IFNβ therapy in RRMS

(Reproduced from Pharmacogenomics 2009 Jan;10(1):97-108, with permission of Future Medicine Ltd) 
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5.5 Conclusion

Taken together, the work described in this thesis has provided novel information 

about molecular heterogeneity in relation to disease development, disease 

subclassi$cation, disease pathogenesis and response to treatment. Accordingly, 

evidence is accumulating that large-scale gene expression pro$ling will contribute 

considerably to our understanding of the molecular and biological basis of the 

well-recognized but as yet poorly de$ned heterogeneity of diseases such as MS 

and RA. 

Clearly, these developments open the way for a “rede$nition” of diseases like RA 

and MS. The molecular markers (biomarkers) that distinguish patients from one 

another can be used for early diagnosis, prognosis, determining drug e?cacy and 

risk management. The transition of this explorative type of research to integrated 

clinical diagnostics will require extensive optimization of the technological 

procedures. Moreover, the assignment and implementation of useful and reliable 

classi$ers requires rigorous standardization and several levels of validation. 

Hence future treatment will be tailored to the molecular and biological features of 

an individual patient. This will lead to personalized medicine, i.e. the prescription of 

therapeutics that is best suited for an individual patient.
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Nederlandse samenvatting voor niet ingewijden 

In een goed functionerend lichaam worden immuun cellen, die lichaamseigen 

antigenen herkennen, al in een vroeg stadium geëlimineerd. Indien dit niet gebeurd 

kan er een ongewenste immune reactie gestart worden tegen ons eigen lichaam, wat 

kan leiden tot de ontwikkeling van een auto-immuun ziekte. Auto-immune ziektes 

worden gekenmerkt door lokale weefselschade, veroorzaakt door de continue 

in$ltratie en activering van ontstekingscellen. Deze geactiveerde ontstekingscellen 

produceren ontstekingsstimulerende en/of ontstekingsremmende eiwitten 

(zgn. cytokines en chemokines) die e!ect hebben op de weefselschade en de 

rekrutering van nieuwe ontstekingscellen. De balans tussen de verschillende 

immuun modulerende cytokines is van groot belang en kan bepalend zijn voor 

de ontwikkeling van een beschermende of juist een overactieve immune reactie. 

Cytokines die een belangrijke rol hebben bij auto-immuun ziektes zijn tumor 

necrose factor (TNF) en type I interferon (IFN). Reumatoïde artritis (RA) en multiple 

sclerose (MS) zijn beide auto-immuun ziektes waarbij verschillende cytokines een 

rol spelen. Zo is het remmen van TNF een goede therapie voor patiënten met RA, 

terwijl dezelfde therapie voor patiënten met MS de ziekte verergert. Voor patiënten 

met MS geeft een behandeling met type I IFN juist een gunstig e!ect. 

Reumatoïde artritis (RA)

RA is een chronische gewrichtsaandoening die naar schatting 1% van de 

wereldbevolking treft. Patiënten met RA hebben ontstekingsreuma dat zich 

richt op het beschadigen van bot en kraakbeen, wat uiteindelijk leid tot pijnlijke 

en opgezwollen gewrichten. De oorzaak van de ziekte is onbekend, maar zowel 

erfelijke als omgevingsfactoren lijken een belangrijke rol te spelen in het ontstaan 

van de ziekte. Tegenwoordig zijn er wereldwijd gebruikte criteria voor het stellen 

van de diagnose RA, maar genezen is tot op heden niet mogelijk. Omdat niet 

iedere RA patiënt dezelfde symptomen en klachten vertoont, is het ziekteverloop 

onvoorspelbaar en zeer afwisselend tussen patiënten en kunnen verschillende 

behandelingstrategieën nodig zijn. Voorts is het belangrijk zo snel mogelijk 

na diagnose te starten met behandelen aangezien er anders onomkeerbare 

gewrichtsschade kan ontstaan. Onderzoek gedurende de laatste decennia heeft 

geleid tot de ontwikkeling van zogenaamde biologicals die de werking van 

lichaamseigen sto!en van het immuunsysteem nabootsen of beïnvloeden. Een 

veel toegepaste biological in RA is anti-TNF dat het cytokine TNF wegvangt en zo 

de ontsteking snel en krachtig onderdrukt. De beschikbare medicijnen kunnen 

het ziekteproces remmen, maar werken helaas niet bij alle patiënten met RA. 

