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Abstract
Objective
The enzyme folyl polyglutamyl synthetase (FPGS) isinvolved in the resistance to methotrexate in tumor cell
lines. The aim of the present study was to determine the impact of FPGS mRNA expression on resistance to
methotrexate therapy in patients with rheumatoid arthritis (RA).

M ethods
We determined the expression of FPGS mRNA using the Rever se Transcriptase Polymerase Chain Reaction
(RT-PCR) in 141 patients with RA. All patients received methotrexate therapy. The primary outcome measures
were disease activity as determined by a disease activity score (DAS) and response to therapy.

Results
Seventy-eight of 141 patients (55%) showed expression of FPGS mRNA. FPGS mRNA expression was not
associated with age, sex, disease duration, white blood cell count, erythrocyte sedimentation rate, C-reactive
protein (CRP), number of swollen joints, number of painful joints, and combined therapy with other disease-
modifying antirheumatic drugs (DMARDs) or additional corticosteroids. The response rate to methotrexate
therapy was 44% for the total study population. Patients without FPGS mRNA expression showed a signifi-
cantly higher response rate than patients with FPGS mRNA expression (57% versus 33%; p = 0.005). Multi-
variate logistic regression analysis revealed that female sex (p = 0.009) and FPGS mRNA expression (p=
0.004) were independent predictive factors for failure to achieve a response to methotrexate therapy.

Conclusion
FPGS mRNA expression is an independent predictive factor associated with poor response to methotrexate
therapy in RA patients.
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Introduction

The antimetabolite methotrexate con-
stitutes an important disease modifying
drug (DMARD) in rheumatoid arthritis
(RA) and has become the first thera-
peutic choice (1). Methotrexate finds
its way into the cell via a carrier or a
receptor-mediated pathway. Intracellu-
larly up to five glutamate residues are
added by the enzyme folylpolyglu-
tamyl synthetase (FPGS). Because of
their high charge, which prevents dif-
fusion through the cellular membrane,
methotrexate polyglutamates are re-
tained longer intracellularly than the
unconjugated compound. Both the
amount and the chain length of poly-
glutamates are known to be important
factors for the cytotoxicity of high-
dose, short-term methotrexate expo-
sure. Although there are many hypo-
theses with regard to the possible mode
of action of low-dose methotrexate in
RA, the exact mechanisms of action
are still largely unknown. It has been
reported that methotrexate exerts main-
ly antiinflammatory and antiprolifera-
tive effects on cultured differentiating
myeloid monocytic cells (2, 3).

In comparison to other DMARDS,
methotrexate therapy is known to be of
longer duration; however, its use is
limited by toxicity and inefficacy (4).
The development of drug resistance is
a limiting factor for methotrexate effi-
cacy in patients with malignant disor-
ders (5). Various mechanismsinvolved
in the development of resistance to
methotrexate have been studied in can-
cer cell lines (5). They include decreas
ed influx of methotrexate via the re-
duced folate carrier (6), increased acti-
vity and expression of dihydrofolate
reductase (DHFR) (7), decreased affin-
ity of methotrexate to mutated DHFR
(8), and the increased efflux of metho-
trexate by transport proteins such as
the multidrug resistance protein family
(MRP1-MRP3) (9). Another important
factor for methotrexate resistance in
cancer cell lines and malignant dis-
eases is atered polyglutamylation due
to alterationsin the expression or activ-
ity of FPGS, an enzyme that plays a
crucia role in cellular folate metabo-
lism and in the pharmacology of anti-
folates, including methotrexate (10).
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FPGS is expressed in a variety of nor-
mal tissues including heart, skeletal
muscle, liver, small intestine, lung and
also in mononuclear cells of the peri-
pheral blood (12). Altered polyglu-
tamylation is an important mechanism
of methotrexate resistance in both can-
cer cell lines and tumor samples and
may also be responsible for resistance
to the drug in patients with RA. To fur-
ther pursue this possibility, we investi-
gated a possible relationship of FPGS-
conjugation, one of the most important
factors of resistance, and methotrexate
inefficacy in RA patients.

Patients and methods

Patients

One hundred and forty-one patients
with RA according to the American
College of Rheumatology classifica-
tion criteria (11) and on treatment with
methotrexate were enrolled in a study
to assess the impact of FPGS mRNA
expression on resistance to methotrex-
ate therapy. Patients were treated at the
Second Department of Medicine, Lainz
Hospital, Vienna. All patients gave
their written informed consent, and the
local Ethics Committee approved the
study protocol.

