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Chapter 1:

General Introduction and Outline



General Introduction and Outline

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a prevalent autoimmune disease, which affects approximately one
percent of all types of human populations (1;2). Generally, this immune-mediated disease is asso-
ciated with symmetrically inflammation, destruction of the joints leading to overall functional im-
pairment and (serious) comorbidity, like cardiovascular events (3-6).

Generally, the etiology of this inflammatory disease remains unclear due to the complexity of inte-
racting factors representing a multifactor process. Still, important risk- and protective factors have
been elucidated which are associated with development or severity of RA (7-11). These factors can be
divided in two groups: environmental- and genetic factors. It has been demonstrated that these
factors act synergistically in causing RA. Specifically, this phenomenon was highlighted by an inte-
raction between smoking and HLA-DR risk alleles in RA patients (12;13). Likewise, it was observed
that an environmental factor, like smoking, could increase the genetic risk course for RA. These
interactions provide additional difficulties in clear understanding RA’s etiology.

Similarly to etiology, the RA’s pathophysiology is not fully understood. Hypothetically, after the sti-
mulation of an environmental trigger, T-cells of the CD4+ type stimulate monocytes, macrophages
and synovial fibroblasts to secrete three important pro-inflammatory mediators: Tumor Necrosis
Factor alpha (TNFa), interleukin 1 (IL-1) and interleukin 6 (IL-6). It is thought that TNFa has a cen-
tral place in the inflammatory cascade of RA leading to progression of inflammation and eventually
erosion of bone and cartilage. Also, TNFa is recognized to be involved in stimulation of cytokine
production (including its own), enhancing expression of adhesion molecules, neutrophil activation
and it is also a co-stimulator for T-cell activation and antibody production by B-cells (14;15) (figure
1).
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Figure 1. Pathophysiology and accessory therapeutic agents in rheumatoid arthritis

Abbreviation(s): IL1= interleukin 1, IL6= interleukin 6, MMP= matrix metalloproteinases,
TNF= tumor necrosis factor.
Treatment of rheumatoid arthritis

In the last decades treatment outcome of RA has been successfully improved due to:
-1- the expanding knowledge of the disease’s pathophysiology, which elucidated important key play-
ers in the inflammatory process as potential targets for therapy (14-16); -2- development of new
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agents based on newly discovered targets leading to improved response percentages and facilitating
a range of equivalent treatment modalities in drug therapy (e.g. for effectively switching to inflix-
imab after failure of etanercept) (17;18); -3- the development of easy-to-use diagnostic tools to
measure efficacy of therapy (19-22); -4- the recognition and acknowledgement that disability and
joint damage occurs in an early state (6;23-25); -5- therapeutic strategy for RA patients that is fo-
cused on strictly- and early management of RA’s disease course (26-28).

Despite an increasing knowledge on RA’s etiology and pathogenesis, a therapy resulting in remedy
of the disease is not achieved to date. Alternatively, treatment is aimed at remission of disease, by
suppressing pro-inflammatory particles, like cytokines and lymphocytes (16;29). Notably, a widen-
ing arsenal of therapeutics has been developed, which have a general focus on modifying RA’s dis-
ease course to alleviate pain, to suppress inflammation, to prevent joint damage and loss of function
in order to postpone disability (Figure 1) (30). Hereby, an important role in modification of treat-
ment outcome is being played by disease modifying antirheumatic drugs (DMARDs). Two types of
DMARD:s take a central place in the rheumatology clinics: methotrexate (MTX) and TNF inhibitors.
Despite the fact that the mechanism of action of these drugs remains partially unclear, DMARDs
have proven to be effective treatment modalities according to several disease activity measurements
in clinical trials (26;31-36). For this reason, rheumatologists have increasingly prescribed both types
of drugs. However, highly differential response rates in overall clinical efficacy and/or toxicity have
been demonstrated in clinical trials with MTX and TNF inhibitors. Specifically, 40-70% and/or 15-
30% in RA patients treated with MTX and TNF inhibitors fail to achieve a satisfactory response
and/or develop adverse drug events, respectively (26;31-36). Because of the substantial differences
in individual responses and also the knowledge that reduction of disease activity leads to less pro-
gression of RA, it is beneficial to predict which patients have a increased chance for responding to
the different treatment modalities. Consequently, several studies have been performed considering
an influence of demographic, clinical and immunological variables on treatment outcome to
DMARD:s (37-41). Similarly, genetic influences on response to DMARDs have also been explored
(42-47). Generally, genetic factors are estimated to account for 15-30% of interindividual differences
in drug metabolism and response. In this way, pharmacogenetics has the potential to increase drug
efficacy and to ameliorate adverse drug events by applying genetic determinants of therapeutic re-
sponse and is able to aid in predicting efficacy and toxicity of drug therapy in RA (48;49).

