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Immunosuppressive Leflunomide Metabolite (A77 1726) Blocks
TNF-Dependent Nuclear Factor«B Activation and Gene
Expression'

Sunil K. Manna and Bharat B. Aggarwal?

Leflunomide is a novel immunosuppressive and antiinflammatory agent currently being tested for treatment of autoimmune
diseases and transplant rejection. NFR«B is a transcription factor activated in response to a wide variety of inflammatory stimuli,
including TNF, but whether leflunomide blocks NF«B activation is not known. In the present report we demonstrate that
treatment of a human T cell line (Jurkat) with leflunomide blocks TNF-mediated NF+«B activation in a dose- and time-dependent
manner, with maximum inhibition at 5-10 M. Inhibition was not restricted to TNF-induced activation, because leflunomide also
inhibited NF- kB activation induced by other inflammatory agents, including phorbol ester, LPS, HO,, okadaic acid, and cer-
amide. Leflunomide blocked the degradation of kBa and subsequent nuclear translocation of the p65 subunit, steps essential forz
NF-kB activation. This correlated with inhibition of dual specificity-mitogen-activated protein kinase kinase as well as an Src 3
protein tyrosine kinase, p56°%, by leflunomide. Reducing agents did not reverse the effect of leflunomide. Leflunomide alsog!_
suppressed the TNF-activated NR«B-dependent reporter gene expression. Our results thus indicate that leflunomide is a potent2
inhibitor of NF- kB activation induced by a wide variety of inflammatory stimuli, and this provides the molecular basis for its
anti-inflammatory and immunosuppressive effects. The Journal of Immunology,1999, 162: 2095-2102.
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uclear factorkB is a ubiquitous transcription factor that phase response, transplant rejection, autoimmune diseases, giral
plays a critical role in cells of the immune system. This replication, radiation damage, atherosclerosis, and cancer (1,
transcription factor is sequestered in its inactive state in  Agents that can block NkB activation have potential for treat- 3
the cytoplasm by a noncovalent association with the inhibitoryment of the pathological situations indicated above. Leflunomige
protein called kBa® (for references, see Ref. 1). NB is acti-  (HWA-486; N-(4-trifluoromethylphenyl)-5-methylisoxazol-4-car-=
vated by a wide variety of inflammatory stimuli, including TNF, boxamide) is one such agent, in that it exhibits antiinflammatorg,
IL-1, okadaic acid, phorbol ester 8., ceramide, endotoxin, and antiproliferative, and immunosuppressive effects through mech-
y-radiation. Most of these agents induce the phosphorylation-denisms that are not fully understood (3-7). HWA-486 is a prodrug
pendent degradation okBa, thus unmasking the nuclear local- that is rapidly converted in the cell to an active metabolites
ization signals on p65 and activating NB. Indeed, kBa-defi-  N-(4-trifluoromethylphenyl-2,2-cyano-3-hydroxycrotoamide), named
cient mice exhibit constitutive NikB activation, severe runting, A77 1726. The initial conversion involves the opening of the isox
dermatitis, and extensive granulopoiesis and die during the neqgzole ring to produce A77 1726, which constitute35% of the drug
natal period (2). in the circulation. Early experiments suggest that A77 1726 blocksgr
NF-xB regulates the expression of many genes that play esseng|| proliferation stimulated by anti-CD28 and PMA, anti-CD3, ang
tial roles in immune and inflammatory responses. It regulates the .o (5, 8). It also prevents the proliferation of B cells and Ab prog
expression of genes for various cytokines, the MHC, viral repli-qction by B cells (4). 2
cation (e.g., type | HIV), and cell proliferation (1, 2). The inap-  since NF«B activation is critical for inflammation, and lefluno-g
propriate regulation of NiB and its dependent genes has beenmige exhibits antiinflammatory and immunosuppressive effec,
associated with various pathological conditions, including septiGye jnvestigated whether it inhibits NKB activation. Our results £
shock, graft-vs-host reaction, acute inflammatory conditions, acutey, o that the active form of leflunomide, A77 1726, is a potergi
inhibitor of NF-«B activation induced by TNF and other inflam-©
matory agents.
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1 This work was supported by The Clayton Foundation. Lefllunom|de (A77 1726) was a gift _from Dr. Robe(t R. Bartlett (H_oechst,

, ] - Weisbaden, GermanyjA 5 mM solution of leflunomide was made in wa-
Address correspondence and reprint requests to Dr. Bharat B. Aggarwal, Cytokingar. Bacteria-derived human rTNF, purified to homogeneity with a specific

Research Laboratory, Department of Molecular Oncology, University of Texas M. D'activit of 5 x 107 U/ma. was provided by Genentech (South San Fran-

Anderson Cancer Center, Houston, TX 77030. E-mail address: aggarwal@utmdacc. y Y Uimg, pro Y .