Methotrexate was administered orally
once a week at a mean dosage of 12
mg/week (5—-20 mg) without folate
supplementation. The methotrexate
dosage was adjusted based on the
occurrence of adverse effects and the
patient’ s disease activity. The patients
characteristics are summarized in
Tables | and II. Clinical assessment
included the white blood cell count,
erythrocyte sedimentation rate, C-reac-
tive protein (CRP), the number of
swollen joints, and the number of ten-
der joints.

Disease activity was defined using the
disease activity score (DAS28) (13,14)
and then categorized into inactive
(DAS28 < 3.2), moderately active (3.2
£ DAS28 £ 5.1), and highly active dis-
ease (DAS28 > 5.1). Treatment effica-
cy was determined using response cri-
teriabased on the DAS28 (14). Disease
activity was calculated at baseline and
at the time of sampling to determine
the response. A good response was de-
fined asadecreasein DAS>1.2and a
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Tablel. Baseline characteristics of 141 patients and FPGS mRNA expression.

No FPGS mRNA FPGS mRNA p-vaue
expression expression
(n=63) (n=78)
Age (years) 60 (30-98) 59 (29-83) 0.5t
Patients3 60 years 31 (49%) 36 (46%) 0.7%
Female sex 48 (76%) 62 (80%) 0.6%
Disease duration (months)* 19 (1-121) 25 (0-121) 0.9t
White blood cell count* 8600 (5080-15700) 7550 (4900-20100) 0.3t
Erythrocyte sedimentation rate (mm/h)* 36 (8-110) 43 (4-100) 0.2t
C-reactive protein (mg/l)* 18 (3-109) 25 (2-166) 0.03t
Number of swollen joints* 8 (0-28) 6 (0-23) 0.61
Number of painful joints* 8 (0-28) 6 (0-26) 0.2t
Disease activity score* 51 (3.3-7.6) 50 (3.2-8) 0.4t
Disease activity
Moderate 32 (51%) 43 (55%) 0.6%
High 31 (49%) 35 (45%)

* Median (range); T Mann-Whitney U test; T Chi-square test.

Table|l. Characteristics of 141 patients at the time of sampling and FPGS mRNA expres-

sion.
No FPGS mRNA FPGS mRNA p-vaue
expression expression
(n=63) (n=78)
White blood cell count* 7900 (2650-15700) 7080 (2980-15400) 0.2t
Erythrocyte sedimentation rate (mm/h)* 22 (4-80) 24 (4-92) 0.1f
C-reactive protein (mg/l)* 8 (3-77) 10 (3-139) 0.4t
Number of swollen joints* 1 (0-22) 2 (0-19) 0.5t
Number of painful joints* 1 (0-25) 2 (0-28) 1.0t
Disease activity score* 3.4 (1.2-6.8) 37 (1.2-6.1) 0.3f
Other DMARDsY
Chloroquine 8 (13%) 11 (14%) 1.0t
Sulphasalazine 1 (2%) 2 (3%)
Cyclosporin A 1 (2%) 1 (1%)
Corticosteroids 41 (65%) 53 (68%) 0.7%
Disease activity
Inactive 26 (41%) 27 (35%) 0.7
Moderate 29 (46%) 38 (49%)
High 8 (13%) 13 (16%)
Response
No 27 (43%) 52 (67%) 0.005%
Yes 36 (57%) 26 (33%)

* Median (range); T Mann-Whitney U test; T Chi-square test; 1 disease-modifying antirheumatic drugs.

decrease in the disease activity catego-
ry, a moderate response as a decrease
in DAS of 0.6 — 1.2 and a decrease in
the disease activity category, and no
response as a decrease in DAS < 0.6 or
no change in disease activity (14). For
further analyses, patients were divided
into responders (patients with good re-
sponse) and non-responders (patients
with no or only a moderate response).

RT-PCR analysis

Mononuclear cells of the patients were
isolated by density gradient centrifuga-
tion (Ficoll-Paque Plus, Amersham
Pharmacia Biotech, Uppsala, Sweden)

within 24 hours after sampling and
stored at -20°C until use. Total RNA
was isolated using an RNA isolation
kit (RNEasy, Qiagen, Hilden, Ger-
many) according to the instructions of
the manufacturer.

cDNA synthesis with 1 g total RNA
as template was performed using Su-
perscript |1 reverse transcriptase (Life
Technologies, Gaithersburg, MD, USA)
following the manufacturer’'s recom-
mendations.

