The effects of low-dose methotrexate on thymidylate synthetase
activity in human peripheral blood mononuclear cells

N. Hornung?, K. Stengaard-Pedersen2, E. Ehrnrooth3, T. Ellingsen?, J.H. Poulsen!

IDepartment of Clinical Biochemistry, 2Department of Rheumatology and 3Department of Oncology,
Aarhus University Hospital, Aarhus, Denmark.

Abstract
Objective
Methotrexate (MTX) in low doses is widely used in the treatment of rheumatoid arthritis (RA) and it is not known
whether its effects are due to immunosuppressive and/or anti-inflammatory actions. High concentrations of MTX inhibit
the activity of thymidylate synthetase (TS) and dihydrofolate reductase essential for DNA synthesis. This study investi-
gated the effects of low-dose MTX on TS activity and proliferation in human peripheral blood mononuclear cells
(PBMC).

Methods
The MTX concentrationsin our experiments were chosen according to the plasma concentrations measured in 8 RA
patients treated with MTX. The effect of MTX on TS activity and DNA synthesis were measured in stimulated normal
PBMC and in PBMC obtained from 6 RA patients treated with oral MTX before and 2 hours after intake of their weekly
MTX dose. The effect of MTX on the TS mRNA concentration was also investigated in order to elucidate its effect on TS
production.

Results
Low-dose MTX significantly inhibited TS activity and the proliferation of stimulated PBMC independent of the mode of
activation. Interestingly, the concentration of TSmRNA in hormal PBMC was upregulated by the presence of MTX.
Finally, there was no difference between TS activity measured before and after MTX intake in 6 RA patients on long-
term MTX treatment.

Conclusion
We show that low concentrations of MTX inhibit TSactivityin vitro. Anin vivo effect cannot, however, be proven given
our study design. Therole of thesein vitro findings is discussed, particularly in relation to thein vivo effects of MTX.
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Introduction

MTX iswell known as an antineoplas-
tic agent in the treatment of various can-
cers and has strong cytotoxic activity
when administered in high doses. Its
mechanism of action is mainly due its
inhibitory effect on the dihydrofolate re-
ductase activity and TS activity neces-
sary for DNA synthesis and cell prolif-
eration. In the 1980s treatment with
MTX was expanded to include various
autoimmune diseases and it soon became
the treatment of choicein RA. No other
drug used in the treatment of RA, whe-
ther administered in high or low doses,
isknown to inhibit TS activity. Treatment
of RA with 5-25 mg of MTX once a
week istolerated relatively well and sev-
eral long-term studies have demonstrated
asustained clinical response (1, 2).

In spite of the rather successful use of
low-dose MTX therapy, its mechanism
of action is not completely understood.
Thus, it remains a matter of discussion
whether the documented beneficial ef-
fect of MTX on RA is dueto an immu-
nosuppressive/modul atory or rather to an
anti-inflammatory action and many con-
flicting results have been described (2-
5). It has been speculated that the known
side effects are the results of immuno-
suppressive actions, whereas the benefi-
cial clinical effects are due to an anti-
inflammatory action (3). The latter may
be mediated via different mechanisms
such as inhibition of the production or
activity of inflammatory molecules such
aslL-1, IL-6, TNFa (6), enhancement
of the release of natural cytokine inhibi-
tors (7) or enhancement of adenosine re-
lease resulting in the inhibition of
neutrophils (3, 8). Other studies have
reported the inhibition of polyamine syn-
thesis essential for cell proliferation (9,
10) or of folat-dependent enzymes, such
as AICAR, necessary for purine synthe-
sis (11). Recently it was proposed that
clonal deletion of activated T cellsrep-
resents a beneficial immunosuppressive
effect of MTX in the treatment of RA
(12). Inhibition of TS activity by low-
dose MTX would clearly be an immu-
nosuppressive action but it is still not
known whether this occursin vivo.

