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Abstract 
 
Objective.  
Among patients with rheumatoid arthritis (RA), there is a high degree of interindividual 
variability in the degree of response to methotrexate (MTX) treatment. This study was undertaken 
to explore polymorphisms in genes contributing to anti-inflammatory adenosine release as novel 
predictors of MTX treatment outcome. 
 
Methods. 
In 205 patients with newly diagnosed RA, 5 polymorphisms in 5 genes coding for enzymes related to 
the release of adenosine were analyzed. All patients received standardized MTX treatment (up to 25 
mg per week orally), combined with folic acid. MTX efficacy was evaluated by the Disease Activity 
Score (DAS) and compared among genotypes. The association between MTX-related adverse events 
and genotype was also assessed. The following polymorphisms were determined: AMPD1 34C>T, 
ATIC 347C>G, ITPA 94C>A, MTR 2756A>G, and MTRR 66A>G. When significant differences were 
found by chi-square analysis, odds ratios (ORs) and 95% confidence intervals were calculated. 
 
Results.  
Patients carrying the AMPD1 34T allele, ATIC 347CC, or ITPA 94CC were more likely to have a good 
clinical response, as defined by a DAS of <2,4 (OR [95% confidence interval] 2,1 [1,0–4,5], 2,5 [1,3–
4,7], and 2,7 [1,1–8.1], respectively). The likelihood of a good clinical response was increased if pa-
tients possessed all 3 favorable genotypes (OR 27.8 [95% confidence interval 3,2–250]). Regarding 
toxicity, only ATIC G allele carriers experienced a greater frequency of adverse events (OR 2,0 [95% 
confidence interval 1,1–3,7]). 
 
Conclusion. 
Polymorphisms in the AMPD1, ATIC, and ITPA genes are associated with good clinical response to 
MTX treatment. These findings indicate that genotyping may help in the identification of patients 
who will benefit most from MTX treatment and may assist clinicians in making treatment decisions 
regarding patients with recent-onset RA. 
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Introduction 
 
Patients with rheumatoid arthritis (RA) show considerable variation in their clinical course and 
response to treatment (1,2). Despite the fact that most clinical study findings support the use of 
combination therapy to optimally suppress disease activity, most patients with newly diagnosed RA 
begin with monotherapy; methotrexate (MTX) is the preferred first-line disease-modifying anti-
rheumatic drug (DMARD) (3–6).  
Although results of randomized controlled clinical trials indicate that MTX alters the clinical course 
of RA, only ~40% of the patients exhibit a good clinical response (7–9). While achieving good re-
sponse early in the disease process is key to minimizing the joint damage and functional decline 
characteristic of RA (6,10,11), it is not yet possible to predict which patients will respond to MTX. In 
most studies to date that have demonstrated MTX efficacy, predictors for response have not been 
specifically investigated. Clear predictors of response to MTX would be useful in directing treatment 
choices in the early phase of the disease.  
In candidate gene–driven pharmacogenetic studies, polymorphisms in genes coding for proteins 
involved in pharmacokinetic or pharmacodynamic pathways related to the drug under study are 
selected, and possible associations with treatment outcome are investigated (12–14). Specific to 
MTX, several studies have shown that single-nucleotide polymorphisms (SNPs) in genes coding for 
the folate pathway enzymes are associated with treatment response (15–17). Although MTX may act 
in RA through inhibition of folate pathway enzymes, more recent reports indicate that its efficacy 
may be related to the release of endogenous anti-inflammatory adenosine (18–20) (Figure 1).  

 
Figure 1. Simplified representation of the adenosine metabolism pathwaya,b,c 

a. Shown are enzymes and metabolites involved in the stepwise release of adenosine.  
b. Abbreviation(s): FAICAR= formyl–5-aminoimidazole-4-carboxamide ribonucleotide, ITPA= inosine triphos-
phate pyrophosphatase, IMP= inosine monophosphate, ATIC= aminoimidazole carboxamide ribonucleotide 
transformylase, MTXglu= methotrexate polyglutamate, AMPD= adenosine monophosphate deaminase, ADA= 
adenosine deaminase, SAH= S-adenosylhomocysteine, SAM= S-adenosylmethionine, MTRR= methionine syn-
thase reductase.  
c. See ref. 18 for detailed information on the mechanism of action of MTX. 
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Studies on clinical outcome in patients with other complex conditions such as cardiovascular diseas-
es have already alluded to the relevance of polymorphisms in genes coding for enzymes related to 
adenosine release (15,21–25). We hypothesized that genetic variants in these genes are associated 
with MTX treatment outcome. To investigate this, we assessed the relationship between SNPs in 
genes related to adenosine release and MTX treatment outcome in patients with recent-onset RA. 