The cDNA reaction mixture (2 ) was
used for amplification of specific DNA
sequences in the presence of 1x Taq
DNA polymerase buffer (Promega,
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Madison, WI, USA), 1.5 mM MgCl,,
0.2 mM of each deoxynucleotide tri-
phosphate together with 1 mM of each
primer, and 2.5 units Tag DNA poly-
merase (Promega, Madison, WI, USA)
in a total volume of 50 Wl. Thirty five
cycles at 96°C for one minute, 65°C
for one minute, 72°C for one minute,
and quick chilling to 4°C in a 9600
thermal cycler (Perkin EImer, Emery-
ville, CA, USA) were carried out. The
last cycle included an additional elon-
gation step at 72°C for 7 minutes. The
following primers were used to ampli-
fy the FPGS gene (15): Forward primer
FPGS-241 (5'-AGCCCGGACCTCT
GGAGTG-3, bases 1321-1339), reverse
primer FPGS-242 (5'-CTGCCAGTG
ACTAGCACATGG-3', bases 1563-
1583). The primers yielded a product
of 263 bp. The human HL60 promye-
locytic leukemia cell line was used as
positive control for FPGS expression
(16). RT-PCR with primers for the b,-
microglobulin gene was performed as
control for the integrity of the cDNA.
Negative controls containing aliquots
of cDNA reaction mixtures prepared
without the addition of RNA were
included in each experiment.

RT-PCR products were separated by
€l ectrophoresis on 2% agarose gels con-
taining 0.5 mg/l ethidium bromide for
DNA visualization. Gel photography
and storage of the photographs were
performed using E.A.S.Y Win32 soft-
ware (Herolab, Wiesloch, Germany).

Satistical analysis

Associations of FPGS mRNA expres-
sion with clinical and laboratory para-
meters including response to metho-
trexate therapy were assessed by chi-
square tests. For comparison of contin-
uous variables between groups, Mann-
Whitney U tests were performed. To
describe the unadjusted effects of co-
variates on response rates, univariate
logistic regression anaysis was per-
formed. Multiple logistic regression
models were used to assess the inde-
pendent effect of FPGS mRNA expres-
sion on response rates. All p-valuesare
theresults of two-sided tests. All statis-
tica analyses were performed using
SPSS software (SPSS Inc., Chicago,
IL, USA).
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Results

Expression of FPGS

FPGS mRNA expression was assessed
at the time of sampling using RT-PCR
in 141 patients with rheumatoid arthri-
tis receiving methotrexate therapy. Ex-
pression of FPGS mRNA was ob-
served in 78 patients (55%). To exam-
ine any possible changes in FPGS
MRNA expression during methotrexate
therapy, we analysed consecutive sam-
ples of various patients (both respon-
ders and non-responders) at different
times (n=16, time between samples
105 — 732 days). No significant differ-
encesin FPGS mRNA expression were
found (data not shown). In addition,
FPGS mRNA expression was also
observed in control samples of healthy
individuals (data not shown.)

FPGSand clinical parameters

The mgjor clinical and |aboratory para-
meters at baseline and at the time of
sampling are summarized in Tables |
and Il. The baseline level of CRP was
higher in patients with FPGS mRNA
expression than in those without (me-
dian 25 mg/l versus 18 mg/l; p = 0.03).
Patients with or without FPGS mRNA
expression did not show differencesin
age, sex, disease duration, white blood
cell count, erythrocyte sedimentation
rate, swollen joint count, tender joint
count or overall disease activity. Com-
bination therapy with other DMARDs
and/or additional corticosteroids was
also equally distributed between pa
tients with or without FPGS mRNA
expression (Tables| and I1).

We observed a relationship between
clinical or laboratory parameters and
disease activity at the time of sam-
pling. Patients with active disease were
more often female (88% versus 62%; p
<0.001), and showed elevated CRP
levels (median 13 mg/l versus5 mg/l; p
< 0.001) and a higher white blood cell
count (median 7955 versus 6700; p =
0.004) at the time of sampling com-
pared to patients with lower disease
activity. Treatment with additional
coticosteroids (p = 0.002) and combi-
nation therapy with other DMARDs
(p= 0.001) were also more frequent in
the active disease group (data not
shown).