Pharmacogenetics

Pharmacogenetics is defined as the study of variability in drug responses attributed to genetic fac-
tors in different populations (48;49). In this context, the pharmacogenetics of most drugs is likely to
be comparable to the genetics of complex diseases, like RA. In both cases numerous proteins are
involved in complex pathways, and in this way one clear genetic explanation is not available (50).
The complete DNA sequence across the human genome, which consists of approximately 3.1 billion
base pairs, has been determined. Approximately 99.9% of base pairs in the human genome are iden-
tical among individuals, whereas the remaining 0.1% reflects the individual differences in variants
which may lead to differences in susceptibility to specific diseases and response to specific drugs.
Single nucleotide polymorphisms (SNP) have been recognized as useful markers of genetic poly-
morphism. SNPs comprise genetic variation with a single-base difference between individuals re-
sulting in due to alteration, deletion or insertion of the base (e.g. replacement of guanine by ade-
nine). SNPs are widely distributed at a frequency of about one SNP in every 300—-500 bases, which
is approximately 1.5 million of this type of variants across the human genome. Hereby, SNPs are
estimated to account for 90% of all genetic mutations (51;52).
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Generally, in pharmacogenetics SNPs are involved in differences in drug response by affecting the
expression of genes or by altering the types of amino acids and affecting their activities (49;53). In
addition, as multiple SNPs exist within a single gene, several combinations of these polymorphisms
(expressed by linkage disequilibrium- e.g. haplotypes) are important to consider in order to explain
genetic variation as a whole in pharmacogenetic research (51).
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Outline of this Thesis

The primary objective of this thesis is to assess the role of pharmacogenetics in the variation of
treatment outcome in patients diagnosed with rheumatoid arthritis and treated with disease mod-
ifying antirheumatic drugs. Hereby, this thesis is divided in two parts: pharmacogenetics of metho-
trexate and of adalimumab in RA patients.

Part 1: Pharmacogenetics of methotrexate

In Chapter 2 an overview is presented of the previously performed studies concerning genetic va-
riability contributing to differences in response to MTX in RA treatment.

As it is generally accepted that MTX may act in RA through inhibition of folate pathway enzymes,
other reports indicate that efficacy may also be related to the release of endogenous antiinflammato-
ry adenosine. With this hypothesis, the relationship between SNPs in genes related to adenosine
release and MTX treatment outcome in patients with recent-onset RA is explored in chapter 3.

So far, most genetic variants are selected for analysis based upon their hypothetical relation to the
mechanism of MTX or inflammatory process in RA (chapters 2), such as genetic variants in the
adenosine pathway (chapter 3). Ideally, functional genetic variants are chosen because the altera-
tion in protein function is thought to influence drug action and thus may explain interindividual
differences in drug response. Chapter 4 assesses the role of SNPs with proven functional conse-
quences. These SNPs are located in genes, which are thought to be related with the mechanism of
action of MTX and/or immunopathogenesis of RA. In addition, replication analyses are performed
in chapter 4, since previously applied endpoints for efficacy from other research reports are availa-
ble. These replication analyses are important, since pharmacogenetic studies have the potential to
result in reporting false positive findings.