 
 

Patients and Methods 
 
Role of the funding source  
The rheumatologists participating in the Foundation for Applied Rheumatology Research were re-
sponsible for the study design and data collection in the BeSt study. The authors are responsible for 
the current subcohort data analysis, including genotyping, interpretation of data, preparing this 
manuscript, and the decision to publish. Centocor and Schering-Plough did not participate in any of 
these activities.  
 
Patients  
The 247 patients enrolled in this study comprised a subcohort of the 508 patients participating in 
the BeSt (Behandelstrategieën voor Reumatoide Artritis [Treatment Strategies for Rheumatoid 
Arthritis]) study (26). Inclusion criteria for the study included fulfillment of the American College of 
Rheumatology (formerly, the American Rheumatism Association) 1987 revised criteria for RA (27), 
age of ≥18 years, and disease duration of <2 years. Patients also had to have active disease, defined 
as at least 6 swollen joints (of 66) and at least 6 tender joints (of 68), and either an erythrocyte sedi-
mentation rate (ESR) of ≥28 mm/hour or a score of >20 mm on a 100-mm visual analog scale 
(VAS) for patient assessment of global health (0 mm = best; 100 mm = worst). Individuals were 
ineligible for the BeSt study if they had previously been treated with DMARDs other than antima-
larial agents or were receiving concomitant treatment with an experimental drug. The local ethics 
committee at each participating hospital approved the study protocol, and all patients provided writ-
ten informed consent before enrollment into the study. 
 