FPGSand response

All 141 patients were treated with
methotrexate. Response was defined
using a disease activity score as des-
cribed above. The response rate of the
total study population was 44%. Pa-
tientswithout FPGS mRNA expression
showed a significantly higher response
rate than patients with FPGS mRNA
expression (57% versus 33%; p=
0.005) (Table II, Fig.1). Patients with
response to methotrexate therapy had
lower CRP levels at the time of sampl -
ing than non-responders (p <0.001,
data not shown). No other clinical or
laboratory parameter was associated
with the response to methotrexate ther-
apy.

We also performed logistic regression
analyses including age, sex, CRP, addi-
tional therapy with corticosteroids,
therapy with other DMARDSs, and
FPGS mRNA expression. In the uni-
variate analysis, the odds ratios for
failure to achieve a response were 1.3
for age 3 60 years (p=0.4), 3.5 for
female sex (p = 0.03), 1.0 for CRP > 20
mg/l (p = 0.9), 2.0 for additional thera-
py with corticosteroids (p = 0.06), 2.2
for therapy with additional DMARDs
(p=0.1) and 2.7 for FPGS mRNA ex-

pression (p = 0.005) (Table I11). In the
multivariate analysis, the odds ratios
were 1.6 for age 3 60 years (p = 0.2),
3.3 for female sex (p = 0.009), 1.4 for
CRP > 20 mg/l (p = 0.4), 1.9 for addi-
tional therapy with corticosteroids (p =
0.1), 1.7 for therapy with additional
DMARDs (p=0.3) and 3.0 for FPGS
MRNA expression (p=0.004) (Table
[11). Thus, FPGS mRNA expression
had an independent effect on response
to methotrexate therapy.

Discussion

In our study, we demonstrated that
expression of FPGS mRNA in mono-
nuclear cells predicts a poor response
to methotrexate therapy in RA patients.
This effect was independent of other
factors, such as age and additional
therapy with corticosteroids or other
DMARDs. Female sex was also of in-
dependent predictive value for a poor
response to methotrexate therapy.

Sex has been proven to be a prognostic
and predictive factor in alarge clinica
trial (17). Interestingly, it has been
reported recently that the percentage of
apoptotic synovia macrophages in-
creased under methotrexate and testos-
terone compared to methotrexate or
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Fig. 1. FPGS mRNA expression and response to methotrexate therapy. FPGS mRNA expression and
response to methotrexate therapy were assessed as described in Patients and Methods. Expression of
FPGS mRNA was more frequently observed in non-responders than in responders (p = 0.005).
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Table I11. Logistic regression analysis for failure to achieve a response to methotrexate

therapy.
Univariate Multivariate
Oddsratio 95%Cl* p-value Oddsratio 95%Cl p-vaue

Age? 60yr 13 0.5-2.6 0.4 16 0.7-3.3 0.2
Female sex 35 15-83 0.03 33 14-82 0.009
CRP>20mg/l T 1.0 0.5-2.0 0.9 14 0.7-3.0 0.4
Corticosteroids 2.0 1.0-4.0 0.06 19 0.9-4.0 0.1
DMARDs 22 0.8-5.6 0.1 17 0.6-4.8 0.3
FPGS mRNA expression 27 1353 0.005 3.0 1.4-6.2 0.004

* Cl: confidenceinterval; T CRP: C-reactive protein; ¥ DMARDSs: disease-modifying antirheumatic

drugs; 1 FPGS: folylpolyglutamyl synthetase.

testosterone alone, therefore suggest-
ing a beneficial effect of male hor-
mones on the response to methotrexate
therapy (3). Additional corticosteroids
or DMARDs were preferentially given
to patients who had failed to respond
or had shown an incomplete response
to methotrexate. However, the response
rate of these patients was similar to
patients who were treated with metho-
trexate monotherapy.