The purpose of the present study was to
clarify whether low-dose MTX inhibits
TS activity and the proliferative respon-
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ses of normal human PBMC stimulated
in vitro. In order to expose cells to bio-
logically relevant concentrations we
measured plasma concentrationsin 8 RA
patients treated with MTX. Then we de-
termined a concentration range of MTX
inour invitro system covering the ac-
tual in vivo exposition and measured the
effect of MTX on TS activity and cell
proliferation. We were also interested in
the synthesis of TS after MTX exposi-
tion and for that reason we measured the
effect of MTX on the concentration of
TSmMRNA in norma human PBMC. Fi-
nally we measured TS activity in PBMC
isolated from 6 RA patients before and
after intake of their weekly dose MTX
in order to elucidate any in vivo effect.

Patients and methods

Patients

For measurement of MTX plasma con-
centrations, heparinized venous blood
samples were collected from 8 patients
with RA treated with MTX for at least 6
months. The patients were treated with
various weekly doses (7.5 mg - 17.5 mg)
and venous blood samples (2 ml) were
drawn beforeintake of MTX and 1, 2, 4,
6, 12 and 24 hours afterwards. For the
TS activity analysis, another 6 RA pa-
tients were included in the study; both
groups of RA patients fulfilled the Amer-
ican College of Rheumatology's revised
criteriafor the classification of RA. The
latter group of patients was also treated
with different doses of MTX (7.5 mg -
20 mg/week) for at least 6 months and
heparinized venous blood samples (10
ml) were obtained before and 2 hours af -
ter the intake of MTX. The mean age of
the patients was 60 years (range 37-78),
the female/male ratio was 2:1, and the
mean disease duration was 8 years (range
3- 20).

Materials

Phytohaemaggl utinin (PHA) reconsti-
tuted in RPMI, Phorbol-12-Myristate-
13-Acetate (PMA) diluted in ethanol and
ionomycin were purchased from Sigma
(St Louis, MO). Protein A was purchased
from Boehringer Mannheim (Indian-
apolis, IN), reconstituted with deionized
water and kept frozen at -70° C. Recom-
binant IL-2 (Genzyme, Cambridge, MA)
was reconstituted with 10 mM acetic
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acid. IL-6 and IL-4 (Genzyme) were re-
constituted with RPMI 1640 medium
(Gibco Laboratories, Grand Idland, NY)
and 1% FCS, aiquoted and kept frozen
until used. Methotrexate (MTX) (Led-
erle, Germany) was kept at 5°C in stock
solution 2.5 mg/ml. 2'deoxyuridine-5-3H
(Sigma) and deoxyuridine-6-3H (NEN,
Boston, MA) were kept at 5°C.

Mononuclear cell preparation

PBMC were obtained from healthy do-
nors, from RA patients or from buffy
coats prepared from normal healthy blood
donors. PBMC were separated from the
peripheral blood or buffy coats by lay-
ering over Histopaque 1077 (Sigma).
The tubes were centrifuged for 30 min
at 1800 rpm, and mononuclear cellswere
collected from the interface. PBMC were
subsequently washed three times with
RPMI 1640 supplemented with penicil-
lin (20,000 U/l) and streptomycin (10,000
pg/l) (Sigma), counted, and brought to a
concentration of 1 x 106 cells/ml if used
on the same day. If cellswere to be used
|ater they were frozen according to a
standard freezing procedure. Cell viabil-
ity was at least 95% as checked by try-
phan blue. For measurement of TS acti-
vity ex vivo blood samples were drawn
from 6 RA patients before and 2 hours
after theintake of MTX and PBMC were
isolated from each sample as described.

Cell cultures

For the in vitro experiments measuring

TSactivity and cdll proliferation, PBMC
were isolated either from venous blood
from healthy donors (n = 5) or from buffy
coats (n=7) and kept frozen. In each

experiment 25x 106 PBMC (1x106 cells/
ml) were cultured for 72 hoursin 50 ml

flasks (Nunc, Denmark) in the presence
of either PHA (5 ug/ml), PMA (5 ng/ml)

or PMA/ionomycin (1 ng/mi/500 ng/ml).
Cells cultured with Protein A (1 pg/ml)

and rIL-2 (10 U/ml), rIL-4 (10 ng/ml)

and rlIL-6 (10 ng/ml) were incubated for
120 hours. Some donors and buffy coats
were used for more than one stimulus
depending on the number of cells obtain-
ed. All cultureswere carried out in RPMI

1640, 10% FCS supplemented with peni-
cillin/streptomycin (compl ete medium)

and kept at 37°C in ahumidified atmos-
phere containing 5% COo. The above

concentrations and culture lengths in-
duced optimal proliferative responsesin
preliminary experiments. At the end of
the culture period TS activity and cell
proliferation were measured.