Study design  
The BeSt study was a randomized, multicenter, single-blind, clinical study comparing the clinical 
efficacy of 4 different treatment strategies in early RA: sequential monotherapy starting with MTX 
(n = 126), step-up from MTX to combination therapy with MTX and sulfasalazine (SSZ) (n = 121), 
initial combination therapy with MTX, SSZ, and high-dose (with tapering) prednisolone (n = 133), 
or initial biologic therapy with infliximab plus MTX (n = 128). Only patients who had been allocated 
to single use of MTX (n = 247) were included in the current analysis.  
The primary goal of therapy in the BeSt study was clinical response as defined by a European 
League Against Rheumatism (EULAR) Disease Activity Score (DAS) of ≤2.4 (28,29). The DAS is a 
validated composite outcome measure consisting of the Ritchie Articular Index (RAI) (30), the 
number of swollen joints (of 44), general well-being as indicated by the patient on a VAS, and the 
ESR. A research nurse who was blinded with regard to the allocated treatment group assessed the 
DAS every 3 months.  
All patients included in this analysis started on a regimen of oral MTX 7.5 mg weekly, increasing to 
15 mg weekly after 4 weeks, in combination with folic acid (1 mg per day). In the event of insufficient 
clinical response (DAS ≤2.4) at the 3-month followup visit, the MTX dosage was increased stepwise 
to 25 mg weekly, given either orally or parenterally according to the rheumatologist’s judgment. If 
the clinical response remained insufficient at the 6-month followup visit, patients were treated ac-
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cording to the next step of the BeSt protocol, i.e., patients assigned to MTX sequential monotherapy 
were switched to SSZ 1,000 mg twice daily, and SSZ 1,000 mg twice daily was added to the MTX 
regimen for patients assigned to initial step-up combination therapy. Concomitant treatment with 
nonsteroidal antiinflammatory drugs and intraarticular injections of corticosteroids were allowed 
for all treatment groups. For the current analysis, clinical data from the first 6 months of followup 
were used to represent MTX treatment only. Responders were defined as patients with a DAS of 
≤2.4 (good clinical response) based on the EULAR response criteria (28,29), and nonresponders as 
patients with a DAS of ≤2.4 at the 6-month followup visit.  
Toxicity was evaluated by tabulating reported adverse drug events. Adverse drug events were spon-
taneously reported by the patients, were ascertained from nonspecific questioning by the investiga-
tor about the patient’s well-being, or were found upon physical examination or determination of 
clinical laboratory parameters during the study. In cases of adverse drug events, MTX treatment was 
continued at the lowest tolerated dose or, if MTX was not tolerated at all, the DMARD therapy was 
changed. The following noninfectious  adverse drug events were specifically evaluated: gastrointes-
tinal adverse drug events (defined as general well-being, nausea, vomiting, diarrhea, or constipa-
tion); liver adverse drug events (defined as elevated liver enzyme levels resulting in MTX dosage 
adjustment or discontinuation), pneumonitis, and skin and mucosal disorders. Patients were also 
monitored for leukopenia (white blood cell count <4 x 109/liter) and for elevations in levels of ala-
nine aminotransferase and alkaline phosphatase to >3 times the upper limit of normal (i.e., >135 
units/liter and >360 units/liter, respectively).  
Five SNPs in genes related to adenosine release (31) (Figure 1) were selected, taking into considera-
tion the following criteria: validated SNP, SNP causes nonsynonymous amino acid change, indica-
tions for clinical relevance from previous publications (15,21–25,32,33), and a preferred minimal 
genotype frequency of ~10%. The 5 selected genes were those coding for adenosine monophosphate 
deaminase (AMPD1), aminoimidazole carboxamide ribonucleotide transformylase (ATIC), inosine 
triphosphate pyrophosphatase (ITPA), methionine synthase (MTR), and methionine synthase re-
ductase (MTRR). The following SNPs were analyzed: MTRR 66A>G 
(rs1801394), MTR 2756A>G (rs1805087), AMPD1 34C>T (rs17602729), ITPA 94C>A (rs1127354), 
and ATIC 347C>G (rs2372536). 
DNA was isolated from peripheral white blood cells by a standard manual salting-out method. As a 
quality control, positive controls (Control DNA CEPH 347-02; Applied Biosystems, Foster City, CA) 
and negative controls (water) were used. In addition, 5–10% of samples were genotyped in dupli-
cate, and no inconsistencies were observed. 
Genotyping was performed using real-time polymerase chain reaction with TaqMan, according to 
the protocol provided by the manufacturer (Applied Biosystems). Genotype frequencies were in 
Hardy-Weinberg equilibrium, and the success rate was 99.5% for MTRR 66A>G, 100% for MTR 
2756A>G, 99.5% for AMPD1 34C>T, 99.5% for ITPA 94C>A, and 100% for ATIC 347C>G. Geno-
type distributions were as follows: for AMPD1 34C>T, 74% CC, 25% CT, 1% TT; for MTRR 66A>G, 
20% AA, 53% AG, 28% GG; for MTR 2756A>G, 70% AA, 27% AG, 2% GG; for ITPA 94C>A, 85% 
CC, 15% CA, 0% AA; and for ATIC 347C>G, 47% CC, 45% CG, 8%GG. 
 
Statistical analysis.  
Differences in baseline characteristics were analyzed by Student’s t-test for continuous variables or 
chi-square test for dichotomous variables. For response and toxicity, differences in genotype distri-
bution were tested by 3 x 2 cross-tabulations for each genotype, and by 2 x 2 cross-tabulations for 
carriers versus noncarriers, with analysis by 2-sided chi-square test. When genotype distributions 
differed, we used binary logistic analysis to calculate odds ratios 
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(ORs) for achieving good response or experiencing adverse drug events. Age and sex were identified 
as possible confounders and were used as covariates in all regression analyses. The 
primary efficacy end point was good clinical response (DAS ≤2.4) at 6 months. For classification as 
having good clinical response based on the DAS, patients had to be available for evaluation at a giv-
en time point; no values were carried forward. Secondary end points were good clinical improve-
ment, defined as a change of >1.2 in the DAS, and moderate clinical improvement, defined as a 
change of >0.6 in the DAS. Additionally, for efficacy analyses, the following possible confounding 
factors were identified: DAS at baseline, duration of joint symptoms before enrollment, duration of 
RA before enrollment, rheumatoid factor (RF) positivity, modified Sharp/van der Heijde radio-
graphic score (34) at baseline, ESR, RAI, and C-reactive protein level.  
For safety analyses, all patients whose MTX regimen was altered prior to the 6-month followup visit 
were assessed for adverse drug events after the change in therapy and were included in the safety 
analyses. Analyses of laboratory measurements were performed for completers only. In the toxicity 
regression analysis, the following potential confounding factors were tested: body weight, creatinine 
clearance rate, MTX dosage group (15 mg/week or 25 mg/week), and alcohol use. 
All statistical analyses were performed using SPSS 11.5 software (SPSS, Chicago, IL). Since 5 hypo-
theses were tested, Bonferroni adjustment was performed for multiple comparisons. Both adjusted 
and unadjusted P values were calculated. P values less than 0.05 were considered significant. 
 
