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Tumour necrosis factor (TNF) production by T cell receptor-primed T lymphocytes
is a target for low dose methotrexate in rheumatoid arthritis
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SUMMARY

Methotrexate (MTX) is an effective immunosuppressive agent in various chronic inflammatory diseases
such as rheumatoid arthritis (RA). However, its mechanisms of action are only partially understood.
In this study, we assessed the effects of MTX on the differentiation of peripheral blood (PB)
CD4tCD45RA ‘naive’ and CD4ZCD45RO0 ‘memory’ T cells from healthy controls and patients with
RA. Accordingly, purified T cells were primed and restimulaiteditro via the T cell receptor (TCR) in

the presence of IL-2 to generate effector T cells secreting large amounts of Thl and Th2 cytokines. We
observed that low doses of MTX strongly suppress TNF and to a lesser extent interferon-gamnya (IFN-
production by T cells from both healthy donors and RA patients when present during T cell priming via
the TCR. Similar data were obtained for TCR-primed synovial fluid mononuclear cells in RA. In
contrast, production of IL-4 by TCR-primed CD45RA T cells was significantly increased upon MTX
treatment. Interestingly, MTX did not enhance IL-4 production when present during restimulation of
effector CD45RO T cells, although it still suppressed TNF production. The results indicate that MTX
effects depend on the stage of T cell activation and identify TNF production by TCR-primed T
lymphocytes as a target for low-dose MTX treatment in RA. These findings could explain the delayed
clinical effects of MTX and may contribute to its potent anti-inflammatory and immunoregulatory
properties.
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INTRODUCTION and interferes with neutrophil activity and cell adherence [10-18].

Low-dose methotrexate (MTX) has proved efficacious in SUIDpressl_:urthermore, it suppresses IL-1 and IL-8 production by stimulated

ing the inflammatory polyarthritis in patients with rheumatoid peripheral blood mononuclear cells (PBMC) and inhibits the

arthritis (RA) [1-3]. In this disease, large quantities of proinflam- Fr:?:rlggtir?fln:rlfogt) éﬁ‘stlzzcgszgro%ncpglg::rr?:ozlol(;?ioineltlys [I\l/ls?l']x
matory cytokines such as IL811L-6 and TNF« are found in the gy y u y

’ . ; . have been obtained using short-teimvitro cell culture experi-
synovial fluid and synovial membrane [4,5]. These promflamma-ments These data mav thus onlv partially account forifhévo
tory cytokines are produced by activated macrophages or T cells ' y thu y partially u

and strongly contribute to synovial cell proliferation and cartilage effects of MTX on cytol_<|r_1e productionin RA, since MTX shows a
I well-known delayed clinical response. However, recent data sug-
destruction in RA [4].

Although MTX has become a first line immunosuppressivegest th‘?t trt_eatment .With MTX has specific eff_ects on cytokine
agent for patients with RA, its mechanism of action is only partially pIrFONd uction ('jn T_A’ Eln(;ele%:reasedb IL-6 zn_d a?;ffront-ggnéia
understood. It is a folic acid antagonist that competitively inhibits( -y) production by was observed in reate

dihydrofolate reductase [6-9]. In addition, MTX suppresses B Ce”patients [20,21]. In addition, some studies also sugg_ested areduction
and macrophage function, inhibits neovascularization, induce f TNF serum levels or soluble TNF receptor levels in MTX-treated