mda.uth.tme.edu Cisco, CA). Penicillin, streptomycin, RPMI 1640 medium, and FBS were

o o o obtained from Life Technologies (Grand Island, NY). Tris, glycine, NaCl,
3 Abbreviations used in this papekB, inhibitor of nuclear factokB; CAT, chlor- SDS, PMA, and BSA were obtained from Sigma (St. Louis, MO). The

amphenicol acetyltransferase; EMSA, electrophoretic mobility shift assay; MAPK, olvclonal Abs used were as follows: anti-n65. against the epitope corre-
mitogen-activated protein kinase; AP-1, activating protein-1; TPGptosylamino- poly ’ poo, ag pitop

2-phenylethy! chloromethy! ketone; DOC, deoxycholate; MEKK, mitogen-activated SPOnding to amino acids mapping within the amino-terminal domain of
protein kinase kinase kinase; PTK, protein tyrosine kinase; DHODH, dihydroorotathuman NFxBp65; anti-p50, against a peptide 15 amino acids long map-
dehydrogenase; ROI, reactive oxygen intermediates. ping at the NLS region of NkB p50; anti-kB-«, against amino acids
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297-317 mapping at the carboxyl terminus eBta/MAD-3; and anti-c- and then treated with leflunomide (1) for 2 h before stimulation with
Rel and anti-cyclin D1 against amino acids 1-295, which represent full-100 pM TNF for 1 h. Then, the cells were washed with PBS and examined
length cyclin D1 of human origin. All these Abs were obtained from Santafor CAT activity as previously described (18).
Cruz Biotechnology (Santa Cruz, CA).

Rat mdrlb promoter containing wild-type (MDR1bCAT) and mutated
(243RMICAT) NF«B binding sites and Iinked to the chI(_)ramphenicoI In vitro tyrosine kinase assay for p'SB
acetyltransferase (CAT) gene were supplied by Dr. M. Tien Kuo of the
University of Texas M. D. Anderson Cancer Center (Houston, TX). TheThe in vitro kinase assay was performed using a modified method as de-
characterization of these plasmids has been described previously iscribed previously (19). Briefly, the Jurkat cellsX510°/ml) were treated
detail (9). with different concentrations of leflunomiderf@ h and then stimulated
with TNF (100 pM) for 15 min, cell extracts were prepared by lysing cells
in buffer containing 20 MM HEPES (pH 7.4), 2 mM EDTA, 250 mM NacCl,
For most studies an acute human T cell leukemia cell line (Jurkat) obtaine@-1% Nonidet P-40, Zig/ml leupeptin, Z.g/ml aprotinin, 1 mM PMSF,
from American Type Culture Collection (Manassas, VA) was used. Cells0-5 pg/ml benzamidine, 1 mM DTT, and 1 mM sodiupavanadate (lysis
were routinely grown in RPMI 1640 medium supplemented with glutaminebuffer). Cell extracts (400-500g/sample) were immunoprecipitated with
(2 mM), gentamicin (5Qug/ml), and FBS (10%). The cells were seeded at 0.3 ug anti-p5¢™ Ab (Santa Cruz Biotechnology) after incubation for 60
a density of 1x 10° cells/ml in T25 flasks (Falcon 3013, Becton Dickinson min at 4°C. The immune complex was collected by incubation with protein
Labware, Lincoln Park, NJ) containing 10 ml of medium and were grown A/G-Sepharose beads for 45 min at 4°C. The beads were washed four times
at 37°C in an atmosphere of 95% air and 5%,CCell cultures were split  with lysis buffer (400ul) and twice with the kinase buffer (4Qd; 20 mM
every 3 days. HEPES (pH 7.4), 1 mM DTT, and 25 mM NacCl). Kinase assays wei
. . . performed for 15 min at room temperature withu§ of histone 2B as a
Electrophoretic mobility shift assays (EMSAs) substrate in 50 mM HEPES (pH 7.4), 10 mM MgC10 mM MnCl, and