 

Results 
 
Patient disposition and baseline characteristics. 
DNA samples could be obtained from 205 of the 247 patients randomized to receive MTX monothe-
rapy in the BeSt study. There were no statistically significant differences in baseline characteristics 
between patients with and those without available DNA samples (data not shown). Baseline demo-
graphic and disease characteristics of the 205 RA patients who were genotyped are 
presented in Table 1. The reported ethnicity distribution in the study population was 93% Caucasian 
(n = 191), 2.4% Asian (n = 5), 1.0% African (n = 2), and 3.4% other (n = 3 Hindustani, 3 Surinamese, 
1 Israeli). All results remained similar when performed with and without inclusion of non-Caucasian 
patients. 
 
 

Characteristics                                                                         Baseline value 

Demographic  

Gender  [female / male %] 68.8 / 31.2 
Age  [years] (sd) 54.6 (±13.3) 
RF positivity [%] 67.3 
Disease duration in weeks [median]  (range) 2.0 (0-104.7) 

Measures of disease activity  

Duration of joint complaints in weeks [median] (range) 25.0 (1.1-584.3) 
DAS (sd) 4.5 (± 0.8) 
ESR [median mm/hr]  (range) 38 (2 - 143) 
CRP  [median mg/L] (range) 23 (0 - 238) 
RAI [median] (range) 13 (2 - 47) 
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Swollen joints [median] (range) 13 (3 - 36) 
Sharp van der Heijde score [median] (range) 4 (4 - 49.5) 

 
Table 1. Baseline demographic and disease characteristics among the 205 patients with genotyp-
ing data 
 
Abbreviation(s): DAS= Disease Activity Score in 44 joints, ESR= Erythrocyte Sedimentation Rate, RF= Rheuma-
toid factor, CRP= C-reactive protein, RAI=Ritchie Articular Index. 
 
 
Association of AMPD1 34C>T, ATIC 347C>G, and ITPA 94C>A polymorphisms with 
good clinical response to MTX therapy.  
At 6 months, 186 patients remained in the study, of whom 47% had a good clinical response (DAS 
≤2.4) (n = 87) (Figure 2). Among these responders, 43% were receiving MTX 15 mg weekly and 57% 
were receiving MTX 25 mg weekly.  
Three of the 5 selected genetic polymorphisms were associated with good clinical response at 6-
month followup (Figure 3). Patients carrying the AMPD1 T allele were 2)1 times more likely to 
achieve good clinical response when compared with patients possessing the AMPD1 CC variant. For 
ATIC and ITPA, associations between the CC genotype and good clinical response were found (Fig-
ure 3). The numbers and percentages of responders by genotype are presented in Table 2).  
 

baseline

6 months

508 patients included

247 with initial
monotherapy MTX

205 DNA samples

N=44 good response
DAS ≤ 2.4,

N=157 non-response
DAS  > 2.4,

N=4 missing;
1 moved,

2 adverse events,
1 refused,

N=14 missing;
1 SSAP added,

5 no DAS,
8 adverse events,

N=97 non-response
DAS > 2.4

N=46 good response
DAS ≤ 2.4

N=2 non-response
DAS  > 2.4

N=41 good response
DAS ≤ 2.4

N=1 missing;
1 moved

3 months

 