CD95-independent T cell apoptosis and clonal deletion of T cellspatle.nts with RA [9,22], . . .
Since a more profound understanding of the immunological
Correspondence: Markus F. Neurath MD, Laboratory of Immunology, and. biochemical mechan!sms of a(_:t'on of MTX may result '_n the
I. Medical Clinic, University of Mainz, Langenbeckstrasse 1, 55101 Mainz, design of new therapeutic strategies for RA, we fOCUSGq in the
Germany. present study on the effects of MTX on cytokine production by
E-mail: neurath@1-med.klinik.uni-mainz.de human T cells and synovial mononuclear cells. In particular, we
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addressed effects of MTX on Thl (IFN-TNF) and Th2 (IL-4) In an initial series of experiments, B cells and monocytes were
cytokine production by T cells. In these studies, we used a recentlactivated with 1Q.g/ml bacterial lipopolysaccharide (LPS) and
described system for T cell priming and restimulation via the T cellStaphylococcus aureuSowan’s antigen (SAC; 0-001% wi/v) for
receptor (TCR) [23], since repeated TCR stimulation probably48h. In additional experiments, monocytes were cultured in com-
occurs in RA as a result of persistent infectious agents and/oplete RPMI media with 1@g/ml LPS, SAC (0-001% wi/v) and
antigens in the body over prolonged periods of time [4]. We 10 ng/ml granulocyte-macrophage colony-stimulating factor (GM-
demonstrate that low doses of MTX strongly suppress TNF pro-CSF) for 7 days as specified in Results. Supernatants were taken
duction by TCR-primed T cells. These data may at least partiallyand analysed for cytokine concentration by specific ELISA, as
explain MTX-mediated mechanisms of immunosuppression indescribed below.
patients with RA. Anti-CD3 antibody OKT3 was obtained as murine ascites
produced by the hybridoma cell line OKT3 (ATCC, Rockville,
MD) and affinity-purified using protein G columns (Pierce, Rock-
PATIENTS AND METHODS ville, IL). For T cell stimulation purified anti-CD3 antibodies were
Isolation of peripheral blood CD1%monocytes and CD19 coated at 200 ng/ml and recombinant IL-2 (R&D Systems, Heidel-
B lymphocytes berg, Germany) was used at a final concentration of 40 U/ml. To
Human PBMC from healthy volunteers (age 25-45 years) werénduce cytokine production in an initial series of studies, T cells
isolated using Ficoll-Hypaque gradients. To isolate CDA¥no-  were stimulated with anti-CD3 for 2 days. Supernatants were taken
cytes, PBMC were further purified using CD14 MoAbs attached toafter 2 days and analysed for cytokine concentration by specific
immunomagnetic beads and MACS technique according to th&LISA. In additional experiments, purified T cells were primed via
protocol provided by the manufacturer (Miltenyl Corp.; iMtnen,  the TCR [23]. For T cell priming T cells were activated by plate-
Germany). CD19 B lymphocytes were isolated from PBMC using bound anti-CD3 antibody and recombinant IL-2 for 9 days in the
specific immunomagnetic beads followed by treatment withpresence or absence of indicated amounts of MTX (Sigma, Munich,
Detachabead as recommended by the manufacturer (Dynal, Osl@Germany). For restimulation of primed CDA4T cells, cells were
Norway). Reanalysis of sorted populations by FACS revealed aestimulated in fresh medium with anti-CD3 plus IL-2 in the
purity of >92%. Cells were finally resuspended in complete RPMIpresence or absence of MTX for 48 h. Supernatants were finally
media and cultured as specified below. analysed by ELISA as described below.

Isolation of primary CD4 T lymphocytes from peripheral blood ELISA analysis
PBMC from healthy volunteers were isolated using FicoII—HypaqueI_o measure cytokine productionx.0° CD4™ T cells, B cells or

gradients as described above. PBMC were further purified USirlgnacro hages were activated with indicated stimuli and cultured in
CD4 MoAbs attached to immunomagnetic beads according to the phag

- ... Culture medium at 3T in a humidified atmosphere containing 5%
protocol provided by the manufacturer, followed by treatment with . - ;
. CO, in the presence or absence of indicated concentrations of
Detachabead (obtained from Dynal). CDZ cells were further
. . - . methotrexate. After 48 h, culture supernatants were removed and
separated by negative selection techniques using CD45RO or

CD45RA MoAbs (Pharmingen, San Diego, CA) and immunomag-assaye.d for cytoklne“concentratlon. Cytoklne congentratlons were
. ; . etermined by specific ELISA as previously described [24]. Anti-
netic beads (Dynal). Reanalysis of sorted populations by FAC : .
. odies used for ELISA are shown in Table 1.
revealed a purity of 96%.