Plasma MTX concentrations

Tubes were centrifuged at 1800 rpm for
10 min and the plasmawas collected and
kept frozen at -80°C until analysed for
their MTX content. MTX concentrations
were measured by afluorescence polari-
zation immunoassay including a com-
mercially available kit for measuring low
concentrations of MTX (Abbott Diag-
nostics, Abbott Park, IL).

TSactivity and proliferative responses
TS activity was measured in intact cells
from normal donors, buffy coats and
from 6 RA patients as previously de-
scribed (13). Briefly, the cells were cen-
trifuged at 600 g for 10 min and the su-
pernatant was removed and discarded.
The cells were then gently resuspended
in pre-warmed (37°C) complete medium
containing different concentrations of
MTX and 1 uCi of 2'deoxyuridine-5-3H
per assay. The cells were then incubated
at 37°C for 1 hour at 5% CO» and sub-
sequently pelleted by centrifugation and
the supernatant was transferred to an-
other centrifuge tube. In order to precipi-
tate the 2' deoxyuridine-5-3H, 500 pl of
charcoal (100 mg/ml) was added to the
supernatant and mixed vigorously. The
charcoal was removed by centrifugation
at 1000 g for 10 min and the radioactiv-
ity in the supernatant was measured in a
liquid scintillation beta counter. Back-
ground was measured in a control tube
without cells. All experiments were per-
formed in duplicate and the coefficient
of variation was less than 15%.
Subsequently we measured the prolifera-
tive responses of PBMC obtained from
donors and buffy coats. After removing
the supernatant containing the isotope,
the cells were resuspended in complete
medium and brought to a concentration
of 1 x 106 cells/ml. The cells were then
transferred to a round bottomed micro-
titer plate (100 pl/well) in triplicate and
labelled with 0.25 uCi of 2' deoxyuri-
dine-6-3H. Following a 2-hour incuba-
tion, they were harvested by an auto-
matic cell harvester (Skatron, Norway)
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and the radioactivity of the filters con-
taining cell bound 6-[3H]-dUMP was
counted in aliquid scintillation beta
counter.

Isolation of RNA

Total RNA was isolated from PBMC
obtained from 8 healthy controls who
donated 60 ml of EDTA stabilised ve-
nous blood. The PBMC were stimulated
with PHA (5 pg/ml) for 3 daysand MTX
was added in 3 different concentrations
for either 24 hours or 1 hour at the end
of the culture period. RNA wasthen iso-
lated from each condition by using a
commercially available kit (Qiagen,
USA) according to the manufacturer'sin-
structions. Following isolation, the con-
centration and purity of the RNA prepa
rations were analysed by optical density
at wavel engths of 260 and 280 nm (Gene
Quant, Pharmacia) and the RNA was
kept frozen at -80°C until the RT-PCR
was performed (14).

RT-PCR

TS mMRNA was measured by an RT-PCR
assay which was validated and previ-
ously described in detail by Ehrnrooth
et al. (15). Briefly, itisasingle tube RT-
PCR assay with an internal RNA stand-
ard where a calibrator curveis used to
determine the amount of TS MRNA in
the samples. The cdibrator had been pre-
pared from RNA isolated from a normal
control and the concentrations of the cali-
brator stock solution had been deter-
mined previously in our group by atra
ditional quantitative RT-PCR assay (15).
In the present experiments reverse tran-
scription reactions were performed and
acalibration curve was generated by se-
rial dilutions of the calibrator (6 concen-
trations) and by the addition of afixed
amount of the internal standard (5.6 x
10-20 mole) to each of the calibrator di-
Iutions and to the unknown samples. The
TS specific primers have been described
previoudy (16). The calibrator curve was
obtained by plotting the ratio of ampli-
fied target/amplified standard against the
amount of TS present in the calibrators
and the concentration of TS mRNA in
the unknown samples was determined by
use of the calibration curve. All samples
were performed in duplicate and the re-
sults are presented as 1020 mole/pg RNA.
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Satistical analysis