Figure 2. Disposition of the patients 
 
Abbreviation(s): MTX= methotrexate; DAS= Disease Activity Score; SSAP= sulfasalazine. 
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To assess whether these 3 favorable polymorphisms showed an additive effect with regard to re-
sponse to MTX therapy, additional analyses were performed for each combination of the AMPD1, 
ATIC, and ITPA genotypes. Among patients carrying the combinations AMPD1 T allele and ATIC 
CC (n = 22), AMPD1 T allele and ITPA CC (n = 41), and ATIC CC and ITPA CC (n = 82), the percen-
tages with good clinical response at 6 months increased to 68%, 63%, and 56%, respectively. Among 
the 16 patients who carried all 3 favorable genotypes, 88% achieved a good clinical response. Logis-
tic regression analyses revealed that the OR for achievement of good clinical response in this group 
was 27.8) The explained variance (R2) of these combined favorable genotypes for MTX treatment 
response was 24.2% (Figure 3). In contrast, if patients carried all 3 unfavorable genotypes, i.e., the 
AMPD1 CC and ITPA CA genotypes and the ATIC G allele (n = 10), the response rate at 6 months 
was only 10%.  
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AMPD1 
 

 
ATIC 

 
ITPA 

 CC CT TT CC CG GG CC CA 
         
Population 151 

(73%) 
50 

(24%) 
3 

(2%) 
97 

(47%) 
92 

(45%) 
16 

(8%) 
174 

(85%) 
30 

(15%) 
         
Good clinical response 
at six months 

57 
(38%) 

28 
(56%) 

1 
(33%) 

51 
(53%) 

30 
(33%) 

6 
(38%) 

79 
(45%) 

7 
(23%) 

         
Methotrexate  
15 mg weekly 

25/36 
(69%) 

15/15 
(100%) 

1/1 
(100%) 

22/25 
(88%) 

15/22 
(68%) 

4/5 
(80%) 

38/47 
(81%) 

3/5 
(60%) 

         
         
Methotrexate  
25 mg weekly  

30/98 
(31%) 

13/29 
(45%) 

0/2 
(0%) 

28/61 
(46%) 

14/60 
(23%) 

2/9 
(22%) 

39/107 
(36%) 

4/22 
(18%) 

         
         
Adverse drug events  
at six months 

42/146 
(29%) 

16/50 
(32%) 

1/3 
(33%) 

21/94 
(22%) 

33/91 
(36%) 

6/15 
(40%) 

51/169 
(30%) 

8/30 
(27%) 

 
Table 2. Methotrexate response and adverse drug events at 6 months by AMPD1, ATIC and ITPA 
genotypesa,b,c,d 

 
a. MTR and MTRR were not associated with methotrexate (MTX) efficacy or toxicity. Values are the number [%]. 
b. Genotype data missing on 1 of the 205 patients. 
c. Data on MTX dosage missing on 2 of the 87 responders at 6 months. 
d. Abbreviation(s): AMPD1 = adenosine monophosphate deaminase, ATIC = aminoimidazole carboxamide ribo-
nucleotide transformylase, ITPA = inosine triphosphate pyrophosphatase. 
 
 
After adjustment for multiple comparisons, the association of the ATIC CC genotype with MTX re-
sponse remained significant (P = 0.035), and the combination of favorable AMPD1, ATIC, and ITPA 
genotypes remained significantly associated with good clinical response (Figure 3). The regression 
analysis using the parameter good clinical improvement as opposed to good clinical response also 
revealed an association with the ATIC CC genotype in comparison with G allele carriers (OR 2.5 
[95% confidence interval 1.3– 4.8], P = 0.007). No associations between the MTRR and MTR poly-
morphisms and good clinical response were found (data not shown).  
In the regression analysis to predict good clinical response, only DAS at baseline and RF positivity 
appeared to be significant predictive factors (Figure 3). Patients who had a lower DAS at baseline 
and/or were RF negative were more likely to show good clinical response at 6 months. We also in-
vestigated whether the possible confounding factors were affected by genotype; no significant asso-
ciations between the possible confounding factors examined and genotype variants were observed. 
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0,1 1000

1.9 (0.9-3.8)

1.0 (1.0-1.0)

27.8 (3.2-250.0)

2.7 (1.4-5.2)

AMPD T-allele 3.2 (1.4-7.4)

5.4 (1.6-18.2)

2.7 (1.1-8.1)

2.5 (1.3-4.7)

2.1 (1.0-4.6)

2.7 (1.7-4.2)

0.4 (0.2-0.8)