Cell culture and stimulation conditions Isolation of synovial fluid mononuclear cells and PBMC from

Cell cultures of lymphocytes and monocytes were performed irpatients with RA

complete medium consisting of RPMI 1640 supplemented withFour patients (two male and two female; mean age 48 years) who
3 mm L-glutamine, 10 m HEPES buffer, 100 U/ml each of peni- fulfilled the American College of Rheumatology 1987 criteria for
cillin and streptomycin (Whittaker, Bethesda, MD), 0-06 m RA [25] were included. All patients had active RA. RA activity
2-mercaptoethanol (2-ME; Sigma Chemical Co., St Louis, MO)was defined by the presence of at least three of the following criteria:
and 10% heat-inactivated fetal calf serum (FCS) (cell densify 10 morning stiffness- 45 min, number of swollen joints5, number of
cells/ml). Endotoxin levels in cell culture were determined by tender joints> 8, erythrocyte sedimentation rate (ESF)7 mm/h.
Seromed Biochrom (Berlin, Germany) using a chromogene assaBMC from all patients with RA were isolated as described above.
and were below 0-01 EU/ml (12 EY1 ng). Furthermore, synovial fluid from three of the above patients with

Table 1. Recombinant cytokines and primary/secondary antibodies used for ELISA

IL-4 IL-6 IL-10 IFN-vy TNF-o
First antibody Tug/ml 2ug/ml 2ug/ml 2ug/ml 2ug/ml
(Pharmingen) (Dianova) (Pharmingen) (Endogen) (Pharmingen)
Second antibody Ag/ml 1pg/ml 2ug/ml 3ug/ml 2ug/ml
(Pharmingen) (Endogen) (Pharmingen) (Endogen) (Pharmingen)
Standard 4000 pg/ml 4000 pg/ml 4000 pg/ml 2000 pg/ml 2000 pg/ml
(Pharmingen) (Rose-John) (R&D) (Endogen) (Endogen)
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TNF production is a target for methotrexate 139

active RA was obtained by puncture of the affected knee joint afteMTX suppresses TNF and IFNproduction by human CD%
informed consent. Synovial fluid mononuclear cells (SFMC) wereCD45RA and CD45RO T lymphocytes after 2 days only at high
finally isolated by Ficoll-Hypaque gradients as specified above. Irconcentrations
addition, PBMC were isolated from three patients with non-RA In further studies, we addressed MTX-induced changes in cytokine
arthritis: a 34-year-old woman with acute Shigella-induced reac{production by purified CD4 T cell subsets. Accordingly, we separ-
tive arthritis and two female patients with psoriatic arthritis. Cell ated CD45RA ‘naive’ and CD45R0O ‘memory’ T cell subsets from
cultures were performed as described above. blood samples of healthy donors using immunomagnetic beads and
obtained>96% pure populations, as assessed by FACS analysis.
Immunocytochemistry The T cells were then co-incubated with MTX and cytokine pro-

Immunocytochemistry was performed on cytospins from cultureddyction was assessed _aft(_a_r 2 days by specific EL"_SA' As shown in
CD4" T lymphocytes. In addition, Jurkat T cells stimulated with 19- 10, MTX caused significantly reduced production of TNF and

