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SUMMARY

Immunosuppressive therapy with methotrexate (MTX) has been established as effective treatment for

patients with rheumatoid arthritis. To analyse the therapeutic potential and mechanisms of action of

MTX, we determined serum cytokine levels and cytokine production by splenic T cells and macro-

phages in untreated and MTX-treated mice. Furthermore, we assessed the role of MTX in a murine

model of experimental arthritis induced by collagen type II (CIA). MTX reduced spontaneous and IL-

15-induced tumour necrosis factor (TNF) production by splenic T cells but not by macrophages from

healthy mice in vitro in a dose-dependent manner. In contrast, interferon-gamma (IFN-g) production

was less strikingly reduced and IL-4 production was virtually unaffected. In addition, treatment of

healthy mice with MTX in vivo led to reduced TNF serum levels and diminished TNF production by

splenic T cells and macrophages. Intraperitoneal administration of MTX prior to the onset of arthritis

completely prevented clinical and pathological signs of CIA. This was associated with a striking

reduction of TNF production by spleen cells from MTX-treated mice. The role of TNF in MTX-

mediated effects on cytokine production was further underlined by the ®nding that MTX effects on

IFN-g production were augmented in TNF-transgenic mice but abrogated in mice in which the TNF-a

gene had been inactivated by homologous recombination. Thus, MTX speci®cally modulates

spontaneous and IL-15-induced TNF-a production in mice and prevents experimental murine CIA.

These data suggest that TNF production by T cells is an important target of MTX and may serve as a

basis to understand and further analyse MTX-mediated mechanisms of immunosuppression in patients

with RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, systemic disorder that is

characterized by a symmetric polyarthritis ®nally leading to

progressive joint destruction [1]. Keystones of RA are joint

in¯ammation, proliferation of synovial cells, and attachment and

invasion of synovial ®broblasts into adjacent cartilage and bone,

mediated by continuous release of matrix-degrading enzymes [2].

Although the aetiology of RA remains unde®ned, a large body of

data suggests that T lymphocytes, macrophages, and proliferating

synovial cells are very likely to play a major role in the

pathogenesis of this disease [2±4]. In particular, cytokines pro-

duced by these cells appear to be critically involved in the initiation

and perpetuation of RA [3]. For instance, macrophage- and

®broblast-derived cytokines such as IL-1, IL-6 and tumour necro-

sis factor-alpha (TNF-a) are reproducibly found in both RA

synovial ¯uid and synovial membrane [1±3]. These proin¯amma-

tory cytokines are considered to play a prominent role in RA

pathogenesis by modulating cell migration, T and B cell activation,

cartilage destruction and synovial proliferation [2,5]. Recent stu-

dies by Elliott et al. have shown that regulation of cytokine levels

in patients with RA may also be a novel approach for treatment

of these diseases [6,7]. They described successful treatment of
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refractory arthritis in patients with RA by i.v. infusion of anti-

bodies to TNF-a, suggesting a key role for this cytokine in the

pathogenesis of chronic arthritis.

TNF-a is a member of the TNF family of proteins that plays

an important role in antibacterial host defence, contact hyper-

sensitivity reactions, endotoxic shock, experimental colitis and

arthritis, induction of fever and stimulation of production of

several acute-phase proteins [8±13]. In RA, TNF is produced by

most of the cells present in rheumatoid synovium, including

®broblasts, macrophages, endothelial cells and lymphocytes, and

has been suggested to play a major pathogenic role [14].

Among the disease-modifying anti-rheumatic drugs

(DMARDs), methotrexate (MTX) has become the predominant

immunosuppressive treatment for patients with RA [5,15,16].

However, its mechanism of action has been only partially char-

acterized. MTX is a folic acid antagonist that competitively

inhibits dihydrofolate reductase (reviewed in [5,15]). It acts

mainly on actively proliferating cells in the S phase of prolifera-

tion. In addition to its inhibitory effect on B cell function, MTX

also suppresses macrophage function, modulates IL-1 and super-

oxide anion production and inhibits neutrophil chemotaxis [5,17±

21]. Furthermore, it inhibits the binding of IL-1b to its receptor on

peripheral blood cells [22] and it has anti-in¯ammatory activities

by induction of cellular adenosine release [5]. In the present study,

we asked whether MTX has speci®c effects on proin¯ammatory

cytokine production in vitro and in healthy and arthritic mice

in vivo. We demonstrate that MTX speci®cally modulates spon-

taneous and induced TNF production in mice and prevents

experimental murine CIA. These data may serve as a basis to

understand and further analyse MTX-mediated mechanisms of

immunosuppression in patients with RA.