Cells (2 x 10° cells/ml) were treated separately with different concentra- 10 #Ci of [y*?P] ATP. Reaction was stopped by addition of lEof SDS =
tions of activator at 37°C, and nuclear extracts were prepared as previousRRMple buffer (20% glycerol (v/v), 2% SDS, 62.5 mM Tris-Cl (pH 6.8), 59
described (10). Briefly, 2¢ 10° cells were washed with cold PBS and 2-ME, and 0.0025% bromophenol blue), boiled for 5 min, and subjectedZo
suspended in 0.4 ml of lysis buffer (10 mM HEPES (pH 7.9), 10 mM KCI, SDS-PAGE (9 or 12%). After electrophoresis, autophosphorylation gf
0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, g/ml p58°¢ and phosphorylation of exogenous histone 2B were analyzed gy
leupeptin, 2ug/ml aprotinin, and 0.5 mg/ml benzamidine). Cells were visualization and quantitation of radioactive bands on a Phosphorimager
lysed with 12.5ul of 10% Nonidet P-40. The nuclear pellet was resus- (Molecular Dynamics, Sunnyvale, CA) using ImageQuant software.
pended in 25l of ice-cold extraction buffer (20 mM HEPES (pH 7.9), 0.4
M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 2g/ml
leupeptin, 2ug/ml aprotinin, and 0.5 mg/ml benzamidine). The superna- MAPK assay
tant, i.e., nuclear extract, was used immediately or was stored@tC for =
later use. The protein content was measured by the method okeflunomide-pretreated Jurkat cells were stimulated with different concei)-
Bradford (11). trations of TNF. After incubation for 30 min at 37°C, cells were washeg
EMSAs were performed by incubating4g of protein of the nuclear ~ with Dulbecco’s PBS and then extracted with lysis buffer containing @
extract with 16 fmol of*?P end-labeled, 45-mer, double-stranded ®B=-  mM HEPES (pH 7.4), 2 mM EDTA, 250 mM NaCl, 0.1% Nonidet P-40g
oligonucleotide from the HIV-1 long terminal repeat; BTGT TACAAG 2 pg/ml leupeptin, 2ug/ml aprotinin, 1 mM PMSF, 0.ug/ml benzami-
GGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGG-812), in the dine, 1 mM DTT, and 1 mM sodiura-vanadate. The protein concentratio
presence of 2-gg of poly(di-dC) in a binding buffer (25 mM HEPES (pH  in the supernatant was determined and then resolved withg5df protein/
7.9), 0.5 mM EDTA, 0.5 mM DTT, 1% Nonidet P-40, 5% glycerol, and 50 |ane on 10% SDS-PAGE. After the electrophoresis, the proteins were el&c-
mM NaCl) for 15 min at 37°C as described previously (13, 14). The DNA- trotransferred to nitrocellulose filters, probed with the phospho-specifc
protein complex formed was separated from the oligonucleotide on 7.5%nti-p44/42 MAPK (Th#°JTyr?*% Ab (New England Biolabs, Beverley, g
native polyacrylamide gel using buffer containing 50 mM Tris, 200 MM Ma) raised in rabbits (1/3000 dilution). Then the membrane was incubatéd

glycine (pH 8.5), and 1 mM EDTA (15), and then the gel was dried. An yjith peroxidase-conjugated anti-rabbit IgG (1/3000 dilution), and ban
oligonucleotide with mutated binding sites {EBTGTTACAACT CACTT were detected by chemiluminescence (ECL, Amersham).

TCCGCTGCRCACRRRCCAGGGAGGCGTGG)3vas used to examine

the specificity of binding of NReB to the DNA. The specificity of binding

was also examined by competition with the unlabeled oligonucleotide.
For supershift assays, nuclear extracts prepared from TNF-treated cells

were incubated with the Abs against either p50 or p65 ofdBFeor 30 min

at room temperature before the complex was analyzed by EMSA as de- O

scribed previously in detail (16). Abs against c-Rel B and cyclin D1 and Il

Cell line
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preimmune serum were included as negative controls. H /C_ CF;
The EMSAs for AP-1 and Oct-1 were performed as described for

NF-«kB using32?P end-labeled double-stranded oligonucleotides. / \
Visualization and quantitation of radioactive bands were conducted by N

a Phosphorimager (Molecular Dynamics, Sunnyvale, CA) using Image- O CH;,

Quant software.

Western blotting for #Ba, p50, and p65 Leflunomide

. . . . [N-(4-trifluoromethylphenyl)-5-methylisoxazol-4-carboxamide]
After the NF«B activation reaction described above, postnuclear extracts yipheny Y

were resolved on 10% SDS-polyacrylamide gels to aseBwl To deter-

mine the p50 and p65 levels, nuclear and postnuclear (cytoplasmic) ex- (ﬁ I|{

tracts were resolved on 8% SDS-PAGE. After the gels, the proteins were N=C—C—N CF,
electrotransferred onto nitrocellulose filters and probed with rabbit poly- I

clonal Abs againstdBa, p50, and p65, and bands were detected by chemi- C

luminescence (ECL, Amersham, Arlington Heights, IL) (17). The bands /\

were quantitated by personal densitometer scan v1.30 using ImageQuant HO CH,

software version 3.3 (Molecular Dynamics).
Transient transfection and CAT assay

Jurkat cells were transiently transfected with -243RMICAT (wild-type)
and -243RMICAT«xm (mutant) genes fo6 h by thecalcium phosphate

Leflunomide Metabolite (A77 1726)

[N-(4-trifluoromethylphenyl-2-2-cyano-3-hydroxy crotoamide); MW 292}

method according to the instructions supplied by the manufacturer (LifedFIGURE 1. Chemical structures of leflunomide and its metabolite A77

Technologies). After transfection, the cells were incubated for 24 h at 37°CL726.
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Results

The aim of this study was to examine the effect of leflunomide on
the activation of transcription factor NkB by different inflam-
matory stimuli. We used an acute leukemia T cell line (Jurkat) for
these studies because leflunomide is known to suppress T cell-
mediated responses. The time of incubation and the concentration
of drug used in our studies had no effect on cell viability (data not
shown). Leflunomide (HWA-486; dX-(4-trifluoromethylphenyl)-
5-methylisoxazol-4-carboxamide) is a prodrug that is rapidly con-
verted in the cell to an active metabolité,(4-trifluoromethylphe-
nyl-2,2-cyano-3-hydroxycrotoamide), named A77 1726 (see Fig.
1). The initial conversion involves the opening of the isoxazole
ring to produce A77 1726, which constitute®95% of the drug in

the circulation. In the present studies we used the A77 1726 com-
pound, which does not require conversion to be active.