phorbol myristate acetate (PMA; 50 ng/ml) plus ionomycipgaml)  |FN-y by CD45RO T cells only at concentrations of 1igiml
served as positive control. Briefly, cells were fixed in 4% para-_that are outside the therapeutic serum levels obtained after gdmln-
formaldehyde—PBS or methanol and washed in @-BBS. Cyto- istration of 10 mg MTX/week [9,26]. In contrast, IL-4 production
spins were then pretreated with 10% of serum (corresponding t§Y CD45RO T cells was virtually unaffected. Furthermore,
the secondary antibody) in PBS—0-1% Triton-X and incubatedl_lo’*g/rnI MTX led to significantly reduced produ_ctlon of TNF
overnight at 4C with the primary antibody (1@g/ml monoclonal ~ @nd IL-4 by CD45RA T cells, whereas IFNproduction was not

anti-human TNF or IL-4: Pharmingen) in PBS—0-1% bovine serunffected (Fig. 1a). These data thus show that treatment of T cells
albumin (BSA)—0-1% Triton-X. Samples without primary antibody with MTX for 2 days causes specific changes in cytokine produc-

served as negative control. The following day, samples were rinseion that are dependent on the T cell subset. These changes
in PBS and incubated with a biotinylated secondary IgG antibod

>pccurred only at high concentrations of MTX that appear not to
(2:100; Vector, Burlingame, CA) for 1h at room temperature

be relevant for the treatment of RA patients.
followed by incubation with streptavidin-conjugated Cy2 (Dianova,
Hamburg, Germany) (1:500) for 2 h at room temperature. Sample
were rinsed with PBS and subjected to a second cycle of stainin X
using anti-CD4 as primary antibody (rat anti-mouse CD4; Pharmin.n further studies on the effects of MTX, we used a recently
gen) and streptavidin-conjugated Cy3 as chromogen. Slides wef&€Scribed system for priming and restimulation of CDB cell
mounted with mounting medium for fluorescence (Vector) andsubsets via the TCR to induce development of cytokine-producing

analysed with a Zeiss Microscope. Ten high-power fields (HPFEfTector T cells [23]. In this experimental system, T cells were
were finally counted in three samples per condition. No stainingpr'rnecj via the TCR/CD?’ complex in the presence of reco_mblne_lnt
was detected in samples without primary antibody. IL-2 for 9 days. After this period, cells were restimulated with anti-

CD3/IL-2 for an additional 2 days. Indicated amounts of MTX

o . were added to the T cell cultures during priming or restimulation
Statistical analysis ) (see Patients and Methods).
Te_sts for significance of differences were made by Studésést MTX strongly affected the priming of CD45RA and CD45RO
using the program StatWorks. T cells with respect to the resulting pattern of cytokine production
(Fig. 2). When present during priming, MTX (0-1—-1§/ml) caused
significantly reduced production of IFM-by both CD45RA and
CD45RO T cells. Furthermore, TNF production by CD45RA and
MTX does not affect production of various immunoregulatory  CD45RO T cells was completely abrogated at these dosages. Even
cytokines by purified human CD1® lymphocytes and CD14 dosages as low as 0-0@g/ml that are below the therapeutic serum
monocytes after 2 days levels in MTX-treated RA patients [9,26] caused a significant
In an initial series of studies, we analysed whether treatment withieduction in TNF production by both CD45RA and CD45RO T
MTX induced changes in cytokine production by B lymphocytes cells. In contrast to these observations, IL-4 production by CD45RA
and monocytes from the peripheral blood (PB) of healthy donorsT cells (but not by CD45R0 cells) was significantly increased upon
after 2 days. Accordingly, PB CD19 B cells and CD1% low dose MTX treatment (0-001-Qudj/ml). These data on changes
monocyteswere isolated using positive selection techniques andn TNF and IL-4 production by TCR-primed T cells upon MTX
immunomagnetic beads (see Patients and Methods). The celtseatment were further supported by quantitative immunofluores-
were stimulated with LPS plus SAC in the presence or absenceence studies. In these experiments, we quantified the percentage of
of MTX and culture supernatants were analysed for cytokineTNF- and IL-4-expressing T cells by immunofluorescence analysis
content by specific ELISA. It was found that MTX treatment did (see Patients and Methods). It was found that low doses of MTX cause
not significantly change IL-6 and IL-10 cytokine production by a significant increase in the percentage of IL-4-expressingCD4
purified B lymphocytes after 2 days (Table 2a). Furthermore,cells, whereas the percentage of TNF-expressing'CDdells was
IL-6, TNF and IL-10 production by purified CDI4monocytes  significantly reduced when MTX was present during T cell priming
after 2 days was also not affected by MTX treatment (Table 2b,c)via the TCR/CD3 complex (Table 3).
Finally, MTX did not suppress TNF production by monocytes = When MTX was present during restimulation of primed effec-
that were cultured in the presence of LPS, SAC and GM-CSF fotor T cells, the effects on TNF cytokine production occurred at
7 days (Table 2d). These data indicate that MTX has no strikindower dosages, although the overall decrease in TNF production
effects on the production of various immunoregulatory cytokineswas less pronounced (Fig. 3). Furthermore, H-lgroduction by
by PB B lymphocytes and monocytes under our experimentalCD45RA and CD45RO T cells was significantly reduced at all
conditions. dosages tested (0-001-@giml). In comparison with the priming