MATERIALS AND METHODS

Mice

BALB/c and DBA/1 mice were obtained from Harlan Laboratories

(Borchen, Germany). The generation and characterization of TNF-

a knockout mice has been described [23]. Screening for homo-

zygous mice was performed as described [23]. Tg197 transgenic

mice expressing transmembrane TNF protein have been described

[12]. Mice were given PBS or indicated amounts of MTX

(obtained from Sigma, Munich, Germany) by intraperitoneal

injection (total injection volume 200 ml).

Induction of CIA

Male DBA/1 mice were obtained from Harlan Labs. Water and

food were provided ad libitum. For induction of severe CIA, mice

were primed with 500 ml pristane (Roth, Munich, Germany) as

previously described [24,25] and immunized (at the age of 10±

12 weeks) at day 21 by administration of 100 mg collagen type II

(CII; Sigma) in Freund's complete adjuvant (FCA). Booster

injections with 50 mg CII in FCA were given 3 and 6 weeks later.

Materials

FCA was obtained from Difco (Detroit, MI). Puri®ed hamster

anti-mouse CD3e (clone 145-2C11) and hamster anti-mouse

CD28 (clone 37´51) antibodies were obtained from Pharmingen

(Hamburg, Germany). LPS (bacterial lipopolysaccharide), folic

acid, phytohaemagglutinin (PHA) and phorbol 12-myristate

13-acetate (PMA) were obtained from Sigma. Recombinant

simian IL-15 free of endotoxins was obtained from Genzyme

(RuÈsselheim, Germany) and was used at indicated concentrations.

Assessment of arthritis

Mice were examined visually for the appearance of arthritis in the

peripheral joints and disease severity was graded on a scale, as

speci®ed below. Mice were considered to have arthritis when

signi®cant changes in redness and/or swelling were noted in the

digits or in other parts of the paws. Arthritis was graded semi-

quantitatively on a scale of 0±4 for each paw: 0� no changes; 0´5

� signi®cant swelling and redness of one digit; 1 � swelling and

erythema of two digits; 2 � mild swelling and erythema of the limb

or swelling of more than two digits; 3 � marked swelling and

erythema of the limb; and 4 � maximal swelling and redness of the

limb and later, ankylosis. The macroscopic score (mean 6 s.d.) was

expressed as a cumulative value for all paws, with a maximum

possible score of 16.

Grading of histological changes

Tissues were removed from the DBA mice with CIA at indicated

time points and ®xed in 10% formic acid for at least 12 h.

Decalci®cation of samples was then performed in EDTA. Paraf®n

sections (4 mm) were made and stained with haematoxylin and

eosin. Joint lesions on microscopic sections were graded semi-

quantitatively from 0 to 3, as previously described [26]. The

following criteria were analysed: (i) synovial lesions: 0, no lesions,

1, mild effect, 2, moderate effect/proliferation, 3, severe lesions

with destruction; (ii) in¯ammatory in®ltrate: 0, none, 1, mild

in®ltrate, 2, moderate in®ltrate, 3, severe in®ltrate; (iii) cartilage

destruction: 0, none, 1, mild, 2, moderate, 3, severe destruction

with loss or complete fragmentation of cartilage; (iv) bone destruc-

tion: 0, none, 1, mild destruction of subchondral bone, 2, moderate

destruction, 3, severe destruction with loss of large areas of bone;

(v) bone neoformation: 0, none, 1, mild, 2, moderate, 3, extensive

bone neoformation. Grading was done in a blinded fashion by the

same pathologist (P.S.).

Cell isolation and puri®cation of spleen mononuclear cells

Spleen mononuclear cells were isolated from freshly obtained

specimens. In brief, the resected spleen was washed thoroughly

in Hanks' balanced salt solution (HBSS) free of calcium and

magnesium. The tissue was cut into small pieces and pushed

through a 40-mm nylon cell strainer (Falcon, Becton Dickinson

Labware, Heidelberg, Germany). Erythrocytes were removed from

the resulting cell suspension by hypotonic lysis in ACK buffer.

Spleen cells were then washed in PBS, centrifuged at 800 g for

10 min at 48C and resuspended as speci®ed below.

Puri®cation of CD4� T lymphocytes using immunomagnetic beads

In some experiments, immunomagnetic beads speci®c for

CD4� (obtained from Miltenyi, Hamburg, Germany) were used

to isolate CD4� T cells by MACS sorting [27]. Only cell popula-

tions with a purity >95% (as assessed by FACS analysis) were used

in the experiments described below. The cells were cultured in a

humidi®ed atmosphere with 5% CO2 in a 378C incubator.