Leflunomide inhibits TNF-dependent MB- activation

apeojumoq

Jurkat cells were preincubated @ h with different concentrations
of leflunomide and then treated with TNF (100 pM) for 30 min
37°C. Nuclear extracts were prepared and assayed fokBN&e-
tivation by EMSA. The results presented in Figh Bdicate that
5-10 uM leflunomide inhibited most of the TNF-induced N
activation and that leflunomide by itself did not activate R&-To
determine the effect of leflunomide on the kinetics of hE-activa-
tion by TNF, both untreated and leflunomide-pretreated cells w
incubated with TNF for different times. The activation of MB-was
detected with increases in incubation time as shown by the increasg in
band intensity in untreated cells. The leflunomide-pretreated cells
showed a dramatic decrease in activation of d~even after up to
60 min of TNF stimulation (Fig. B).

Previous studies from our laboratory have shown that at hi
concentrations (10 nM), TNF can activate NB-within 5 min and
that this induction is higher in its intensity than that obtained with
cells using 100-fold lower concentrations of TNF for longer time§
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FIGURE 2. A, Dose response of leflunomide for the inhibition of TNF<
dependent NFB activation. Jurkat cells (X 10%ml) were preincubated
at 37°C fa 2 h with different concentrations (0-10M) of leflunomide
followed by 30-min incubation with 0.1 nM TNF. After these treatment
nuclear extracts were prepared and then assayed faB\&s described in
Materials and MethodsArbitrary units at thebottomcorrespond to quan-
titation of NF«B bands.B, Effect of leflunomide on the kinetics of acti-
vation of NF«B by TNF. Jurkat cells (2< 10%ml) were incubated at 37°C
with 10 uM leflunomide for 2 h, treated with 0.1 nM TNF at 37°C for the®
times indicated, and then tested for MB-activation by EMSAC, Effect

of leflunomide on activation of NiB induced by different concentrations
of TNF. Jurkat cells (2x 10°/ml) were incubated at 37°C with 1GM
leflunomide fa 2 h and then tested for NkB activation at 37°C for 30 min
with the concentrations of TNF indicated. After these treatments nuclear
extracts were prepared and then assayed foxBFD, Time course of
inhibition of TNF-dependent NB by leflunomide. Jurkat cells (X
10°/ml) were preincubated at 37°C with XM leflunomide for the indi-

cated times and then tested for MB-activation at 37°C for 30 min either

with or without 0.1 nM TNF.—, the time leflunomide was present before
the addition of TNF; 0, coincubation with TNF;, the time leflunomide

was added after TNF. After these treatments nuclear extracts were prepared
and assayed for NkB. E, Reversal of the inhibitory effect of leflunomide

on TNF-dependent NkB activation. Jurkat cells (X 10%ml) were pre-
incubated at 37°C with 1uM leflunomide; afte 2 h leflunomide was
washed off, and cells were cultured in drug-free medium for the indicated
times and then tested for NkB activation after treatment with 0.1 nM
TNF at 37°C for 30 min. After these treatments nuclear extracts were
prepared and assayed for MB-
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C CEDOC FIGURE 4. Effects of leflunomide on different activators (PMA, serum
g 0001 011 5 10 25 Leflunomide activated LPS (SA-LPS), }D,, okadaic acid, and ceramide) of NéB. ‘
el el Y e M) Jurkat cells (2x 10°ml) were preincubated for 120 min at 37°C withg
; leflunomide (10uM) followed by PMA (25 ng/ml), serum-activated LPS§
10 png/ml), H,O, (250 uM), okadaic acid (500 nM), or ceramide 3
v ! . ' . . ' ¥ o ?or gg mi21 a;dztﬁen t%stLd for NkB acti(vation a)s described. A(rllﬁfr)ary 3
O e e e o = units at thebottomcorrespond to quantitation of NkB bands. %
[
=
We next tested the length of leflunomide incubation on RE-- 3
D NE/TNF activation by TNF. For this, cells were incubated with Ieflunomidg
B T o0mo11 5 10 5 Leflunomide for 120, 60, and 30 min before the addition of TNF; at the san&
| @M time as the addition of TNF; or 5, 15, and 30 min after the additicfl;:l
of TNF. The cells were treated with TNF for 30 min. Only wherg
I ' ' . " ' ~=— NF-xB the cells were pretreated for 120 min with leflunomide waskiF- S
activation almost completely inhibited, and the inhibition ew;

creased gradually with decreased preincubation time. Cotreatment

®

FIGURE 3. A, Supershift and specificity of the NEB. Nuclear extracts ~ OF Posttreatment with leflunomide was not effective in the inhi
were prepared from untreated or TNF (0.1 nM)-treated Jurkat cels (2 tion of NF-«B activation by TNF (Fig. B).