Previously, a clinical pharmacogenetic predictive model was developed for predicting the efficacy of
MTX monotherapy in patients with recent-onset RA comprising the Dutch BeSt Cohort. The model
consists of non-genetic factors sex, rheumatoid factor and smoking status, Disease Activity Score
(DAS) before starting MTX and 4 genetic polymorphisms (MTHFD1 1958G>A, AMPD1 34C>T,
ITPA 94A>C and ATIC 347C>G). The performance of this model is validated in a second Dutch
cohort (chapter 5) and in a Swedish cohort (chapter 6).

Chapter 7 evaluates the role of the haplotypes comprising the SNPs MTHFR 1298A>C and
MTHER 677C>T in treatment outcome to MTX in RA. Specifically, in this chapter optimalization of
a previously designed pharmacogenetic model is aimed with addition of the number of haplotypes
comprising MTHFR 1298A-677C alleles as additional criterion. Furthermore, the predictive value of
the haplotype is compared with other genetic polymorphisms in predicting MTX efficacy.

Part 2: Pharmacogenetics of adalimumab

In Chapter 8 an overview is given of the previously performed studies concerning genetic variabili-
ty contributing to differences in response to TNF inhibitors in RA treatment.
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In the next chapter, SNP selection for pharmacogenetic association studies is discussed. Additional-
ly, a pharmacogenetic pathway approach is presented together with proposed criteria for systematic
selection of SNPs. This method is applied for the selection of potential interesting SNPs within genes
related involved in the mechanism of action of adalimumab and/or inflammatory process of RA
(chapter 9).

Chapter 10 puts the presented systematically selection of SNPs in chapter 9 into practice: efficacy
of treatment with adalimumab is associated with genetic variants selected by a pharmacogenetic
pathway approach using a custom made antiTNFo SNP array.

Furthermore, SNPs, which were previously associated with genetic susceptibility to RA and/or
treatment outcome to TNF inhibitors, were examined for association with treatment outcome in
chapter 10.

Chapters 11 and 12 provide a summary of this thesis (chapter 11) and present a general discussion
including a perspective on future research (chapter 12).

12



References

(1) Davidson A, Diamond B. Autoimmune diseases. N Engl
J Med 2001 August 2;345(5):340-50.

(2) Symmons DP. Epidemiology of rheumatoid arthritis:
determinants of onset, persistence and outcome. Best Pract
Res Clin Rheumatol 2002 December;16(5):707-22.

(3) Young A, Dixey J, Kulinskaya E, Cox N, Davies P, Dev-
lin J et al. Which patients stop working because of rheuma-
toid arthritis? Results of five years' follow up in 732 patients
from the Early RA Study (ERAS). Ann Rheum Dis 2002
April;61(4):335-40.

(4) Young A, Koduri G. Extra-articular manifestations and
complications of rheumatoid arthritis. Best Pract Res Clin
Rheumatol 2007 October;21(5):907-27.

(5) Kumar N, Armstrong DJ. Cardiovascular disease--the
silent killer in rheumatoid arthritis. Clin Med 2008 Au-
gust;8(4):384-7.

(6) Pincus T. Long-term outcomes in rheumatoid arthritis.
Br J Rheumatol 1995 November;34 Suppl 2:59-73.

(7) Agrawal S, Misra R, Aggarwal A. Autoantibodies in
rheumatoid arthritis: association with severity of disease in
established RA. Clin Rheumatol 2007 February;26(2):201-
4.

(8) Jacobsson LT, Jacobsson ME, Askling J, Knowler WC.
Perinatal characteristics and risk of rheumatoid arthritis.
BMJ 2003 May 17;326(7398):1068-9.

(9) Silman AJ, Newman J, MacGregor AJ. Cigarette smok-
ing increases the risk of rheumatoid arthritis. Results from
a nationwide study of disease-discordant twins. Arthritis
Rheum 1996 May;39(5):732-5.