Low doses of MTX strongly suppress TNF production by
CR-primed CD45RA and CD45RO T lymphocytes

RESULTS
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Table 2.
a,b.Methotrexate (MTX)-induced effects on cytokine production by purified CDB%mphocytes ) and CD14 monocytesl) from the peripheral blood
of healthy donors

a. B cells
LPS+SAC

MTX
(ng/ml) IL-6 IL-10
0 100+0 100=0
0-001 114-5-16-6 107-5-7-1
0-01 114-3-34.7 115+ 24.9
0-1 124.5-27-4 131-5-20-1
1 116-3+19-3 116-3-38-0
10 116-8+ 155 83-5- 336
b. Monocytes

LPS+SAC
MTX
(ng/ml) IL-6 IL-10 TNF-a
0 100=0 100+ 0 100+0
0-001 120+ 29-6 111+ 32-8 113+52:2
0-01 128+ 58-7 985+ 34-9 154+ 72-4
0-1 116+ 69-4 96+ 47-9 161+ 98-3
1 105+ 85-3 112+ 23-1 183+ 104-9
10 108+ 55-0 100+ 5-0 157+ 78-8

B cells and monocytes were isolated using immunomagnetic beads and stimulated with lipopolysaccharide (IR&)pflecoccus aure@owan’s
antigen (SAC) in the presence of indicated amounts of MTX. Supernatants were collected after 48 h and assayed for cytokine concentration by specific
ELISA. Data are expressed as percentage of cytokine concentration in the absence of MTX (100%) and represent measmd.addidisree independent
experiments. Baseline cytokine levels (pg/ml¥.d. were as follows: IL-6, 2536 1655 (CD14) and 1632+ 2173 (CD19); IL-10, 15379+ 23197
(CD14%) and 517+ 422 (CD19); TNF, 9005+ 5857 (CD14).
c. Monocytes

TNF-«
LPS
MTX 0-001 0-01 0-1 1 10
(ng/ml) Unstimulated #g/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)
0 0 1884+ 152-3 1413F 149-7 1912+ 219-7 2237 4.5 1634+ 75-5
10 1855+ 246-1 1431 149-8 1726+ 151-5 1928 170-5 2096+ 49-6

Dose-dependent LPS effects on TNF production by CDivbnocytes (absolute valuess.d.). Maximal TNF production was observed aigIml LPS.
There was no significant MTX-induced reduction in TNF production at any LPS concentration tested.
d. Monocytes

TNF-a
MTX

(ug/ml) LPS+SAC
0 100+ 0
0-001 102-3 5.5
0-01 98.3- 2.1
0-1 99+ 6.6
1 95+ 5.3
10 97+5.3