10°/ml), incubated for 15 min with different Abs and cold N8 oligo We also investigated whether the effect of leflunomide on tty
probe, and then assayed for MB-as describedB, Effect of leflunomide ~ TNF-dependent NixB activation was reversible. To determine=
on transcription factors AP-1 and Oct-1. Cells were treated with the indi-this, Jurkat cells were treated with 10/ leflunomide for 2 h, then ‘g
cated concentrations of leflunomide for 120 min at 37°C, and nuclear exthe drug was removed, and the cells were incubated for diﬁem&qt
tracts (NE) were prepared and then used for EMSA of AP-1 and Oct-1 agimes in the drug-free medium before checking for TNF-induced
described irMaterials and Method<C andD, In vitro effect of leflunomide NF-«B activation. As shown in Fig. B suppression of N8

on DNA binding of NF«B protein. C, Cytoplasmic extracts (CE) from S A .

. . activation is reversible; it remained suppressedaip h after the
untreated Jurkat cells (10g protein/sample) were treated with 0.8% DOC | of the d d th datéh Th | h
for 15 min at room temperature, incubated with different concentrations ofémoval o the drug and t _en reverse aF ) ese results show
leflunomide fa 2 h atroom temperature, and then assayed for DNA bind- that the effects of leflunomide are reversible.

ing by EMSA.D, Nuclear extracts were prepared from 0.1 nM TNF-treated . S . .
Jurkat cells; 5ug/sample nuclear extract protein was treated with the in-'A‘Ct'V"’lted NF«B inhibited by leflunomide consists of p50 and

dicated concentrations of leflunomide @h atroom temperature and then P65 subunits

assayed for DNA binding by EMSA. Various combinations of Rel/NkB proteins can constitute an ac-
tive NF-«B heterodimer that binds to specific sequences in DNA.
(20). To determine the effect of leflunomide on MB-activation  To show that the retarded band visualized by EMSA in TNF-
at higher concentrations, both untreated and leflunomide-pretreated cells was indeed NEB, we incubated nuclear extract from
treated cells were incubated with various concentrations of TNFTNF-activated cells with Abs to either p50 (NéBI) or p65 (Rel
(0-10,000 pM) for 30 min, and then NEB was assayed by A) subunits and then conducted EMSA. Abs to either subunit of
EMSA (Fig. ). Although the activation of NkB by 10 nM NF-kB shifted the band to a higher m.w. (Figd)3 thus suggesting
TNF was strong, leflunomide almost completely inhibited it asthat the TNF-activated complex consists of p50 and p65 subunits.
efficiently as it did at 0.01 nM. These results show that leflunomideWhen a higher concentration of the Ab or the combination of p50
is a very potent inhibitor of TNF-induced N&B activation. and p65 Abs were used, a complete supershift of the band was

anﬁg;
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FIGURE 6. Effect of leflunomide on TNF-induced degradation Bk g
and on the levels of p65 and p50. Jurkat cells(20°/ml) either untreated g
o o5 or pretreated for 120 min with 1M leflunomide at 37°C were incubated 3
rur'ﬁ::ry v for different times with TNF (0.1 nM) and then assayed feB& in cy- &
tosolic fractions by Western blot analysi&)(and for both p65 and p50 &

FIGURE 5. Effect of leflunomide on TNF-induced NkB in different  from cytoplasmic as well as nuclear extracts by Western blot anaysis %
cell types. U-937, Hela, or H4 cells (2 10°/ml) were preincubated for andC). >

2 h with or without leflunomide (1@M), followed by TNF (100 pM) for
30 min. Nuclear extracts were prepared and tested fokBIRctivation as
described irMaterials and MethodsThe specificity of NF«B binding was
determined by performing EMSA in the presence of a 25-fold molar excesdreated them with various concentrations of leflunomide. Théh
of cold NF«B oligonucleotide. DNA binding activity was detected using EMSA. The DOC treats

ment has been shown to dissociate thgd subunit, thus releasing 2

NF-«B for binding to the DNA. Our results in Fig. & andD,
observed (data not shown). Neither preimmune serum nor irreleshow that leflunomide did not modify the DNA-binding ability of
vant Abs such as anti-c-Rel or anti-cyclin DI had any effect on theNF-«B proteins prepared by treatment with either DOC or TNk
mobility of NF-«B. This is consistent with a recent report from our Therefore, leflunomide inhibits NkB activation through a mech-
laboratory (21). anism different from that of TPCK or herbimycin A.

01/G602/v/C
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Leflunomide does not interfere with DNA binding of AP-1 and Leflunomide blocks phorbol ester-, LPS-, okadaic acid-,
Oct-1 ceramide-, and HO,-mediated activation of NikB

Whether leflunomide affects DNA binding of other transcription Besides TNF, NF<B is also activated by phorbol ester,®L,
factors was investigated. Leflunomide had no effect on the Oct-1PS, okadaic acid, and ceramide (25). However, the signal trams-
transcription factor (Fig. B, left pane). DNA binding of AP-1  duction pathways induced by these agents differ. We therefore ex-
transcription factors (22), however, was down-modulated only atmined the effect of leflunomide on the activation of transcription
the highest concentration (28M) of leflunomide. Up to a 1Q+M factor by these various agents. The results shown in Fig. 4 indicate
concentration of leflunomide, which inhibits most of the NB-  that leflunomide completely blocked the activation of NB-in-
activation, had no effect on the AP-1 transcription factors (F8y. 3 duced by all five agents. These results suggest that leflunomide
right pane). may act at a step where all these agents converge in the signal
transduction pathway leading to N€B activation.