(10) Symmons DP, Bankhead CR, Harrison BJ, Brennan P,
Barrett EM, Scott DG et al. Blood transfusion, smoking,
and obesity as risk factors for the development of rheuma-
toid arthritis: results from a primary care-based incident
case-control study in Norfolk, England. Arthritis Rheum
1997 November;40(11):1955-61.

(11) van Gaalen FA, Linn-Rasker SP, van Venrooij WJ, de
Jong BA, Breedveld FC, Verweij CL et al. Autoantibodies to
cyclic citrullinated peptides predict progression to rheuma-
toid arthritis in patients with undifferentiated arthritis: a
prospective cohort study. Arthritis Rheum 2004
March;50(3):709-15.

(12)Klareskog L, Stolt P, Lundberg K, Kallberg H,
Bengtsson C, Grunewald J et al. A new model for an etiolo-

General Introduction and Outline

gy of rheumatoid arthritis: smoking may trigger HLA-DR
(shared epitope)-restricted immune reactions to autoanti-
gens modified by citrullination. Arthritis Rheum 2006
January;54(1):38-46.

(13) Linn-Rasker SP, van der Helm-van Mil AH, van Gaa-
len FA, Kloppenburg M, de Vries RR, le CS et al. Smoking is
a risk factor for anti-CCP antibodies only in rheumatoid
arthritis patients who carry HLA-DRB1 shared epitope
alleles. Ann Rheum Dis 2006 March;65(3):366-71.

(14) Choy EH, Panayi GS. Cytokine pathways and joint
inflammation in rheumatoid arthritis. N Engl J Med 2001
March 22;344(12):907-16.

(15) McInnes IB, Schett G. Cytokines in the pathogenesis of
rheumatoid arthritis. Nat Rev Immunol 2007
June;7(6):429-42.

(16) Feldmann M, Maini RN. Anti-TNF alpha therapy of
rheumatoid arthritis: what have we learned? Annu Rev
Immunol 2001;19:163-96.

(17) Hyrich KL, Lunt M, Watson KD, Symmons DP, Silman
AJ. Outcomes after switching from one anti-tumor necrosis
factor alpha agent to a second anti-tumor necrosis factor
alpha agent in patients with rheumatoid arthritis: results
from a large UK national cohort study. Arthritis Rheum
2007 January;56(1):13-20.

(18) Olsen NJ, Stein CM. New drugs for rheumatoid arthri-
tis. N Engl J Med 2004 May 20;350(21):2167-79.

(19) Felson DT, Anderson JJ, Boers M, Bombardier C,
Furst D, Goldsmith C et al. American College of Rheuma-
tology. Preliminary definition of improvement in rheuma-
toid arthritis. Arthritis Rheum 1995 June;38(6):727-35.

(20) van der Heijde D. How to read radiographs according
to the Sharp/van der Heijde method. J Rheumatol 2000
January;27(1):261-3.

(21)van der Heijde DM, van Riel PL, Nuver-Zwart IH,
Gribnau FW, vad de Putte LB. Effects of hydroxychloro-
quine and sulphasalazine on progression of joint damage in
rheumatoid arthritis. Lancet 1989 May 13;1(8646):1036-8.

(22) van Gestel AM, Prevoo ML, van 't Hof MA, van Rijs-
wijk MH, van de Putte LB, van Riel PL. Development and
validation of the European League Against Rheumatism
response criteria for rheumatoid arthritis. Comparison with
the preliminary American College of Rheumatology and
the World Health Organization/International League
Against Rheumatism Criteria. Arthritis Rheum 1996 Janu-
ary;39(1):34-40.

13



General Introduction and Outline

(23) Gordon P, West J, Jones H, Gibson T. A 10 year pros-
pective followup of patients with rheumatoid arthritis
1986-96. J Rheumatol 2001 November;28(11):2409-15.

(24) Aletaha D, Smolen JS. The rheumatoid arthritis pa-
tient in the clinic: comparing more than 1,300 consecutive
DMARD courses. Rheumatology (Oxford) 2002 Decem-
ber;41(12):1367-74.