Het vinden van nieuwe medicijnen en het vroeg diagnosticeren van patiënten is 

daarom ontzettend belangrijk. Bovendien zou het van onschatbare waarde zijn om 

vóór de start van een behandeling al te kunnen voorspellen of de patiënt zal gaan 

reageren op een bepaalde therapie. Dit spaart immers tijd, geld en eventuele nare 

bijwerkingen voor de patiënt.
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Multiple sclerose (MS)

MS is een ziekte van het centrale zenuwstelsel (hersenen en ruggenmerg) en 

wordt gedacht van oorsprong een auto-immuun ziekte te zijn. De ziekte begint 

op een relatief jonge leeftijd (tussen de 25-45 jaar) en is op dit moment niet te 

genezen. Het is nog onduidelijk waarom bepaalde mensen MS ontwikkelen. 

Wel wordt dankzij onderzoek steeds meer duidelijk dat het ontstaan van deze 

ziekte te maken heeft met het verstoord werken van de regulerende functie van 

de afweer (immuniteit). Myeline is een isolatie laag van axonen (zenuwbanen) 

en vergroot de geleidingssnelheid van zenuwimpulsen. In MS patiënten is deze 

myeline laag beschadigd (laesie), waardoor de snelheid van geleiding over de 

axonen wordt verminderd. Dit kan leiden tot neurologische symptomen (bv. 

coördinatie stoornissen, slecht zien, spierzwakte en vermoeidheid) die afhangen 

van de plaats van de laesie. De symptomen van MS zijn vaag, kunnen verschillend 

zijn tussen patiënten en kunnen ook bij andere ziektes optreden waardoor 

het stellen van de diagnose complex is. Bovendien is het verloop van de ziekte 

afwisselend en patiënten reageren verschillend op behandeling met IFNβ, de 

meest voorgeschreven biological voor MS patiënten. MS wordt hierdoor net als RA 

beschouwd als een complexe heterogene ziekte. 

Moleculaire markers om verschillende (klinische) vormen van MS te classi$ceren 

zouden een enorme bijdrage kunnen leveren voor diagnose en behandeling. 

Bovendien zouden deze markers kunnen helpen bij het de$niëren van homogene 

patiëntengroepen voor het opzetten van klinische studies naar nieuwe 

behandelingsmethoden. Deze homogene groepen zal de kans op het bereiken 

van doeltre!endheid van nieuwe behandelingswijzen vergroten. 

Het promotieonderzoek

MS en RA zijn beide heterogene ziektes, wat onder andere blijkt uit de 

verscheidenheid in klinische presentatie van de ziekte en de grote verschillen in 

respons op therapie. De oorzaak van beide ziektes is onbekend en ons inzicht in 

het ziekteproces is beperkt. Goede criteria om verschillende vormen van MS of 

RA te onderscheiden zijn momenteel niet voorhanden. Het kunnen de$niëren 

van homogene patiëntengroepen is van essentieel belang voor het uitvoeren van 

klinische studies en het verhogen van de kans op succes bij het testen van nieuwe 

medicijnen. Daarom richt dit proefschrift zich ten eerste op het hergroeperen van 

patiënten met een chronisch ontstekingsziekte in meer homogene patiënten 

groepen. 

Het ontstaan en beloop van ziektes gaat gepaard met aanzienlijke veranderingen 

in de activiteit van onze genen. De hoeveelheid genproducten (genexpressie) en 

de complexe interactie tussen deze genproducten worden bepalend geacht voor 

de ziekteactiviteit. Recent heeft een revolutionaire ontwikkeling in de technologie 

van het meten van genactiviteit plaatsgevonden die het mogelijk maakt de 

genexpressie van tienduizenden genen tegelijkertijd te bepalen. Dit wordt 
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gedaan met behulp van een van de nieuwste technologische ontwikkeling op 

het moleculaire gebied, de zogenaamde DNA microchips. Deze chip meet in één 

experiment de activiteit van ongeveer 30,000 genen, de boodschappers van ons 

DNA. Deze informatie kan per patiënt worden omgezet in een soort streepjescode 

waarna we de meest op elkaar lijkende codes bij elkaar zoeken en in één groep 

plaatsen. Per patiëntengroep kunnen we vervolgens de activiteit en de onderlinge 

connectie van de genen bestuderen om zo het onderliggende ziekteproces te 

ontrafelen en nieuwe targets voor therapieën te identi$ceren. Dit soort studies 

wordt ook wel genomics (studie van het genoom) onderzoek genoemd. 