OR (95% CI)

1 10 100

R2

24.2%

20.6%

20.3%

20.7%

19.3%

20.1%

18.9%

3.7%

0.4%

1.6%

12.3%

Male sex

Age

AMPD T-allele, ATIC CC
and ITPA CC*

ATIC CC and ITPA CC*

and ITPA CC*

AMPD T-allele and
ATIC CC*

ITPA CC

ATIC CC*

AMPD T-allele

DAS at baseline

Rheumafactor +

 
Figure 3. Associations between AMPD1 34C>T, ATIC 347C>G, and ITPA 94C>A polymorphism 
and good clinical response to methotrexatea,b,c 

 
a. Data presented are odds ratios (ORs) (diamonds), 95% confidence intervals (95% CIs) (bars), and R2 values 
with correction for the potential confounding factors of age, sex, rheumatoid factor (Rheumafactor) positivity, and 
Disease Activity Score (DAS) at baseline. 
b. Odds ratios presented for age, sex, rheumatoid factor positivity, and DAS at baseline are results found without 
inclusion of genotypes as independent variables. 
c. * P< 0.05 after Bonferroni adjustment. 
 
 

Safety findings.  
Safety data were available on 200 patients at 6 months; 4 patients did not return for the 
6-month followup visit and 1 patient had moved away. Thirty percent of these patients (n = 60) ex-
perienced at least 1 adverse drug event during 6 months of treatment (Table 3). The percentage of 
patients experiencing an adverse drug event was similar in both dosage groups, although more pa-
tients receiving MTX 25 mg per week discontinued therapy due to adverse drug events.  
During 6 months of treatment, patients carrying the ATIC G allele were twice as likely to experience 
any adverse drug event compared with patients without the allele (Figure 4). However, after ad-
justment for multiple comparisons, the association between the ATIC G allele and adverse drug 
events did not remain significant. No other associations with MTX-induced adverse events were 
identified. In the logistic regression analysis, none of the identified potential confounding factors 
was predictive of adverse drug events.  
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Adverse Drug Event 
 

 
Frequency at 6 months 

Skin and mucosa disorders 17 (8.5%) 

Pneumonitis 0 (0%) 

Hepatic  

elevated liverenzymes 

 

16 (8%) 

Gastrointestinal  

(general wellbeing, nausea, vomiting,diarrhoea,  

constipation) 

 

26 (13.0%) 

Overall adverse drug events in total population 60 (30%) 

 
Table 3. Number of patients (percentage) with adverse drug events during six months of treat-
ment 

 
Values for overall adverse drug events are the number (%) of patients experiencing 1 event; values for the individ-
ual types of event are the number of events (% of patients). 
 
 
 
 

ATIC G allele 2.0 (1.1-3.7)

Male sex 1.4 (0.7-2.7)

Age 1.0 (1.0-1.0)

3.1%

0.2%

0.6%

OR (95% CI) R2

0,1 1 10 100

 
Figure 4. Association between ATIC 347C>G polymorphism and the occurrence of adverse drug 
events during 6 months of methotrexate therapy 
 
Data presented are odds ratios (ORs) (diamonds), 95% confidence intervals (95% CIs) (bars), and R2 values with 
correction for the potential confounding factors of age and sex. 
 

 
We also examined the interaction between achievement of good clinical response (DAS ≤2.4) at 6 
months, the AMPD1, ATIC, and ITPA genotypes, and the occurrence of adverse drug events. Res-
ponders at 6 months (n = 87) were selected, and regression analyses were performed. In general, 
patients with good clinical response at 6 months experienced fewer adverse drug events compared 
with nonresponders (OR 0.45, 95% confidence interval 0.22–0.91). This finding was also observed 
in nonresponders carrying the ATIC G allele; the OR of adverse drug events was increased from 2.0 
to 2.8 (95% confidence interval 1.1–7.5) in this group. 
For responders carrying the AMPD1 T allele, the single ATIC CC or the single ITPA CC genotype, or 
combinations of these genotypes, no associations with the occurrence of adverse drug events were 
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found. The numbers and percentages of patients experiencing adverse drug events by genotype for 
AMPD1, ATIC, and ITPA are presented in Table 2)  
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Discussion 
 