Isolation of macrophage-enriched spleen cells

Macrophage-enriched cells were isolated from spleen mononuclear

cells. The latter cells were depleted of CD4� T cells by immuno-

magnetic beads as described above and plated on 35-cm plastic

tissue culture dishes (Falcon Labware, Oxnard, CA) in 12 ml

RPMI 1640 for 60 min at 378C. Non-adherent cells were washed

free with PBS and adherent cells were put on ice and washed free
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with two rinses of prewarmed PBS. Macrophage-enriched cells

were >75% Mac1� as assessed by FACS analysis.

Cell culture of spleen cells

Cell cultures of splenic mononuclear cells were performed in

complete medium consisting of RPMI 1640 (Whittaker, Walkers-

ville, MD) supplemented with 3 mM L-glutamine, 10 mM HEPES

buffer, 100 U/ml each of penicillin and streptomicin (Whittaker),

and 10% heat-inactivated fetal calf serum (FCS). Cells were

resuspended in complete RPMI media and cultured in complete

media for 48 h.

Isolation of mRNA and reverse transcriptase- polymerase chain

reaction

Total RNA of spleen cells was prepared using Qiagen RNeasy

columns (Qiagen, Hilden, Germany) and reverse transcription of

RNA into complementary DNA was made using MMLV reverse

transcriptase (Boehringer, Mannheim, Germany). Polymerase

chain reaction (PCR) was performed with murine TNF- and b-

actin-speci®c primers derived from previously published sequence

data [11]: TNF, 50-GAG TGA CAA GCC TGT AGC CC-30 and 50-

ATG GAT GAA CAC CCA TTC CC-30; b-actin, 50-TGA CGG

GGT CAC CCA CAC TGT GCC CAT CTA-30 and 50-CTA GAA

GCA TTT GCG GTG GAC GAT GGA GGG-30. Cycling condi-

tions were as follows: 948C for 30 s, 578C for 30 s and 728C for 75 s

for 25 cycles, followed by 10 min at 728C for ®nal extension. PCR

products were analysed on 2% agarose gels.

Cytokine assays

To measure cytokine production, 24-well plates (Cellstar; Greiner,

Frickenhausen, Germany) were coated with 10 mg/ml murine anti-

CD3e antibody in carbonate buffer pH 9´6 overnight at 48C. Spleen

mononuclear cells (10 ´ 106) were then cultured in 1 ml of com-

plete medium in precoated or uncoated wells and 1 mg/ml soluble

anti-CD28 antibody was added to the anti-CD3-coated wells. In

addition, 40 mg/ml LPS and 50 ng/ml PMA were added to the

wells, as speci®ed in Results. Cultures were incubated at 378C in

a humidi®ed incubator containing 5% CO2. After 48 h, culture

supernatants from unstimulated and stimulated cells were removed

and assayed for cytokine concentration.

Cytokine concentrations were determined by speci®c ELISA.

Monoclonal rat anti-mouse cytokine antibodies were diluted at

2000 ng/ml in carbonate buffer pH 9´6. Antibody solution (50 ml per

microwell) was then aliquoted into 96-well microtitre plates (Costar,

Cambridge, MA). Plates were incubated at 48C overnight, washed

three times with PBS±Tween solution, and blocked for 1 h with 3%

bovine serum albumin (BSA) in PBS. At this point, 50ml of sample or

standards of recombinant murine cytokines (Genzyme, Pharmingen,

R&D Systems, Wiesbaden, Germany) were added to the wells and

allowed to incubate at room temperature for 2 h. Plates were then

washed four times, after which 50 ml of biotin-labelled rat anti-mouse

cytokine antibody (2 mg/ml) in PBS with 0´1% BSA were added to

each well and incubated at room temperature for 60 min. Plates were

then washed an additional four times, after which 75 ml of a 1:1000

diluted solution of horseradish peroxidase (HRP)±streptavidin

(Dako, Glostrup, Denmark) in PBS with 0´1% BSA were added to

each well. Plates were then incubated for 30 min at room temperature

and washed four times, after which 200ml of 3,30,5,50-tetramethyl-

benzidine (Fluka, Buchs, Switzerland) were added to each well.

Optical densities (OD) were measured on an EMAX ELISA reader

(Molecular Division, Menlo Park, CA) at a wavelength of 450 nm.
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Fig. 1. (a) Time course of tumour necrosis factor (TNF) production by

cultured unstimulated (A) and stimulated (B) murine spleen cells from

BALB/c mice. Spleen cells were stimulated with anti-CD3/CD28, phorbol

myristate acetate (PMA) and lipopolysaccharide (LPS), as speci®ed in

Materials and Methods. Culture supernatants were taken at indicated time

points and cytokine concentrations were assessed by ELISA. Data represent

mean values 6 s.d. of three independent experiments. (b) Cytokine produc-

tion and proliferation of methotrexate (MTX)-treated splenic cells. Produc-

tion of cytokines by cultured murine spleen cells from BALB/c and DBA/1

mice in the presence or absence of indicated concentrations of MTX.