Uiteindelijk willen we middels genomicsonderzoek komen tot eenduidige 

diagnostische en prognostische markers die het mogelijk maken om binnen 

de heterogene ziektes te komen tot het samenstellen van homogene 

patiëntenpopulaties voor klinische studies en behandeling. Voorts biedt het 

gedetailleerd inzicht in de moleculaire verschillen die bestaan tussen patiënten, 

mogelijkheden voor verder onderzoek naar de biologische processen die 

bijdragen aan het ontstaan van de ziekte en het opsporen van nieuwe targets voor 

therapeutische interventie.

Genomics om diagnose te verbeteren

Patiënten met gewrichtspijn en die positief zijn voor de autoantisto!en anti-

citrulline proteïne (ACPA) en/of reumafactor (RF) hebben een verhoogd risico op 

het ontwikkelen van reumatoïde artritis. In hoofdstuk 2 wilden we de mogelijke 

veranderingen in het immuunsysteem opsporen in een preklinische fase van 

de ziekte om zo de oorzaak van de ziekte beter te begrijpen en om additionele 

biomarkers te identi$ceren met als uiteindelijk doel preventieve medicatie op 

maat. Patiënten met gewrichtspijn en positief voor de antisto!en ACPA en/of RF 

bleken een signi$cant verschillend genexpressie pro$el te hebben vergeleken 

met gezonde controles. Dit pro$el wordt gekenmerkt door een verhoogde 

expressie van genen betrokken bij het aangeboren afweermechanisme zoals type 

I IFN geïnduceerde genen. Gedetailleerde analyse onthulde de aanwezigheid van 

verschillende subgroepen van patiënten op basis van verschillen in genexpressie 

pro$elen wat indicatief is voor interindividuele verschillen in activiteit van het 

immuun systeem. Sommige preklinische patiënten bleken al een genexpressie 

pro$el te hebben die vergelijkbaar is met die van RA patiënten. Binnen 2 jaar 

werd bij een aantal preklinische patiënten de diagnose artritis vastgesteld. In dit 

hoofdstuk beschrijven we een genexpressie pro$el dat kan bijdragen aan het 

voorspellen van artritis in preklinische patiënten. 

Genomics voor subclassi"catie van patiënten 

RA en MS zijn beide heterogene ziektes wat gekenmerkt worden door de variabiliteit 

in symptomen en respons op medicijnen. In hoofdstuk 3 hebben we onderzocht of 

deze heterogeniteit weerspiegeld is in het genexpressie pro$el van bloedcellen en 
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aangetaste weefsels. Zowel de genexpressie pro$elen in bloedcellen van RA als die 

van MS patiënten waren aanzienlijk verschillend van die van gezonde individuen 

en vertoonden een duidelijke verhoging in activiteit van genen betrokken bij de 

immune respons. Bovendien waren de genexpressie pro$elen verschillend tussen 

de patiënten onderling op basis waarvan verschillende subgroepen konden worden 

onderscheiden. In beide ziektes vonden wij in een subgroep van de patiënten 

een verhoogde activiteit van type I IFN geïnduceerde genen. Omdat deze genen 

voornamelijk worden geactiveerd door infectie met pathogenen, zoals virussen, 

hebben we de genexpressie pro$elen van patiënten vergeleken met die van virus 

geïnfecteerde makaken (aapsoort). Een subgroep van de patiënten bleek een 

genexpressie pro$el te hebben die vergelijkbaar is met die van de geïnfecteerde 

makaken. Dit laatste suggereert dat een virale infectie gerelateerd zou kunnen 

zijn aan de ontwikkeling of progressie van auto-immuniteit, maar aangezien deze 

genen ook door lichaamseigen factoren zouden kunnen worden aangezet is nader 

onderzoek nodig naar de rol van type I IFN genen in MS en RA.

Eerder onderzoek in synoviaal weefsel van RA patiënten heeft laten zien dat er 

verschillende weefseltypen bestaan. De heterogeniteit van het weefsel suggereert 

dat verschillende pathogene mechanismen kunnen leiden tot weefselschade die 

mogelijk verschillend behandeld moeten worden. In hoofdstuk 3.3 hebben we 

het genexpressie pro$el bepaald van synoviaal weefsel van RA patiënten en deze 

vergeleken met het bloedpro$el. Wederom konden we op basis van genexpressie 

pro$elen twee verschillende typen RA weefsels onderscheiden. Bovendien was de 

subclassi$catie op basis van genexpressie identiek aan subclassi$catie op basis 

van de gemeten in$ltratie van ontstekingscellen. Hoewel het weefsel zich duidelijk 

onderscheid in twee typen, het genexpressie pro$el in bloedcellen was vergelijkbaar 

tussen de twee weefsel typen. De ontstekingsmarker C-reactief proteïne (CRP), de 

bezinkingssnelheid van erytrocyten (BSE) en de hoeveelheid bloedplaatjes bleken 

de beste perifere bloedmarkers die de weefselclassi$catie weerspiegelen.