FPGS is responsible for the polyglu-
tamylation of antifolates. These polyg-
lutamates are retained longer in cdls
and therefore contribute to the cytotax-
icity of methotrexate in cancer ther apy
to a high extent. The exact mechanism
of methotrexate action in RA still needs
to be elucidated. It has been postul ated
that inhibition of 5-aminoimidazole-4-
carboxamide ribonuclectide transfor-
mylase, an enzyme of purine-biosyn-
thesis, occurs in addition to the inhibi-
tion of DHFR. Thisleadsto a decreas-
ed purine biosynthesis and to an in-
creased release of adenosine inhibiting
the migration of neutrophil granulo-
cytes (2,18,19). The synthesis of poly-
amines seems to be involved in an
alternative mechanism. Polyamines are
important for theimmune response and
their synthesis depends greatly upon
their precursors such as methionine.
The intracellular methionine pooal is
filled via homocysteine. This consti-
tutes a folate-dependent process and is
consequently inhibited by methotrex-
ate. Furthermore, it has been postulat-
ed that methotrexate may interfere
with the activity of proinflammatory
cytokines in the synovial compartment
and consequently may reduce disease
progresson (20, 21). Methotrexate is

also able to exert indirect inhibitory
effects on the synthesis of the inflam-
matory enzyme cyclooxygenase-2, the
chemotaxis of neutrophils, and on the
production of synovial matrix metallo-
proteinase via the modulation of cyto-
kines and stimulates the production of
metalloproteinase inhibitors (22).

Most studies regarding FPGS-mediat-
ed resistance to methotrexate have
dealt with either tumor cell lines or
clinical samples from malignant dis-
eases. Decreased polyglutamylation
via decreased expression or activity of
FPGS was identified as a mechanism
of resistance to high-dose, short-term
methotrexate exposure in human leu-
kemia (23-27) and sgquamous cell car-
cinoma cell lines (28). Resistance to
methotrexate due to altered polygluta
mylation has also been reported in
leukemia. In methotr exate sensitive B-
lineage acute lymphoblastic leukemia,
FPGS mRNA expression and activity
were higher than in methotrexate resis-
tant T-lineage acute lymphoblastic
leukemia (29, 30).

Our finding raises the possibility that
the role of FPGS expression in the
resistance to methotrexate in RA may
be different to that in malignancies.
Methotrexate polyglutamylation may
not play the pivotal role in its efficacy
in RA as compared to malignant dis-
eases. Angelis-Stoforidis et al. report-
ed that intracellular levels of MTX
polyglutamates in mononuclear cells
of patients with RA were not associat-
ed with response, whereas higher lev-
els in erythrocytes and polymorphs
correlated with better clinical efficacy
in patients (31). Interestingly, metho-
trexate resistant human T-lymphoblas-
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tic leukemia CCRF-CEM cells with
decreased polyglutamylation exposed
to methotrexate for 120 hours lost their
resistance and became as sensitive as
the parental sensitive cells (24). How-
ever, atered polyglutamylation due to
mutations or changes in protein syn-
thesis may still be an important mecha-
nism of MTX resistance in patients
with RA showing FPGS mRNA ex-
pression, as already observed in both
cancer céll lines and tumor samples.
Development of resistance may be as-
sociated with changes in the matura
tion and proliferative capacities of the
lymphocytes, which are the main me-
diators of the immune response. Bar-
redo et al. found (32) that FPGS levels
in rats were high during embryogene-
sis and dropped when maturity was
reached. Similar results were seen dur-
ing the differentiation of human HL-60
tumor cells. FPGS activity was very
low in mature human hematopoietic
cells, in contrast to the high activity of
FPGS in lymphoblasts of patients with
ALL (12).

It has been reported that immature dif -
ferentiating monocyte function is the
main target of methotrexate in RA (3).
The antiproliferative activity of meth-
otrexate may be mediated by cell apop-
tosis and its antiinflammatory effect
may be due to cytokine inhibitor re-
lease, as demonstrated on cultured dif-
ferentiating myeloid monocytic cells.
Methotrexate treatment did not influ-
ence the growth or apoptosis of differ-
entiated mature synovial macrophages
(3), but might inhibit the recruitment of
immature and inflammatory mono-
cytes from bone marrow into the sites
of inflammation. Therefore, the num-
ber of immature differentiating mono-
cytes may be lower in patients with a
good response to methotrexate therapy.
In this context the rapid decline of
FPGS activity and gene expression
during maturation in leukemic HL60
cells has to be mentioned (16).

In conclusion, FPGS mRNA expres-
sion in mononuclear cells may be a
marker for resistance to methotrexate
therapy in patients with RA and may
be a target for future treatment strate-
giesto improve the clinical outcomein
RA.
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