(25) McQueen FM, Stewart N, Crabbe J, Robinson E,
Yeoman S, Tan PL et al. Magnetic resonance imaging of the
wrist in early rheumatoid arthritis reveals a high prevalence
of erosions at four months after symptom onset. Ann
Rheum Dis 1998 June;57(6):350-6.

(26) Goekoop-Ruiterman YP, de Vries-Bouwstra JK, Al-
laart CF, van ZD, Kerstens PJ, Hazes JM et al. Clinical and
radiographic outcomes of four different treatment strate-
gies in patients with early rheumatoid arthritis (the BeSt
study): a randomized, controlled trial. Arthritis Rheum
2005 November;52(11):3381-90.

(27) Grigor C, Capell H, Stirling A, McMahon AD, Lock P,
Vallance R et al. Effect of a treatment strategy of tight
control for rheumatoid arthritis (the TICORA study): a
single-blind randomised controlled trial. Lancet 2004 July
17;364(9430):263-9.

(28) Vencovsky J, Huizinga TW. Rheumatoid arthritis: the
goal rather than the health-care provider is key. Lancet
2006 February 11;367(9509):450-2.

(29) Smolen JS, Aletaha D, Machold KP. Therapeutic
strategies in early rheumatoid arthritis. Best Pract Res Clin
Rheumatol 2005 February;19(1):163-77.

(30) Klareskog L, Catrina Al, Paget S. Rheumatoid arthri-
tis. Lancet 2009 February 21;373(9664):659-72.

(31) Blumenauer B, Judd M, Wells G, Burls A, Cranney A,
Hochberg M et al. Infliximab for the treatment of rheuma-
toid arthritis.  Cochrane  Database  Syst Rev
2002;(3):CD003785.

(32) Blumenauer B, Judd M, Cranney A, Burls A, Coyle D,
Hochberg M et al. Etanercept for the treatment of rheuma-
toid arthritis. Cochrane  Database  Syst Rev
2003;(4):CD004525.

(33) Breedveld FC, Weisman MH, Kavanaugh AF, Cohen
SB, Pavelka K, van VR et al. The PREMIER study: A multi-
center, randomized, double-blind clinical trial of combina-
tion therapy with adalimumab plus methotrexate versus
methotrexate alone or adalimumab alone in patients with
early, aggressive rheumatoid arthritis who had not had
previous methotrexate treatment. Arthritis Rheum 2006
January;54(1):26-37.

14

(34) Klareskog L, van der HD, de Jager JP, Gough A, Kal-
den J, Malaise M et al. Therapeutic effect of the combina-
tion of etanercept and methotrexate compared with each
treatment alone in patients with rheumatoid arthritis:
double-blind randomised controlled trial. Lancet 2004
February 28;363(9410):675-81.

(35) Mottonen T, Hannonen P, Leirisalo-Repo M, Nissila
M, Kautiainen H, Korpela M et al. Comparison of combina-
tion therapy with single-drug therapy in early rheumatoid
arthritis: a randomised trial. FIN-RACo trial group. Lancet
1999 May 8;353(9164):1568-73.

(36) Navarro-Sarabia F, Ariza-Ariza R, Hernandez-Cruz B,
Villanueva I. Adalimumab for treating rheumatoid arthri-
tis. Cochrane Database Syst Rev 2005;(3):CD005113.

(37) Aletaha D, Funovits J, Keystone EC, Smolen JS. Dis-
ease activity early in the course of treatment predicts re-
sponse to therapy after one year in rheumatoid arthritis
patients. Arthritis Rheum 2007 October;56(10):3226-35.

(38) Anderson JJ, Wells G, Verhoeven AC, Felson DT.
Factors predicting response to treatment in rheumatoid
arthritis: the importance of disease duration. Arthritis
Rheum 2000 January;43(1):22-9.