Spleen cells were stimulated for 48 h with anti-CD3/CD28, PMA and LPS,

as speci®ed in Materials and Methods. Culture supernatants were taken

after 48 h and cytokine concentrations were assessed by ELISA. Data

represent mean values 6 s.d. of measurements from three independent

experiments compared with untreated cells (100%). Baseline levels for

cytokine concentrations in BALB/c mice were as follows: IFN-g

10 974 6 135 pg/ml; TNF 1249 6 156 pg/ml; IL-1 371 6 38 pg/ml; IL-4

458 6 58 pg/ml; IL-6 3940 6 412 pg/ml. Proliferation assay of MTX-

treated murine spleen cells. Spleen cells were stimulated for 48 h with

PMA and PHA, as speci®ed in Materials and Methods. Thymidine

incorporation was assessed during the last 12 h of cell culture. Data

represent mean values 6 s.d. from three independent experiments com-

pared with untreated cells (100%). (c) Effect of folic acid on MTX-induced

suppression of TNF production by cultured murine spleen cells. Spleen

cells were stimulated with anti-CD3/CD28, PMA and LPS in the presence

or absence of 10 mg/ml MTX and indicated concentrations of folic acid.

Culture supernatants were taken after 48 h and cytokine concentrations

were assessed by ELISA. Cell viability was > 90% under all culture

conditions. as assessed by trypan blue exclusion. (d) Analysis of TNF

mRNA levels in MTX-treated spleen mononuclear cells by reverse

transcriptase-polymerase chain reaction (RT-PCR). Spleen cells were

stimulated with anti-CD3/CD28, PMA and LPS in the presence of indicated

dosages of MTX. Total RNA was isolated after 48 h, transcribed into

cDNA and analysed by RT-PCR using speci®c primers for murine TNF

and b-actin. PCR products were analysed by agarose gel electrophoresis.

(e) Cytokine production of MTX-treated macrophage-enriched splenic

mononuclear cells and puri®ed spleen CD4� T lymphocytes. Production

of TNF by cultured murine spleen cells from BALB/c mice was assessed in

the presence or absence of indicated concentrations of MTX. Cells were

stimulated for 48 h with anti-CD3/CD28, PMA and LPS, as indicated.

Culture supernatants were taken after 48 h and cytokine concentrations

were assessed by ELISA. Data represent mean values 6 s.d. of three

independent experiments compared with untreated cells (100%). (f) IL-

15-induced cytokine production and proliferation of cultured murine spleen

cells in the presence or absence of indicated concentrations of MTX. Spleen

cells were stimulated for 48 h with 100 ng/ml rIL-15, anti-CD3/CD28, PMA

and LPS, as speci®ed in Materials and Methods. Culture supernatants were

taken after 48 h and cytokine concentrations were assessed by ELISA. Data

represent mean values 6 s.d. from three independent experiments com-

pared with untreated cells (100%). Baseline levels for cytokine concentra-

tions were as follows: IFN-g, 20 119 6 239 pg/ml; TNF, 5123 6 438 pg/ml;

IL-1, 406 6 32 pg/ml; IL-4, 465 6 54 pg/ml; IL-6, 5046 6 615 pg/ml.
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Proliferation assays

Proliferation of cells was assessed by measuring 3H-TdR incor-

poration. In brief, 1 ´ 106 cells/ml were cultured in the presence of

50 ng/ml PMA and 10 mg/ml PHA in 96-well plates (Greiner) for

36 h; during the last 12 h of culture, 1 mCi of 3H-TdR (New

England Nuclear, Boston, MA; speci®c activity 6´7 Ci/mmol)

was added to each well; incorporated 3H radioactivity was

measured in a scintillation counter (LS2800; Beckman Instru-

ments, Inc., Fullerton, CA). Each proliferation assay was done in

triplicate.

Statistical analysis

Signi®cance of differences was assessed by Student's t-test using

the program StatWorks.

RESULTS

MTX suppresses TNF and IFN-g production by splenic mono-

nuclear cells and CD4� T lymphocytes in vitro

MTX effects on cytokine production in vitro and in vivo have only

been partially characterized. In an initial series of studies, we

therefore wanted to determine whether MTX can speci®cally

modulate cytokine production by murine cells. Accordingly, we

isolated splenic mononuclear cells from healthy BALB/c and

DBA/1 mice and assayed their ability to produce proin¯ammatory

cytokines in the presence and absence of MTX. In this experi-

mental system, stimulation of murine spleen cells with anti-CD3/

CD28, PMA and LPS led to strong production of proin¯ammatory

cytokines such as TNF whose production peaked at 48 h (Fig. 1a).