Results of this analysis show an association between allelic variants in the adenosine monophos-
phate deaminase (AMPD), 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformy-
lase, and inosine triphosphate pyrophosphatase (ITPA) genes and clinical response to MTX therapy 
in patients with recent-onset RA. Patients carrying the AMPD1 T allele, the ATIC CC genotype, or 
the ITPA CC genotype are 2–3 times more likely to have a good clinical response, defined by a DAS 
of ≤2.4, following 6 months of MTX therapy. Additionally, the rate of good clinical response is in-
creased substantially in patients carrying the 3 favorable genotypes.  
With regard to the occurrence of adverse drug events, the only association found was with the ATIC 
G allele. This association was not significant after adjustment for multiple testing. No associations 
between methionine synthase or methionine synthase reductase and MTX efficacy or toxicity were 
found.  
Previously, only the contribution of the ATIC 347C>G polymorphism has been studied in relation to 
the efficacy and safety ofMTX. In 2 articles, Dervieux et al report that RA patients with a higher mu-
tation index respond better to MTX therapy (15,35). This composite mutation index was calculated 
for each patient by summing the scores for 3 SNPs in different genes, including ATIC. The patients 
with a higher mutation index showed a linear decline in the number of tender and swollen joints, the 
physician’s global assessment of disease activity on a VAS, and the Health Assessment Question-
naire (36). Furthermore, it was suggested that patients with the ATIC 347GG genotype had an in-
creased likelihood of response to MTX treatment. In addition, similar to our findings, Weisman et al 
showed that patients with the ATIC 347GG genotype more frequently experienced side effects over-
all, and specifically, gastrointestinal adverse drug events (37). 
It is difficult to compare these findings with our results since study designs and data analysis differ. 
We chose to assess the contribution of genetic markers predictive of treatment outcome in the BeSt 
study because that study had clear and objective outcome measures and standardized treatment 
regimens in a well-described population of patients with recent-onset RA (26). Multivariate data 
analysis with Bonferroni adjustment for multiple comparisons was performed after 6 months of 
treatment, with controlling for identified confounders of response. Moreover, the selected patients 
were all treated with MTX monotherapy for an identical time period, and had not used any 
DMARDs prior to enrollment.  
In contrast, other investigations have used crosssectional study designs with variable disease dura-
tions, MTX dosages, and treatment durations (15,35,37). In one study, combination DMARD thera-
py was allowed (37). Cross-sectional analyses reflect rheumatology practice, but population stratifi-
cation may have occurred by selecting patients who are still being treated with MTX. With the de-
sign of the present study, the influence of sequential monotherapy and other possible confounders 
of treatment outcome is excluded.  
The association of ATIC 347GG with side effects was established without controlling for confound-
ers (37). The associations of clinical efficacy and overall toxicity with higher pharmacogenetic index-
es were found in multivariate analysis in which other factors were included (15,35,37), but the com-
posite mutation indexes used were calculated with grouping of different genotypes in 2 of the 3 stu-
dies. Moreover, the pharmacogenetic index calculation is based on the assumption that the contri-
bution of every polymorphism is small, but that every polymorphism affects the response in the 
same direction with an equal, additive value. However, there are no data that support this assump-
tion. In summary, different study designs and statistical methods should be taken into account in 
comparing results from different pharmacogenetic studies. We believe our results are more applica-
ble to patients with recent-onset, non–DMARD-treated RA.  
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As with most genetic studies, the current study was not sufficiently powered to derive definitive con-
clusions. Further, while adjusting our results for multiple testing minimized false-positive associa-
tions, it also increased the chance of Type II error due to the conservative nature of the Bonferroni 
adjustment (38,39). Accordingly, we have presented both adjusted and unadjusted results.  
Our primary efficacy parameter was good clinical response at 6 months of MTX treatment; in other 
reports, remission has been described as the primary goal of therapy (7,40,41). To examine whether 
the identified genotypes for good clinical response at 6 months were also predictive of remission at 1 
year of followup, an additional analysis of patients carrying the ATIC CC genotype was performed. 