Effects of MTX on cytokine production by purified monocytes after 7 days. CDhnocytes were isolated using immunomagnetic beads and
stimulated with LPS, SAC plus granulocyte-macrophage colony-stimulating factor (GM-CSF) in the presence of indicated amounts of MTX for 7 days.
Supernatants were taken and analysed for cytokine concentration by ELISA. Data are expressed as percentage of cytokine concentration iofthe absence
MTX (100%) and represent mean values.d. of three independent experiments.
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Fig. 1. Effects of methotrexate (MTX) on cytokine production by purified CD45RA (a) and CD45RO (b) T cells from the peripheral blood
(PB) of healthy donors after 2 days. PB CD45RA and CD45RO T lymphocytes were isolated using immunomagnetic beads and stimulated
with anti-CD3 in the presence of indicated amounts of MTX. Supernatants were collected after 48 h and assayed for cytokine concentration by
specific ELISA. Data are expressed as percentage of cytokine concentration in the absence of MTX (100%) and represent meardvalues

of three independent experiments. Significant changes compared with the MTX-free culture conBiti@05.

experiments above, IL-4 production by CD45RA T cells was Table 3. Quantification of TNF and IL-4-positive CD4T cells by

increased to a lesser extent upon MTX treatment. immunofluorescence

MTX down-regulates TNF production by TCR-primed blood T \1x TNF + CD4* (%) P (versusno MTX)
lymphocytes and synovial mononuclear cells in RA

In a final series of studies, we assessed whether MTX had similaxone 85+ 9

effects on IL-4 and TNF production by PB T cells and SFMC in 0-001xg/ml 36+11 <0-05
patients with RA. In an initial series of studies, we obtained PB TO-1xg/ml 5x4 <0-01
cells from three patients with RA and three patients with non-RA10xg/ml 3x1 <0-01
arthritis and assessed cytokine production in the presence of MTX

after 2 days (Fig. 4a)._Consistent with the above observati_ons o] IL-4 + CD4* (%) P (versusno MTX)
healthy blood donors, it was found that low doses of MTX did not

significantly modulate TNF cytokine production by PB T cells ngne 32+8

after 2 days. Similar data were obtained for SFMC in RA patientsp.o01.g/ml 58+ 7 <0.05

(Fig. 4a). In further studies, the effects of MTX were then assessed. 1ug/ml 67+12 <0-05

on cytokine production by PB T cells and SFMC that were primed10pg/ml 23+10 NS

and restimulated via the TCR in the presence of IL-2. It was
observed that the presenc_e of MTX during priming OT PB T cells T cells were primed via the T cell receptor (TCR)/CD3 complex in the
and SFMC from RA patients caused an abrogation of TNFpresence of methotrexate (MTX) for 9 days. Cytospins were made and

production, while IL-4 production was increased at low dosagesanalysed by immunofluorescence for the presence of T cells expressing
of MTX (0-001—-0-Iug/ml). Interestingly, MTX-induced changes CD4 plus TNF or CD4 plus IL-4.
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Fig. 2. Effects of methotrexate (MTX) during priming on pro- and anti-inflammatory cytokine production by T cell receptor (TCR)-primed
CD45RA (a) and CD45RO (b) T lymphocytes. CDZ cells were primed via the TCR/CD3 complex in the presence of IL-2 for 9 days in the
presence of indicated amounts of MTX. Cells were then restimulated with anti-CD3 plus IL-2 in the absence of MTX for an additional 2 days.
Cytokine concentrations in cell-free supernatants were then determined by specific ELISA. Data are expressed as percentage of cytokine
concentration in the absence of MTX (100%) and represent mean valgas of three independent experiments. Significant changes
compared with the MTX-free culture conditionP% 0-05; **P<0-01.