Farmacogenomics

Uit klinisch onderzoek weten we dat de behandeling van zowel RA als MS 

patiënten niet voor iedere patiënt gunstig uitpakt. Het gebrek aan een positieve 

respons op de therapie suggereert dat sommige patiënten resistent zijn of een 

ongewenste immuunreactie hebben op de voorgeschreven behandeling. De 

fysiologische e!ecten die een medicijn teweeg brengt in ons lichaam noemt 

men de farmacodynamiek en deze kan verschillend zijn tussen patiënten wat 

kan leiden tot interindividuele verschillen in klinische respons op behandeling. In 

hoofdstuk 4 hebben we de veranderingen in het genexpressie pro$el onderzocht 

die geïnduceerd wordt door therapie. Dit soort onderzoek wordt ook wel 

“farmacogenomics” genoemd. 

Eén van de meest gebruikte behandeling van RA is het remmen van TNF m.b.v. zgn. 

biologicals zoals In%iximab. Ondanks dat deze middelen in het algemeen doeltre!end 
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zijn, blijkt dat bij een deel van de patiënten deze medicijnen onvoldoende helpen. 

Bovendien is de exacte werking van het medicijn nog niet geheel duidelijk. In 

hoofdstuk 4.1 hadden wij als doel het bepalen van de farmacogenomic respons 

op anti-TNF behandeling in RA met behulp van genexpressie analyse van 

perifere bloedcellen. De genexpressie pro$elen voorafgaand aan therapie waren 

signi$cant verschillend vergeleken met die van na therapie. De genen met een 

verlaagd genexpressie pro$el vertegenwoordigen remming van verscheidene 

immune-gerelateerde biologische processen. Opmerkelijk is dat de door therapie 

geïnduceerde veranderingen in genexpressie niveaus vergelijkbaar is tussen alle 

patiënten ongeacht hun klinische respons. Dit duidt aan dat alle RA patiënten een 

actief TNF respons programma bezitten voorafgaand aan therapie. Aangezien niet 

alle patiënten goed reageren op behandeling, ondanks de aanwezigheid van een 

actief TNF respons programma, moeten andere factoren een belangrijke rol spelen 

bij de klinische respons op therapie. 

In hoofdstuk 4.2 beschrijven we de interactie tussen TNF and type I IFN geïnduceerde 

genen door het e!ect van TNF remmers te onderzoeken op het type I IFN 

genexpressie pro$el. De verandering in IFN genexpressie niveaus na TNF blokkade 

was verschillend tussen patiënten. Sommige patiënten vertoonde een verhoging 

van het IFN genexpressie pro$el terwijl andere patiënten juist een verlaging hadden 

na TNF remming. Het bleek dat de patiënten met een verhoging van het IFN pro$el 

een slechtere klinische respons hadden op de behandeling. 

Type I IFNβ is een frequent toegepaste behandeling om het ziekteproces van 

MS te remmen. Helaas is de therapie geassocieerd met bijwerkingen en laat niet 

iedere patiënt een klinisch e!ect zien. Bovendien is de behandeling kostbaar met 

slechts een gedeeltelijk klinisch e!ect waarvan het werkingsmechanisme nog 

onverklaarbaar is. In hoofdstuk 4.3 beschrijven we de farmacogenomic response in 

bloedcellen van MS patiënten na behandeling met type I IFNβ. De farmacogenomic 

response was gerelateerd aan de activiteit van de type I IFN genen voorafgaand 

aan therapie. De resultaten in dit hoofdstuk laten zien dat de activiteit van IFN 

geïnduceerde genen in bloedcellen van MS patiënten voorspellend zou kunnen 

zijn voor de respons op IFNβ. 

Conclusie

De resultaten beschreven in dit proefschrift verscha!en nieuwe inzichten in de 

relatie tussen genexpressie pro$elen en de heterogeniteit van chronische ziektes 

zoals RA en MS. Samenvattend kunnen we concluderen dat het gepresenteerde 

genomicsonderzoek een belangrijke bijdrage kan leveren aan de ontwikkeling van 

biomarkers die onderscheid maken tussen verschillende vormen van de ziektes 

MS en RA en die in de toekomst mogelijk gebruikt kunnen worden voor vroege 

diagnose, prognose en therapie respons op individueel niveau. 
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