Results of this analysis showed that in 35% of the 97 patients carrying the ATIC CC genotype, dis-
ease was in remission, defined as a DAS <1.6, at 1 year; previous reports have indicated that remis-
sion has been achieved at 1 year in 10–25% of patients receiving MTX (8,42). This observation thus 
indicates that this variant may be associated with a prolonged and increased clinical response.  
Our data showed that MTX therapy was less beneficial for ATIC G allele carriers, ITPA A allele carri-
ers, and patients with the AMPD1 CC genotype. While 47% of the overall population exhibited good 
clinical response at 6 months, comparison of good clinical response among allelic variants showed 
that the response percentages were 58% in patients with the ATIC CC genotype and 37% in ATIC G 
allele carriers. Also, good clinical response was achieved with 6 months of MTX therapy in 50% of 
the patients with the ITPA CC genotype compared with 26% of the ITPA A allele carriers, and by 
60% of the AMPD1 T allele carriers compared with 42% of the patients with the AMPD1 CC geno-
type.  
These findings suggest that pharmacogenetic testing before initiation of therapy may help to guide 
clinical treatment decisions, for example, in identifying patients with all 3 favorable genotypes, in 
whom MTX treatment is more likely to be efficacious. As another example of such clinical use, we 
analyzed the patients with all 3 unfavorable genotypes, i.e., the ATIC G allele, the ITPA A allele, and 
the AMPD1 CC genotype. In patients with these genotypes, other DMARD therapy may be chosen 
rather than MTX, because their response rate at 6 months was only 10%. Thus, such pharmacoge-
netic testing could avoid ineffective treatment and, at the same time, indicate high potential for ef-
fective therapy in 14% of the RA population.  
Ideally, our findings regarding the effect of genetic variants in AMPD1, ITPA, and ATIC genes on 
MTX treatment outcome should be replicated and prospectively tested in a randomized controlled 
study comparing clinical response in 2 groups of patients (43,44). In such a study, patients in the 
first group would receive standard MTX treatment. In the second group, the pharmacogenetic test 
results would dictate whether patients receive standard MTX treatment (patients with the favorable 
genotypes) or other DMARDs (patients without the favorable genotypes).  
The polymorphisms tested were selected based on the hypothesis that the mechanism of action of 
MTX is related to adenosine release (Figure 1). The enzymes whose genetic polymorphisms were 
studied relate to adenosine and were chosen because in vitro studies showed that polymorphisms 
altered their enzyme function or expression. Moreover, other reports have indicated the clinical 
relevance of these SNPs in different complex traits (15,21–25). Although the effect of variant alleles 
in relation to cellular adenosine homeostasis has not yet been explored, several in vitro effects have 
been shown (32,33,45–48). 
Adenosine is thought to mediate the antirheumatic effects of MTX via adenosine receptor signaling 
(48–50). Binding of this compound to specific receptors enhances the antiinflammatory properties 
of MTX. The AMPD1 34C>T mutation generates an AMPD enzyme with lower activity (32). AMPD1 
catalyzes the conversion of AMP to inosine monophosphate (IMP). Alternatively, AMP is converted 
to adenosine. Thus, deficiency of AMPD1 could enhance adenosine release. In addition, both ITPA 
and ATIC may lead to formation of adenosine. ITPA polymorphisms have been shown to lead to 
ITPA deficiency. ITPA catalyzes the conversion of ITP to IMP, whereas ITP is formed by phosphory-
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lation of IMP. Deficiency of ITPA interrupts this cycle and possibly nfluences its balance with AMP 
and adenosine (33). Furthermore, MTX inhibits ATIC. This leads to cellular accumulation of AI-
CAR, a nucleoside precursor (18,24). AICAR inhibits adenosine deaminase, which results in reduced 
conversion of adenosine to inosine.  
Since understanding of these enzymes, their substrates, and interactions remains imprecise, no 
conclusions about the mechanism of action of MTX in relation to adenosine release can be drawn. 
Nevertheless, our results strongly indicate that MTX therapy works via the adenosine pathway. 
Moreover, we have confirmed that the genetic profile of RA patients is indeed a determinant of re-
sponse to MTX treatment (15,16,45).  
In summary, results of this analysis identify patients with adenosine genotypes who are most likely 
to achieve good clinical response with MTX. Findings of our pharmacogenetic analysis identified 
markers in the ATIC, ITPA, and AMPD1 genes that may assist the rheumatologist in making clinical 
treatment decisions for patients with recent-onset RA. 
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