in cytokine production by SFMC in RA patients occurred at lower target mechanism for MTX effects that may contribute to the potent
dosages compared with PB T cells. anti-inflammatory and immunoregulatory properties of this agent.
TNF is a pleiotropic cytokine that plays a key regulatory role in
antibacterial host defence, endotoxic shock, contact hypersensitiv-
ity, chronic intestinal inflammation and experimental arthritis [27—
In the present study, we demonstrate a time-dependent and cedB]. Furthermore, various studies have demonstrated the pivotal
type-specific modulation of cytokine production by MTX. Ininitial role of TNF in patients with RA [4,30]. In this disease, TNF is
studies, we demonstrated that MTX had no significant effect orproduced by many cells in the inflamed rheumatoid synovium,
cytokine (IL-6, IL-10, TNF) production by PB CDT9B cells and  including macrophages and lymphocytes [4,5]. The importance of
CD14" monocytes. This finding may be explained by the fact thatTNF in patients with RA is further supported by recent studies
MTX has no detectable effects on cytokine production by theseshowing that regulation of TNF levels by several different strate-
cells or, alternatively, by the requirement for specific cell culturegies including chimeric (mouse/human) anti-TNF MoAb cA2
conditions for MTX effects that are not present under our experi-antibodies, humanized anti-TNF MoAbs (CDP571) and recombi-
mental conditions. Furthermore, it was observed that only highnant TNF receptor (p75)-Fc fusion proteins (TNFR(p75)-Fc fusion
doses of MTX caused suppression of TNF production by culturedorotein) may be a novel promising approach for treatment of this
T cells after 2 days, whereas a significant suppression of TNRlisease [31-34].
production by TCR-primed T cells was found after low dose  Based on the functional role of TNF in RA and on previous
MTX treatment. Finally, we observed that MTX effects on TNF studies in mice suggesting that TCR-dependent activation of
cytokine production were also observed in PB T cells and SFMCcytokine production is a key target of MTX [35], the present
of patients with RA. Taken together with the increased TNF levelsstudy focused on MTX-induced changes in cytokine production by
in patients with RA, these data suggest that suppression of CR-activated human CD4LD45RA naive and CD4CD45R0O
TNF production by TCR-activated T cells could be an importantmemory T cells [23]. Interestingly, it was found that low doses of

DISCUSSION
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Fig. 3. Effects of methotrexate (MTX) during restimulation on pro- and anti-inflammatory cytokine production by T cell receptor (TCR)-
primed CD45RA and CD45RO T lymphocytes. CD# cells were primed via the TCR/CD3 complex in the presence of IL-2 for 9 days in the
absence of MTX. Cells were then restimulated with anti-CD3 plus IL-2 in the presence of MTX for an additional 2 days. Cytokine
concentrations in cell-free supernatants were then determined by specific ELISA. Data are expressed as percentage of cytokine concentration
in the absence of MTX (100%) and represent mean vatuedl. of three independent experiments. Significant changes compared with the
MTX-free culture condition: P<0-05.

MTX significantly suppressed TNF production by TCR-primed on the latter cells could be clinically relevant, since an enrichment
and restimulated CD45RA and CD45RO T cells. These data omf memory T cells (CD4 CD45R0O CD27 has been found in the
MTX effects on TNF production by human T cells are in agree-blood of some RA patients and in all synovial tissue and fluid
ment with some previous observations in animals: in experimentatamples in RA [38,39]. This expansion of memory cells in RA
adjuvant arthritis, MTX treatment caused decreased TNF concemprobably reflects a disordered T cell differentiation in the presence
trations in the synovial fluid and reduced TNF productevivo  of repeated antigenic stimulation via the TCR that may play a role
[36,37]. Furthermore, we recently described that low doses ofn perpetuating synovial inflammation [38,39]. Furthermore, the
MTX strongly suppress TCR- and IL-15-dependent TNF produc-above data suggest that MTX may be very efficient in blocking
tion by T cells in healthy and arthritic mice [35]. However, MTX- activation of naive CD45RA T cells in response to a primary anti-
induced suppression of TNF production in this experimentalgenic stimulus. In any case, the suppression of TNF and+tFN-
system occurred already after 2 days [35]. In contrast to thesproduction by CD45RA/RO T cells could be important for clinical
observations in mice, it was found here that treatment with loweffects of MTX, since increased production of these cytokines and
doses of MTX did not significantly reduce TNF production by T a shift towards a Th1 T cell phenotype in PB and synovial CD4
cells after 2 days, but potently suppressed TNF production bycells have been described in patients with RA [40—44]. In support
TCR-primed T cells. These data suggest that low doses of MTXof this hypothesis, recent data showed suppression of Th1 cytokine
may require prolonged periods of time to achieve effects onmRNA levels in PBMC from MTX-treated patients [21].