(39) Hider SL, Silman AJ, Thomson W, Lunt M, Bunn D,
Symmons DP. Can clinical factors at presentation be used
to predict outcome of treatment with methotrexate in
patients with early inflammatory polyarthritis? Ann
Rheum Dis 2009 January;68(1):57-62.

(40) Hyrich KL, Watson KD, Silman AJ, Symmons DP.
Predictors of response to anti-TNF-alpha therapy among
patients with rheumatoid arthritis: results from the British
Society for Rheumatology Biologics Register. Rheumatolo-
gy (Oxford) 2006 December;45(12):1558-65.

(41) Kristensen LE, Kapetanovic MC, Gulfe A, Soderlin M,
Saxne T, Geborek P. Predictors of response to anti-TNF
therapy according to ACR and EULAR criteria in patients
with established RA: results from the South Swedish Arth-
ritis Treatment Group Register. Rheumatology (Oxford)
2008 Aprik;47(4):495-9.

(42) Bowes JD, Potter C, Gibbons LJ, Hyrich K, Plant D,
Morgan AW et al. Investigation of genetic variants within
candidate genes of the TNFRSF1B signalling pathway on
the response to anti-TNF agents in a UK cohort of rheuma-
toid arthritis patients. Pharmacogenet Genomics 2009
April;19(4):319-23.

(43) Liu C, Batliwalla F, Li W, Lee A, Roubenoff R, Beck-
man E et al. Genome-wide association scan identifies
candidate polymorphisms associated with differential
response to anti-TNF treatment in rheumatoid arthritis.
Mol Med 2008 September;14(9-10):575-81.



(44) Maxwell JR, Potter C, Hyrich KL, Barton A, Worthing-
ton J, Isaacs JD et al. Association of the tumour necrosis
factor-308 variant with differential response to anti-TNF
agents in the treatment of rheumatoid arthritis. Hum Mol
Genet 2008 November 15;17(22):3532-8.

(45) Miceli-Richard C, Comets E, Verstuyft C, Tamouza R,
Loiseau P, Ravaud P et al. A single tumour necrosis factor
haplotype influences the response to adalimumab in rheu-
matoid arthritis. Ann Rheum Dis 2008 April;67(4):478-84.

(46) Potter C, Hyrich KL, Tracey A, Lunt M, Plant D, Sym-
mons DP et al. Association of RF and anti-CCP positivity,
but not carriage of shared epitope or PTPN22 susceptibility
variants, with anti-TNF response in RA. Ann Rheum Dis.
2009 Jan;68(1):69-74

(47) Wessels JA, Kooloos WM, De JR, de Vries-Bouwstra
JK, Allaart CF, Linssen A et al. Relationship between genet-
ic variants in the adenosine pathway and outcome of me-
thotrexate treatment in patients with recent-onset rheuma-
toid arthritis.  Arthritis Rheum 2006  Septem-
ber;54(9):2830-9.

(48) Eichelbaum M, Ingelman-Sundberg M, Evans WE.
Pharmacogenomics and Individualized Drug Therapy.
Annu Rev Med 2006;57:119-37.

General Introduction and Outline

(49) Evans WE, McLeod HL. Pharmacogenomics-drug
disposition, drug targets, and side effects. N Engl J Med
2003 February 6;348(6):538-49.

(50) Johnson JA, Lima JJ. Drug receptor/effector poly-
morphisms and pharmacogenetics: current status and
challenges. Pharmacogenetics 2003 September;13(9):525-
34

(51) Frazer KA, Ballinger DG, Cox DR, Hinds DA, Stuve LL,
Gibbs RA et al. A second generation human haplotype map
of over 3.1 milion SNPs. Nature 2007 October
18;449(7164):851-61.

(52) Lander ES, Linton LM, Birren B, Nusbaum C, Zody
MC, Baldwin J et al. Initial sequencing and analysis of the
human genome. Nature 2001 February 15;409(6822):860-
921.

(53)Zhu M, Zhao S. Candidate gene identification ap-

proach: progress and challenges. Int J Biol Sci
2007;3(7):420-7.

15