As shown in Fig. 1b, 0´1±10 mg/ml MTX signi®cantly (P < 0´01)

suppressed TNF-a production by splenic mononuclear cells from

both BALB/c and DBA/1 mice after 48 h in a dose-dependent

manner. However, production of TNF-a was more strikingly

reduced compared with that of IL-1b, although levels of the

latter cytokine were also signi®cantly (0´1±10 mg/ml; P < 0´05)

reduced upon MTX treatment in BALB/c mice. Changes of TNF

production by spleen cells were already noted at low dosages

(0´01±0´001 mg/ml) of MTX that did not suppress cell proliferation

(Fig. 1b). This effect could be partially inhibited by increasing

dosages of folic acid (Fig. 1c). Furthermore, there was no decrease

of TNF mRNA levels after MTX treatment (Fig. 1d), suggesting

that suppression of TNF production by MTX in primary spleen

cells is not mainly due to inhibition of TNF gene transcription.

Finally, production of IL-6 and IL-4 was not reduced by MTX

treatment (Fig. 1b), indicating that MTX can selectively modulate

cytokine production by mononuclear cells in vitro.

In further experiments we wanted to determine whether

TNF production by puri®ed T cells or macrophages is modu-

lated by MTX. Accordingly, we separated CD4� T cells from

murine spleen using immunomagnetic beads and found that

MTX signi®cantly (1±10 mg/ml; P < 0´01) suppressed anti-CD3/

CD28-induced TNF production rather than PMA/PHA-induced

TNF production (Fig. 1e). Furthermore, MTX had virtually no

effect on TNF production by macrophage-enriched spleen cells

(Fig. 1e), suggesting that in this experimental system TNF

production by T cells rather than macrophages is the primary

target of MTX.

IL-15-induced TNF-a production is suppressed by MTX

IL-15 is a recently discovered cytokine that has been implicated in

the pathogenesis of RA by inducing TNF production [28,29]. Since

the above data suggest an effective suppression of TNF production

by MTX, we wanted to determine in subsequent studies whether

MTX was also able to suppress IL-15-induced TNF production.

Accordingly, we analysed MTX effects on IL-15-stimulated

splenic mononuclear cells. As shown in Fig. 1f, MTX suppressed

IL-15-induced TNF production, suggesting that both induced and

IL-15-augmented TNF production are modulated by MTX.

Short-term treatment of healthy mice with MTX suppresses TNF

but not IL-6 production by splenic mononuclear cells

In subsequent studies, we analysed whether MTX treatment of

healthy mice in¯uences cytokine production by splenic mono-

nuclear cells. Treatment of healthy mice by two injections of MTX

(day 0, day 2) caused striking changes of proin¯ammatory cytokine

production by mononuclear splenic cells. As shown in Fig. 2,

mononuclear splenic cells isolated from MTX-treated (10±

100 mg/kg) mice at day 3 produced signi®cantly (P < 0´01) lower

TNF levels than cells from PBS-treated control mice. The effect of

MTX on cytokine production was further underlined by the ®nding

that serum levels of TNF were signi®cantly (P < 0´01) reduced
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in MTX-treated (10±100 mg/kg) mice (untreated, 663 6 71 pg/

ml; 10 mg/kg, 245 6 58 pg/ml; 100 mg/kg, 142 6 15 pg/ml). As

observed in the in vitro studies described above, IL-4 and IL-6

production by spleen mononuclear cells was not affected by MTX

(Fig. 2).

Long-term treatment of healthy mice with MTX suppresses TNF but

not IL-4 and IL-6 production by splenic mononuclear cells ex vivo

In an additional series of studies, we analysed long-term effects of

MTX on cytokine production by splenic mononuclear cells ex vivo.

In these studies, we treated healthy BALB/c mice by three weekly

injections of MTX for 30 days. Then we isolated splenic mono-

nuclear cells from these mice and determined production of various

pro- and anti-in¯ammatory cytokines (Fig. 3). While production of

TNF by spleen cells was signi®cantly (P < 0´01) suppressed upon

MTX treatment, production of the TH2 type cytokine IL-4 was not

strikingly reduced after long-term MTX treatment (0´01±10 mg/

kg). However, in contrast to the short-term experiments described

above, long-term treatment of healthy mice with MTX strongly

suppressed TNF production by splenic mononuclear cells also at

lower dosages (0´01±0´1 mg/kg), indicating that MTX may

modulate cytokine production in a time-dependent manner.