A normality test was performed in order
to evaluate whether the data was gaus-
sian distributed. The significance of the
difference between mean values was
analysed by Student’s paired t-test. All
results were expressed as the mean + 1
SD. Differences were considered signifi-
cant if p < 0.05.

Results

MTX plasma concentrations

A pharmakokinetic curve with the plas-
ma concentration versus time was cre-

ated for 8 RA patients (Fig.1). The high-
est concentration was measured 1 hour
after MTX intake in 6 patients and after
2 hoursin 2 patients. Maximum in vivo
MTX exposure was then calculated
based on the concentrations measured 1
and 2 hrs after intake of the drug and
were found to range from 0.050 pg/ml
t0 0.686 pg/ml (mean 0.265 pg/ml, me-
dian 0.207 pg/ml) in that particular time
period. Subsequently 0.01 pg/ml was
chosen as the lowest concentration and
1.0 yg/ml as the highest concentration
for thein vitro studies.

1.2+

Concentration of MTX
{(ng/ml)

12 16 20 24
Hours

Fig. 1. MTX plasma concentrations measured in 8 patients with RA who were treated with MTX (7.5
mg - 17.5 mg). Heparinized venous blood was drawn at 0, 1, 2, 4, 6, 12 and 24 hours after intake of the

weekly MTX dose.
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Fig. 2. TS activity measured in PBMC cultured without (UNST) or with various stimuli: PHA, PMA,
PMA/ionomycin for 3 days or Protein A for 5 days. The columns represent the means = 1 SD of 5
experiments. The dashed line denotes the mean background level (4571 + 553). All experiments were

performed in duplicate.

694

TSactivity and proliferative responses
and the effect of MTX

TS activity of PBMC cultured with or
without PHA (5 pg/ml), PMA (5 ng/ml),
PMA/ionomycin (1 ng/mI/500 ng/ml) or
Protein A (0.5 pg/ml) supplemented with
riL-2/rIL-4/rIL-6 is shown in Figure 2.
The background activity is shown by the
dashed line. TS activity increased signi-
ficantly after stimulation with either sti-
muli compared to the unstimulated con-
trol, except when the cells were cultured
in the presence of PMA, which did not
reach the level of statistical significance.
Subsequently the effect of MTX on TS
activity wasinvestigated. MTX was add-
ed for 1 hour in 4 different concentra-
tions and the effect of MTX on TS ac-
tivity in the stimulated PBMC was meas-
ured. The results are shown in Figure 3.
The background activity has been sub-
tracted from the results. It shows that
MTX inhibited TS activity independ-
ently of the mode of activation, and sig-
nificant inhibition was observed at the
concentration of 0.01 pg/ml MTX ex-
cept when the cells were stimulated with
PMA-ionomycin. In this case significant
inhibition was observed with 0.1 pg/ml
MTX.

After TS activity had been measured, the
cellswere collected for the measurement
of DNA synthesis (Fig.4). The prolifera-
tive responses were also inhibited sig-
nificantly by MTX, but generally higher
concentrations of MTX were necessary
to obtain significant inhibition as com-
pared to TS activity (PMA/ionomycin:
0.01 pg/ml, PHA and PMA: 0.1 pg/ml
and Protein A: 0.5 pg/ml).

TSactivity measured ex vivo
Thereafter TS activity was measured in
PBMC from 6 RA patients and blood
samples were drawn from each patient
before and 2 hours after intake of their
weekly MTX dose. There was no differ-
enceinthelevesof TSactivity in PBMC
obtained before and 2 hours after MTX
intake (902 cpm + 152 versus 1112 cpm
+ 319 after subtraction of the back-
ground, p > 0.05). Results are presented
as TS activity in cpm per 1 x 106 cells.