cytokine production by T cells in response to antigenic TCR- Interestingly, MTX-induced effects on TNF cytokine produc-
dependent stimulation, and are in agreement with the delayetdon by synovial T cells in RA occurred at lower dosages and
clinical response upon MTX treatment. appeared to be more pronounced compared with PB T cells. This

Low doses of MTX significantly reduced production of the finding could be relevant for the clinical effects of MTX, since
proinflammatory cytokines TNF and IFiNby PB CD45RA and  synovial memory T cells provide an ongoing important proin-
CD45RO T cells when present during priming. The effects of MTX flammatory stimulus within the synovium of rheumatic joints that
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Fig. 4. (a) Effects of methotrexate (MTX) on cytokine production by peripheral blood (PB) T lymphocytes and synovial fluid mononuclear
cells (SFMC) in three patients with RA and three patients with non-RA arthritis after 2 days. PB T lymphocytes and SFMC were isolated from
six patients and stimulated with anti-CD3 in the presence of indicated amounts of MTX. Supernatants were collected after 48 h and assayed for
cytokine concentration by specific ELISA. Data are expressed as percentage of cytokine concentration in the absence of MTX (100%) and
represent mean valuesss.d. of six independent experiments. (b) Effects of MTX during priming on pro- and anti-inflammatory cytokine
production by T cell receptor (TCR)-primed PB T cells and SFMC in RA. T cells and SFMC were primed via the TCR/CD3 complex in the
presence of IL-2 for 9 days in the presence of indicated amounts of MTX. Cells were then restimulated with anti-CD3 plus IL-2 in the absence
of MTX for an additional 2 days. Cytokine concentrations in cell-free supernatants were then determined by specific ELISA. Data are
expressed as percentage of cytokine concentration in the absence of MTX (100%). One representative experiment using PB T cells and SFMC
from two RA patients is shown. Baseline TNF levels (pg/ml): PBL patient 1, 306; SFMC patient 1, 1506; PBL patient 2, 149; SFMC patient 2,
1541; baseline IL-4 levels (pg/ml): PBL patient 1, 21; SFMC patient 1, 180; PBL patient 2: 45; SFMC patientll, P2@ient 1{1, patient 2.
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probably contributes to the perpetuation of the disease [45]. Reced90/1-1, Ne 490/2-1) and the Gerhard Hess programme of the Deutsche
studies in mice, however, indicated that MTX-induced suppressiorrorschungsgemeinschaft (Ne 490/3-1). The authors gratefully acknowledge

of TNF production is more striking compared with that of IFN-
[35]. This hypothesis was supported by studies showing that MT
effects on IFNy production were augmented in TNF transgenic
Tg197 mice but abrogated in TNF knockout animals. However,
this MTX-mediated inhibition of IFNy production by T cells
could also at least partially contribute to the recently described
synergistic effects of anti-TNF antibodies and MTX in clinical

Dr E. Schmitt (Department of Immunology, University of Mainz) for
Xcritical reading of the manuscript. In addition, the authors would like to
thank Mrs B. Bartsch for excellent technical assistance. This study contains
data from the MD thesis of K.H.
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