MTX treatment prevents CIA in mice

The above studies indicate that MTX can modulate cytokine

production by splenic mononuclear cells in vitro and in vivo. In

further studies, we wanted to determine whether MTX can mod-

ulate cytokine production and clinical parameters of disease in a

murine model of experimental arthritis induced by CII. When

treatment with MTX was started 21 days after immunization with
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Fig. 2. Cytokine production and proliferation of cultured murine spleen cells from methotrexate (MTX)-treated mice. BALB/c mice were

treated twice (day 0, day 2) with indicated amounts of MTX, as speci®ed in Materials and Methods. Spleen cells were isolated after 3 days and

stimulated for 48 h with anti-CD3/CD28, phorbol myristate acetate (PMA) and lipopolysaccharide (LPS). Culture supernatants were taken

after 48 h and cytokine concentrations were assessed by ELISA. Data represent mean values 6 s.d. from three independent experiments

compared with untreated cells (100%).



50 M. F. Neurath et al.

q 1999 Blackwell Science Ltd, Clinical and Experimental Immunology, 115:42±55

0 0.01 0.1 1 10

MTX (mg/kg)

IL-6

IL-4IL-1β

IFN-γ TNF-α

P
er

ce
n

t 
o

f 
co

n
tr

o
l

P
er

ce
n

t 
o

f 
co

n
tr

o
l

P
er

ce
n

t 
o

f 
co

n
tr

o
l

Con. 0 0.01 0.1 1 10Con.

0 0.01 0.1 1 10Con. 0 0.01 0.1 1 10Con.

0 0.01 0.1 1 10Con. 0 1 10Con.

MTX (mg/kg)

150

100

50

0

150

100

50

0

200

150

100

50

0

400

300

200

100

0

200

150

100

50

0

300

200

100

0

3H-thymidine
incorporation

Fig. 3. Cytokine production and proliferation of cultured murine spleen cells from untreated (Con.) and methotrexate (MTX)-treated mice.

BALB/c mice were treated three times a week with indicated amounts of MTX. Spleen cells were isolated after 30 days and stimulated for 48 h

with anti-CD3/CD28, phorbol myristate acetate (PMA) and lipopolysaccharide (LPS). Culture supernatants were taken after 48 h and cytokine

concentrations were assessed by ELISA. Data represent mean values 6 s.d. from three independent experiments compared with untreated

cells (100%). Proliferation assay of cultured murine spleen cells from MTX-treated mice. BALB/c mice were treated three times a week with

indicated amounts of MTX. Spleen cells were isolated after 30 days and thymidine incorporation was assessed during the last 12 h of cell

culture. Data represent mean values of triplicate measurements.



collagen a clear improvement both of the clinical score and of

histological parameters of arthritis was observed at all dosages

between 0´1 mg/kg and 10 mg/kg (Fig. 4a; Table 1). Higher doses

(>1 mg/kg) of MTX completely prevented development of clinical

signs of arthritis (Fig. 4a). This ®nding was underlined by grading

of histological joint sections that demonstrated reduction of

in¯ammatory cells and cartilage destruction in MTX-treated

mice compared with the untreated control group (Table 1). In

addition, isolated splenic mononuclear cells from MTX-treated

mice produced less TNF and IFN-g in cell culture (Fig. 4b).

Production of IL-1b, IL-4 and IL-6, however, was unaffected by

MTX treatment.

Effects of MTX on cytokine production in TNF-a knockout mice

and TNF-a transgenic mice

To characterize further the functional role of TNF-a in MTX-

mediated effects on cytokine production, we next tried to analyse

MTX effects in mice in which the gene for TNF-a had been

inactivated by homologous recombination [23]. It was found that

TNFÿ/ÿ mice showed no signi®cant reduction in production of

IL-6 (not shown) and IFN-g (Fig. 5) by splenic cells after long-

term MTX treatment. Finally, we chose to analyse MTX effects in

Tg197 mice that express in their tissues a human TNF-a transgene,

as previously described [12]. When TNF transgenic Tg197 mice

were treated with MTX, we observed a reduction or complete

absence of arthritis activity in MTX-treated animals compared

with controls. TNF production in TNF transgenic mice was again

suppressed upon MTX treatment (human TNF, 37 ng/ml versus

0 ng/ml; murine TNF, 582 pg/ml versus 203 pg/ml). Furthermore,

changes in IFN-g production were more pronounced compared

with TNF knockout mice, suggesting that MTX effects on IFN-g

production may be secondary to its effects on TNF production.