0z aunp L uo 3senb Aq Jpd-b

Leflunomide does not interfere with the DNA-binding ability of
NF-kB proteins Inhibition of NF«B activation by leflunomide is not cell type

It has been shown that both TPCK, a serine protease inhibitor, anﬁpec'f'c

herbimycin A, a protein tyrosine kinase inhibitor, down-regulate All the effects of leflunomide described above were found using
NF-kB activation by chemical modification of the NéB subunits,  Jurkat T cells. Whether leflunomide affects other cell types was
thus preventing its binding to DNA (23, 24). To determine whetheralso investigated. We examined the ability of leflunomide to block
leflunomide also directly modifies NkB proteins, we incubated TNF-induced NFxB activation in myeloid (U-937), epithelial
cytoplasmic extracts from untreated cells and those treated witfHelLa), and glioma (H4) cells. The results of these experiments
deoxycholate (DOC; 0.8%) for 15 min at room temperature or(Fig. 5) indicate that leflunomide inhibited NEB in all three cell
incubated nuclear extracts from TNF-triggered cells and thertypes. Almost complete inhibition was observed with epithelial
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and glioma cells, and partial inhibition was found with myeloid LCK
cells, thus suggesting that this effect of leflunomide is not cell type
specific. The NF«B binding in all cells was abrogated by a 25-fold
molar excess of unlabeled oligonucleotide.

DTT does not reverse the effect of leflunomide

It has been shown that while agents such as TPCK, which modify

the sulfhydryl group in NF«B, inhibit NF-«B activation, this in-

hibition can be reversed by DTT (23). To determine whether the
inhibitory effect of leflunomide on NkB could be reversed by

this reducing agent, Jurkat cells were treated with leflunomide in B
the presence or the absence of DTT and then examined for the
activation of NFxB by TNF. DTT did not reverse the inhibition

caused by leflunomide (data not shown), suggesting that lefluno-

LCK

- - + + + + + TINF

0 5 10 0 1 2 5 10 Leflunomide (uM)
Ick

peared within 5 min of TNF treatment of Jurkat cells, and it com-

pletely disappeared by 15 min. TheBa was fully resynthesized FIGURE 7. Activation of p5é% and MEK by TNF and their inhibition

by 60 min, as indicated by the reappearance of the band (R)g. 6 by leflunomide.A, Jurkat cells (5x 10°/ml) were treated with different

The presence of leflunomide completely blocked the TNF-inducedoncentrations of TNF for 30 min at 37°C, cell extracts were prepared a%d

disappearance of the band. Thus, these results strongly suggest tframunoprecipitated with anti-p58 Ab, and the kinase reaction was per-2

leflunomide blocks TNF-mediated degradation oBé. formed and then analyzed by SDS-PAG&ECells pretreated with different
Because NFeB activation also requires nuclear translocation of concentrations of leflunomidef@ h at37°C were activated with TNF (0.1

the p65 subunit of NFB, we measured the level of p65 in the ") for 30 min and then analyzed for pS6as described ik C, Cells

cvtoplasm and in the nucleus. As expected. upon TNF treatmerﬂretreated or untreated with leflunomide (M) for 2 h at 37°C were

tl¥ Ip | of 065 declined i th‘ ; pl ’ 'tfﬁ) ti activated with TNF (either 10 or 100 pM) for 30 min and then analyzed fi
€ eve_ orp ecline _'n € Cytoplasm with a concu_rren IN-MEK by Western blot analysis as describedMiaterials and Methods

crease in the nucleus (FigBR Treatment of the cells with le-

flunomide abolished the TNF-dependent change in the nuclear and

cytoplasmic p65 pools. These results show that leflunomide 'nh'.bfhis pathway was also investigated. For this, Jurkat cells were pige-

its the TNF-induced translocation of p65 to the nucleus, which is . . . .
. . o o r with leflunomi nd then activ with TNF; lasm
consistent with the inhibition of TNF-dependent degradation oft eated with leflunomide and then activated wit cytoplas %

) - . extracts were prepared and then assayed for activation of MEK ®y
IkBa. Besides p65, the effect of leflunomide was also examined on estern blot analysis. The results presented in Fysiow that &

the cytoplasmic and nuclear pools of other members of the R NF activated MEK in a dose-dependent manner. Treatmentét)f

family of protglns. The .results ghovyn n Flgp(indlcatg that nei- cells with leflunomide completely suppressed the TNF-induced dk-
ther TNF by itself nor in combination with leflunomide had any tivation of MEK

effect on the level of p50.