Effect of MTX on TSmRNA in normal
human mononuclear cells
TSmMRNA levelsin PBMC from 8 heal-
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Fig. 3. Theeffect of different concentrations of MTX on TS activity in PBMC stimulated with: (a) PHA (n=9); (b) PMA (n=6); () PMA/ionomycin (n = 8);
and (d) Protein A (n = 4). The concentrations of MTX (except 0 pg/ml) are shown on alogarithmic scale. Results are presented as the means + 1 SD (* denotes
significant inhibition of TS activity). Each experiment was performed in duplicate.
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Fig. 4. The effect of different concentrations of MTX on proliferative responses in PBMC stimulated with: (a) PHA (n = 7); (b) PMA (n = 6); (c) PMA/
ionomycin (n = 6); and (d) Protein A (n = 4). The concentrations of MTX (exept O pg/ml) are shown on alogarithmic scale. Results are presented as the means
+ 1SD (* denotes significant inhibition of proliferation). Each experiment was performed in triplicate.
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thy volunteers and the effect of MTX is
shown in Figure 5. Stimulation with PHA
clearly enhanced the levels of TS mRNA
as compared to the ungtimulated control.
It was found that the addition of all con-
centrations of MTX for 24 hoursand 0.4
pg/ml for 1 hour significantly upregula-
ted the TS mRNA concentration (p <
0.05).

Discussion

Since the introduction of MTX for the
treatment of autoimmune diseases such
aspsoriasis and RA there has been acon-
tinuous search to clarify its mechanism
of action. Immunosuppressive actions
have been studied using tritiated thymi-
dinein proliferative assays and have
shown either an MTX induced enhance-
ment of the proliferative responses or no
effect in spite of a clear inhibitory ac-
tion on cell cycle progression (17). In
contrast, astrong inhibitory effect is ob-
served when tritiated deoxyuridineis
used and thisis now more accepted in
proliferative assays studying MTX (18-
20).

In the present study, tritiated deoxyuri-
dine was used to investigate the effect
of MTX on TS activity and proliferative
responses. It is shown that stimulation
of PBMC enhances TS activity as com-

pared to the unstimulated control. MTX
significantly inhibits both TS activity and
DNA synthesis independent of the mode
of activation, indicating that MTX does
not interfere with the cell activation path-
ways prior to the action of TS. Itisvery
likely that the observed decreasein DNA
synthesisis due mainly to the observed
inhibitory effect on TS activity in the
same cells, which is indicated by com-
parison of the results from the two as-
says (50% inhibition was achieved with
MTX concentrations between 0.1 and
0.5 pg/ml in both assays). Similarly, in
another in vitro study MTX inhibited TS
activity in PHA-stimulated PBMC ob-
tained from patients with RA (4). In this
study, however, MTX was present for 6
daysin culture, whereas in our culture
system MTX was present for 1 hour. Our
results are compatible with the hypoth-
esisthat low-dose MTX inhibits TS ac-
tivity in vivo, suggesting an immunosup-
pressive action not previously described
for MTX in low-dose treatment regi-
mens.

We were not, however, able to detect any
difference in TS activity measured ex
vivo in 6 RA patients before and 2 hours
after intake of MTX. Thisisin agree-
ment with a previous study showing no
differencein TS activity measured in RA

patients (5 days after MTX intake) and
in normal controls (4). In this study a cell
cycle analysis was d so performed which
detected no difference in the percentage
of cellsin the S phase as compared to
normal controls. Thisisin accordance
with another study where an increased
percentage of cellsin the S phase was
found prior to MTX therapy, a percent-
age which rapidly declined in response
to MTX therapy (21).