DISCUSSION

In the present study, we have found speci®c modulation of T cell

and macrophage cytokine production by methotrexate (MTX), an

immunosuppressive drug frequently used for treatment of patients

with RA [5,15,16,30,31]. First, we demonstrated a signi®cant

suppression of TNF-a production by spleen cells after MTX

treatment; second, MTX treatment of mice caused strikingly

reduced TNF serum levels in vivo and diminished TNF production

by spleen cells ex vivo. Third, MTX suppressed TNF production in

a murine model of experimental arthritis; and fourth, we showed

that MTX effects on cytokine production were reduced in TNF

knockout mice but augmented in TNF-a transgenic mice. Taken
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Fig. 4. (See next page.) (a) Suppression of CIA development in mice after early treatment with methotrexate (MTX). DBA/1 mice were given

indicated amounts of MTX three times a week. Treatment was started 21 days after immunization with type II collagen. Data represent mean

values and s.d. of one representative experiment with at least three mice per group. Three additional independent experiments gave very

similar results. (b) Production of IL-1b, IL-4, IL-6, tumour necrosis factor (TNF) and IFN-g by cultured murine spleen cells from MTX-

treated DBA/1 mice with CIA. Spleen cells were isolated 34 days after immunization and stimulated for 48 h with anti-CD3/CD28, phorbol

myristate acetate (PMA) and lipopolysaccharide (LPS). Culture supernatants were taken after 48 h and cytokine concentrations were assessed

by ELISA. Data represent mean values 6 s.d. of three independent experiments compared with untreated cells (100%).
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together with the increased TNF-a levels in patients with RA in

humans, these data suggest that suppression of production of

proin¯ammatory cytokines could be an important target mechan-

ism for MTX effects.

Although inhibition of B cell, T cell and macrophage activity

has been suggested as important mechanism of MTX function, its

mechanism of action has not been completely delineated. In

particular, only few studies have analysed its effects on cytokine

production in mice and humans [21,22,32,33]. These studies

showed diminished IL-1 concentrations in the synovial ¯uid of

MTX-treated patients, whereas IL-1 serum levels were not affected

[21,32]. Furthermore, MTX treatment decreased TNF concentra-

tions in the synovial ¯uid in experimental adjuvant arthritis, and

treatment with liposomal MTX reduced TNF production ex vivo in

this model [34,35]. However, no signi®cant effect on TNF con-

centration in the peripheral blood of MTX-treated patients has been

observed [33,36,37]. This lack of decreased TNF serum levels

could be due to the fact that MTX concentrations in the synovium

and bone of RA patients are known to be roughly 10-fold higher

compared with plasma levels [38]. Thus, low-dose treatment with
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MTX in RA could be capable of suppressing local TNF production

in the joint, whereas systemic TNF levels would not be affected.

With regard to the mechanism of TNF suppression by MTX it

was found that MTX suppresses TNF production by anti-CD3/

CD28 activated puri®ed T cells rather than TNF secretion by

macrophages, suggesting that activation of TNF production via the

T cell receptor might be an important target for the action of MTX.

However, suppression of TNF production by MTX in puri®ed T

lymphocytes was signi®cantly lower (0´1±10 mg/ml; P < 0´01) and

occurred at higher dosages compared with total spleen mono-

nuclear cells, giving rise to the possibility that MTX may also

modulate TNF production that depends on cell±cell interactions

between splenic mononuclear cells, such as between macrophages

and T cells. This ®nding may thus be relevant for the situation in

human RA, since macrophages are the main producers of TNF in

RA joints [1±3]. Furthermore, the fact that MTX effects on TNF

production could be partially counteracted by folic acid suggests

that the effect of MTX on TNF production is at least partially

folate-dependent. In any case, the data clearly show that MTX can

signi®cantly suppress TNF production by spleen mononuclear

cells. In particular, it was found that long-term treatment of mice

with MTX dosages as low as 0´004 mg/kg per day leads to

suppression of TNF production by spleen cells. Although there

are limited data on comparative MTX drug kinetics between mice

and humans, these data suggest that dosages used in our murine

experiments could be relevant to those used for treatment of RA

patients (e.g. 15 mg MTX for a 70-kg RA patient � 0´03 mg/kg per

day) [1,31,33].