mide did not suppress NkB activation by blocking sulfhydryl o : ; <— P56
groups. .. ==~ - < histone2B -
[]
Leflunomide inhibits TNF-dependent degradation«Bd and 12 1 2453432134 14 §_
hence nuclear translocation of the p65 subunit . 8
C MAPK Kinase (MEK) 3
The translocation of NB to the nucleus is preceded by the phos- S
phorylation and proteolytic degradation ofBa (26). To deter- 0 10 100 0 10 100 TNF (pM) Z
mine whether the inhibitory action of leflunomide was due to its - -+ - + + + Leflunomide =
effect on kBa degradation, the cytoplasmic levels @Ba protein g
i i _ C . - 2 phosphorylated @
were examined by Western blot analysis. AB& decrease ap 4 "MAP Kinase 8
=
g
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Leflunomide blocks the TNF-induced [$5@nd MAPKK Leflunomide represses the MDR-INB-CAT gene expression

activation To determine the effect of leflunomide on TNF-induced K-

Previously it has been shown that leflunomide is a potent inhibitordependent gene expression, the promoter of thendiilb gene

of p56°, a member of the Src family of protein tyrosine kinases containing the NF«B binding site linked to the CAT reporter gene

(8, 19). There is also recent report that shows that pervana datdras used. Jurkat cells were transiently transfected with the CAT
inc'iuced NF«B activation requires the activation of g96(27) reporter construct and then stimulated with TNF in either the pres-

Whether TNF activates p and if this activation is blocked by  &1I2® O the absence of leflunomide. Amost threefold increase in
leflunomide are not known. The results shown in Fig.idicate H ac 'V'_IYNV?S do aijneCAl_eront_s_ltmu ation ;V' d si (.f'.g' t)l
that TNF activates p3® in a dose-dependent manner in Jurkat owever, -induce activity was reduced significantly

cells and that this activation is blocked quite effectively by Iefluno-WS(:;1 t:];trgzlf dtrqrtllf fr;?‘fe:om'tge?(; :’ 'g:ftgfee Th'tﬁ; fﬁg:;lcrﬁ
mide (Fig. B). The inhibitory effect could be noted with as little €'€ P Wi unomi :

as 1uM leflunomide. Transfection with the MDR gene containing mutated RB-bind-

THFis s potnt actvator f a APK iy consising of 19512 1011 e50L 0 Getorof CAT b TN, These el
MAPK kinase kinase (MEKK, a serine/threonine kinase), Whichb TNE P 9 P
activates MAPKK (MEK, a dual-specificity kinase), which, in Y '
turn, activates MAPK (a serine/threonine kinase). A role for _. .
MEKK?1 and its novel homologue NkB-inducing kinase in TNF- Discussion
induced NFxB activation has been implicated (28, 29). Whether In the present report we demonstrate that treatment of human T
leflunomide inhibits TNF-induced NkB activation by blocking  cells with leflunomide blocks TNF-mediated N&B activation.

€¢0g dunr Lo uo
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1o - JAK3 and STAT6 by leflunomide causes inhibition of IgG1 se-

B MDR-NFKB-CAT (wt) cretion (34). The concentration of leflunomide required to inhibit
MDR-NE-KB-CAT (mut) these PTKs, however, is much higher than that used in our studies.

For instance, in vitro leflunomide blocks the autophosphorylation
and histone 2B phosphorylation by p8dwith IC, values of
125-175uM and 22—40uM, respectively (8). Similarly, p38is
inhibited with 1C;, values of 160 and 6M for autophosphory-
lation and histone, respectively (8, 19). A complete inhibition of
NF-kB activation, however, occurs at 5-1M leflunomide. We
found that this concentration of leflunomide was sufficient to in-
hibit TNF-induced activation of p8&. This is the first demonstra-
tion that TNF can activate p&6. The role of p56* in pervana-
date-induced NFeB activation has been reported (27). Our results
show that p56* may also play a role in the pathway leading to
NF-kB activation by TNF and perhaps other agents.

Our results indicate that leflunomide inhibits MB-activation g
not only in T cells but also in myeloid and epithelial cells. ThgO
p56°k is a T cell-specific protein tyrosine kinase. Thus, how Ieg
flunomide inhibits NFxB activation in other cell types is not clear.s&
Itis possible that there are other kinases that are more ublqmtm&ly
expressed, and their inhibition by leflunomide blocks RE-ac- 5
tivation. MEKK1 is one such kinase; it is expressed in all differerg
cell types and has been shown to play a role in ®activation ?_J
(28). The target of this kinase is MEK, a dual-specific kinase, tm;e
activation of which leads to phosphorylation of MAPK at threo‘a

CAT activity (fold)

Control Leflunomide TNF  Leflunomide nine and tyrosine residues. Another structural homologue i)f
+ TNF MEKKZ1, NF-«B-inducing kinase, has been identified, which |§
Treatments involved in TNF-induced NReB activation (29). We found that g

FIGURE 8. Effect of leflunomide on the expression of CAT gene linked ltijlrl{lrl)c;ml\;lc:EeKal_sr?]ecroer%F;leetilyl:up%pSr;ZTee(irfgf I;"I\IUFn(IJr::::jceef)liza\f
to NF«B containing mdrlb promoter. Cells were transiently transfected

with MDR-NF-kB-CAT (-243RMICAT), both the wild-type and the mu- NF-kB activation in all different cell types by suppression of th@
tant gene; treated with 10M leflunomide for 2 h; exposed to 0.1 nM TNF  MAPK pathway activated by TNF (see FigCy.