Additional signs of cell activationin pa-
tientswith RA are the increased expres-
sion of surface activation antigens on
synovial fluid lymphocytes (22) and in-
creased levels of cell activation markers
such as sIL-2R in serum (23). Studies
comparing peripheral blood with the
synovium have found persisting or pro-
liferating T cell infiltratesin thejoint in
spite of periphera lymphopenia (24) and
other studies comparing synovial fluid
mononuclear cellswith PBMC havere-
ported the increased expression of acti-
vation markers on synovia fluid mono-
nuclear cells compared to PBMC (25,
26). In our assay the cells were stimu-
lated in vitro, thereby increasing the
number of cellsin the S phase. A possi-
ble explanation for the discrepancy be-
tween our invitro and ex vivo findings
may well be that PBMC isolated from

|
|)1>

7000~
6000
<
=z -
< E 5000
o
£ 5 4000-
E©
£
@ =" 30001
e
X 20004
1000

/

A\

D Control

MTX addition 24 hours

] MTX addition 1 hour
*

unstim

significant inhibition of TS mMRNA concentration).

0.0 0.1 0.2 0.4

0.1

0.2 04

Concentration of MTX (ug/ml)

Fig. 5. The concentration of TSmMRNA in PBMC cultured with (blank column) or without (unstim.) PHA for 3 days and the effect of different concentrations
of MTX. The pre-stimulated cells were incubated with MTX for either 1 or 24 hours. Each column represents the mean + 1 SD of 8 experiments (* denotes

Each experiment was performed in duplicate.
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RA patients are mainly resting and that
apossible inhibition of TS activity can-
not be demonstrated if only a small frac-
tion of the mononuclear cells contains
TS activity as compared to cells stimu-
lated in vitro.

Itis, however, quite possible that MTX

exerts an inhibitory effect on TS activ-
ity invivo on proliferating T cellsin the
synovium of patientswith RA. Itisaso
possible that the inhibition of TS activ-
ity isresponsible for the decreasein the
percentage of S phase cellsobserved in

RA patients starting MTX therapy (21),

and that we were not able to detect this
effect since the patients included in our

study had been treated with MTX for
more than 6 months. It is well known
that MTX is converted to polyglutamate
derivatesintra-cellularly and that MTX

polyglutamates are much stronger inhi-

bitors of TS activity than the parent drug
(12). The question iswhether a sustained
inhibition of TS activity by MTX poly-

glutamates in lymphocytesis partly re-
sponsible for the clinical effect.

Finally, the TS mRNA concentration in
PBMC was significantly upregulated by
MTX depending on MTX exposure and
there are no previous reports on this
matter. Chuet al. have suggested that TS
mMRNA translation is regulated by the
cellular level of TS protein since they
found that high levels of TSinhibited TS
mMRNA trandation (27) by binding with
high affinity to its own mRNA (28).

Thus, it istempting to speculate that the
increase in TS mRNA observed in our
study was the result of a positive feed-
back mechanism dueto alack of TS ac-
tivity followed by athymidine deficient
state created by MTX. Recently it has
been shown that TS mRNA levels are
indicators of cellular stimulation (15) and
are possibly more sensitivethan TS ac-

tivity or cell proliferation. Future stud-
ies are needed to explore the above find-
ing and to establish a possible role for
TSmRNA measurementsin PBMC from
patients treated with MTX.

In conclusion, this study presents data
showing the effects of MTX in low doses
not previously described. We show that
low doses of MTX inhibit TS activity in
stimulated PBMC in vitro, independent
of the mode of activation, and that sub-

sequent cell proliferation is closely cor-

related to the level of TS activity. Thisis
in agreement with the known antipro-
liferative effect of high dose MTX,
where the inhibition of TS activity isa
rate-limiting step in DNA synthesis, thus
supporting the hypothesis that low-dose
MTX may exert immunosuppressive
actions by inhibiting TS activity. We
were not, however, able to demonstrate
an inhibitory effect of MTX ex vivo, most
likely because this was performed on a
PBM C suspension consisting mainly of
resting cells. In order to elucidate this
issue it will be necessary to investigate
the effect of MTX on TS activity in cell
populations activated in vivo. This may
possibly be achieved by the isolation of
activated cell subpopulations from pe-
ripheral blood or by obtaining synovium
material containing proliferating mono-
nuclear cells.
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