In additional studies, we analysed the effects of MTX on

production of various other pro- and anti-in¯ammatory cytokines

produced by macrophages and T cells. We found that MTX

suppresses production of proin¯ammatory cytokines such as IL-

6, IL-1b, TNF and IFN-g in vitro, ex vivo and in vivo, while

production of the anti-in¯ammatory TH2 cytokine IL-4 was less

affected. Furthermore, IL-6 production ex vivo was only sup-

pressed after long-term treatment of mice with MTX. This char-

acteristic dose- and time-dependent modulation of cytokine

pro®les by MTX argues against a general inhibitory effect on

mRNA and protein synthesis. Furthermore, the observed effects on

cytokine production occurred already at concentrations of MTX

that did not affect cell proliferation. Thus, it is rather likely that

MTX has additional speci®c effects on cytokine production by T

cells and macrophages, leading to a clearly time-dependent selec-

tive suppression in the production of some cytokines. The suppres-

sion of proin¯ammatory cytokines such as TNF and IFN-g could

be important for clinical effects of MTX, since an increased

production of these cytokines and a shift towards a TH1 T cell

phenotype have been described in patients with RA [39]. In support

of this theory, Constantin et al. [40] have recently described

suppression of Thl cytokine levels in peripheral blood mono-

nuclear cells (PBMC) from MTX-treated patients. Furthermore,

we have recently found that MTX strikingly suppresses IFN-g and

TNF protein production by cultured human CD45RA and

CD45RO CD4� T lymphocytes (Hildner et al., manuscript in
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Table 1. Histology after methotrexate (MTX) treatment of CIA in DBA/1 mice

Synovial In¯ammatory Cartilage Bone Bone

lesion in®ltrate destruction destruction neoformation

Group n Range Average Range Average Range Average Range Average Range Average

Normal mice 6 0 0 0 0 0 0 0 0 0 0

CIA Untreated mice 9 2±3 2´7 2±3 2´9 1±3 2´2 1±3 2´3 1±2 1´5

CIA MTX 0´01 mg/kg 6 1±3 2´5 2±3 2´75 1±3 2´5 0±3 2´3 2±3 2´3

CIA MTX 0´1 mg/kg 8 0±3 1´13 0±3 1´4 0±3 1´2 0±3 1´1 0±3 0´6

CIA MTX 1 mg/kg 9 0±2 0´7 0±2 0´8 0±2 0´4 0±1 0´2 0 0

CIA MTX 10 mg/kg 6 0 0 0 0 0 0 0 0 0 0

DBA/1 mice were given indicated amounts of MTX three times a week. Treatment was started 21 days after immunization with type II collagen.

Histological analysis was performed 13 days later in a blinded fashion (see Materials and Methods). Data were pooled from two independent experiments.
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Fig. 5. Production of IFN-g by cultured murine spleen cells from metho-

trexate (MTX)-treated mice. Tumour necrosis factor (TNF) knockout (ko)

and TNF transgenic (tg) mice were treated three times a week with PBS or

indicated amounts of MTX for a period of 30 days. Spleen cells were

isolated after 30 days and stimulated for 48 h with anti-CD3/CD28, phorbol

myristate acetate (PMA) and lipopolysaccharide (LPS). Culture super-

natants were taken after 48 h and cytokine concentrations were assessed

by ELISA. Data represent mean values of duplicate measurements from one

representative experiment. IFN-g baseline level in uninjected transgenic

mice was 43 000 pg/ml.



preparation). In our murine experimental system, however, the

effects of MTX on TNF production by spleen cells were more

strikingly compared with its effects on IFN-g production. Further-

more, the effect of MTX on production of the latter cytokine was

augmented in TNF transgenic Tg197 mice. In contrast, MTX

effects on IFN-g production were reduced in TNF knockout

mice, suggesting that at least in our experimental system this

effect may be secondary to MTX effects on TNF production.

CIA is a widely used animal model of experimental poly-

arthritis [41,42]. The murine CIA model of experimental arthritis

contains several features that are consistent with those observed in

RA in humans [39±42]: (i) a chronic arthritis is induced that is

characterized by a severe synovial in¯ammation; (ii) there are

similarities at the histological level with synovial in®ltrates of

macrophages and T cells leading to cartilage destruction; (iii) there

is an increased production of the proin¯ammatory cytokine TNF-a

in CIA consistent with the increased TNF-a levels previously

reported in patients with RA [1,2]. Here, we demonstrate that MTX

treatment completely prevents CIA, although it should be noted

that MTX was administered prior to the onset of clinical arthritis, a

situation which is different from treating established disease. This

effect of MTX was accompanied by characteristic changes of

cytokine pro®les, in particular a reduction of TNF levels. Taken

together, these data suggest that the observed effect on clinical

parameters of CIA by MTX could be at least partially due to its

effect on TNF production. This reduction of TNF levels would then

lead to prevention of CIA.

The data reported here provide direct evidence for a regulatory

effect of MTX on cytokine production in mice in vitro, in vivo, and

ex vivo. In particular, MTX speci®cally modulates TNF-a produc-

tion and production of this cytokine by T cells rather than

macrophages appears to be the primary target of MTX. Further-

more, MTX treatment prevents experimental murine CIA. These

data may serve as a basis to understand and further analyse MTX-

mediated mechanisms of immunosuppression in patients with RA.
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