602/P/

for 1 h; and then assayed for CAT activity as describet¥aterials and Several reports indicate that leflunomide can block the prollfeSLL
Methods Results are expressed as fold activity over that in the nontransation of T and B cells (4—6) and inhibit dihydroorotate dehydrgs

. " . . ©
fected control. genase (DHODH) (19, 35-37), a rate-limiting enzyme in the bi&

synthesis pathway of pyrimidine, a pathway critical for th%
proliferation of these cells (4—6). The cell proliferation block wag

Inhibition was not restricted to TNF, as NEB activation induced q he inhibit f by lefl id . hat thes
by other inflammatory agents was also blocked. The inhibitory ue to the inhibition of DHODH by leflunomide, given that theg

effect of leflunomide was not cell type specific, as NB-activa- antiproliferative effects could be reversed by addition of uridin§
tion was inhibited in myeloid and epithelial cells as well as in T (19: 37)- In vitro thek; of inhibition of DHODH by leflunomide ¢
cells. Leflunomide blocked the phosphorylation and degradation of"ges from 179 nM to 2.zM (35, 36), which is 10-500 tlmesm
IkBa and subsequent nuclear translocation of p65 subunit, stef§Wer than that for PTK. While leflunomide suppresses the proI|§
essential for NF<B activation. Leflunomide also blocked the ac- €ration of cells by inhibiting DHODH, PTK inhibition was impli-

tivation of a tyrosine kinase p& and of a dual specificity kinase Ccated in its ability to suppress autoimmune and lymphoprolifers-

(D

MEK. Leflunomide completely suppressed the TNF-induced gendive disorders (38). It is unlikely that inhibition of NkB
expression dependent on NdB activation. Thus, these results activation by leflunomide is due to inhibition of DHODH, becaus&

may help to explain why leflunomide is a potent |mmunosuppresNF -kB activation occurs very rapidly at a low concentration of
sive and anti-inflammatory agent. leflunomide and does not require any new protein synthesis (1, 2).
How leflunomide inhibited NFeB activation is not clear at ldentifying how leflunomide blocks the activation of Né re-
present. Since NixB activation induced by highly diverse stimuli, quires an understanding of the mechanism by which various in-
including TNF, HO,, LPS, PMA, okadaic acid, and ceramide, ducers activate this important transcription factor. TNF is one of
was inhibited, leflunomide must block activation at a step commorthe most potent activators of N&B, but the mechanism by which
to all these activators. In response to most of these stimBipl  the activation occurs is not understood. Roles for ceramide, super-
undergoes phosphorylation at serines 32 and 36 by activation ¢#xide radicals, proteases, protein serine kinases, and protein ty-
kinase complex consisting okk-a and lkk-g (for references, see rosine phosphatases upstream«Bd phosphorylation have been
Refs. 30 and 31), which leads to ubiquitination at lysines 21 and 23uggested (1, 15, 39—-41). Whether these signals are generated by
and then degradation (1, 2). Since leflunomide blocked this entird NF sequentially or independently of each other, however, is not
cascade, it must act upstream @Bl phosphorylation. Previ- known. Such NF«B inducers as phorbol ester,8,, and TNF are
ously, it has been reported that leflunomide can inhibit severaknown to produce reactive oxygen intermediates (ROI). The in-
protein tyrosine kinases, including those of the Src family {f59 hibitors of mitochondrial electron transport have been shown to
and p56™) (8, 19), the Janus kinase family (JAK1 and JAK3) (32), impair the TNF-induced activation of NkB (42), thus also sug-
and epidermal growth factor receptor kinase (33). More recengesting a role for ROI. Therefore, it is possible that leflunomide
studies have shown that inhibition of tyrosine phosphorylation ofblocks NF«B activation by quenching ROI production. However,
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there is no published report to suggest that leflunomide has antio.

oxidant properties.

Our results indicate that leflunomide also blocks RB~depen- 21,

dent gene expression. Transcription of a number of genes, includ-
ing those involved in inflammation, transplant rejection, tumor,,
promotion, tumor metastasis, cell proliferation, and autoimmunity,
requires NFxB activation. It is quite likely that the roles of le-
flunomide in the suppression of transplant rejection (43—45), ad-
juvant arthritis (3), proliferation of B and T cells and smooth mus-

cle cells (8, 32, 43), and IL-2R expression (8) are due to the?*

inhibition of NF-kB activation. Overall, we conclude that because

of its very low pharmacological toxicity (46) and its ability to 25

modulate activation of NiB by various agents, leflunomide has

a high potential for use as an immunosuppressive and growth modzs.
. Imbert, V., R. A. Rupec, A. Livolsi, H. L. Pahl, E. B. M. Traenckner,

ulatory agent.
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