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Malononitrilamides synergistically prevent
acute and treat ongoing skin allograft
rejection with cyclosporine

Abstract The low molecular weight
malononitrilamides (MNAs), a new
class of immunosuppressive agents,
belong to the derivatives of leflunomide’s active metabolite, A771726.
They have been shown to bind specifically to dehydroorotate dehydrogenase and inhibit de novo pyrimidine biosynthesis, thereby blocking
T- and B-cell proliferation and
strongly suppressing IgM and IgG
antibody production. Here we evaluated their efficacy together with
cyclosporine (CyA) in rat skin allotransplantation models, using different strain combinations. Monotherapy of transplanted animals in these
models with the MNAs HMR 1279
and HMR 1715 resulted in a significant and dose-dependent prolongation of the graft survival time. Even
a short-term application showed efficacy in the prevention of acute rejection. The MNAs were also effective when treatment was started at
the time of expected rejection crisis,
demonstrating strong therapeutic
activity to reverse ongoing acute rejection, whereas CyA was ineffec-

tive for the treatment of ongoing allograft rejection episodes. Combination therapy of MNAs with CyA
proved to be very effective for the
prevention of acute skin graft rejection. Interestingly, whereas CyA
alone was unable to treat ongoing
acute rejection episodes, comedication of MNAs and CyA, even after a
short-term application, was synergistically effective and significantly
suppressed ongoing allogeneic skin
graft rejection. These results demonstrate that MNAs are potent
and well tolerated immunosuppressants with a potential comparable to
that of CyA, but they are superior to
CyA in their ability to reverse acute
rejection episodes. They represent
powerful rescue drugs and demonstrate synergistic activity with CyA
to prevent acute and treat ongoing
skin allograft rejection.
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els of transplantation because they have a shorter halflife in animals and would make dose adjustment easier
The novel immunosuppressive malononitrilamides in transplant patients. They have potent immunosup(MNAs) are chemically unrelated and distinct in their pressive activity against a variety of experimental automode of action from any other immunosuppressant immune diseases in rodents [6,7,9,12].The MNAs inhiknown so far. HMR 1279 and HMR 1715 are derivatives bit both cellular and humoral immune responses and
of leflunomide’s active metabolite, A771726, and have they mediate their immunosuppressive effects by bindbeen developed for being evaluated in preclinical mod- ing specifically to dehydroorotate dehydrogenase and
Introduction
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inhibiting de novo pyrimidine biosynthesis [15]. Thus Table 1 Prevention of acute skin allograft rejection by monotherthey block T- and B-cell proliferation and strongly sup- apy with H M R 1279 ( M N A 279) in the Dark Agouti (DA)-Lewis
press 1gM and IgG antibody production [ l , 21. Both ( L E W ) rat model ( C M C carboxymethylcellulose, M N A malononiHMR 1279 and HMR 1715 effectively control graft-ver- trilamide)
Days of individual Mean survival time
sus-host diseases in rats and mice [lo, 12, 131 and pro- Drug application
skin graft rejection in days (fSD)
long xenograft survival in various models [3, 51. They
also were shown to prevent and reverse acute heart and Control
8.5 0.9
7 , 8 , 8 , 8,8
9, 9, 9, 9, i n
skin allograft rejection, while they were well tolerated ( I Yo CMC)
in these rodent transplantation studies [3,4, 111.
22. 72,23, '3.33,
23.5 k 1 . I
Neoral (15 mgikg)
24,24,24,25, 25
Due to the unique pharmacological ability of the days 0-9
MNAs to interact directly with B- and T-cell functions M N A 279 (30 mgikg)
2 5 , 2 5 , 2 5 , 2 5 , 26
26.0 k 1.1
26,26.27,27,28
and to inhibit cellular and humoral immune responses, days 0-9
we were particularly interested to evaluate the efficacy M N A 279 (30 mgikg)
22.2 f 1.0
21,21,21,22,2Z
22,23,23, 23.34
of HMR 1279 [?-cyano-N-( 4-cyanophenyl)-3-cyclopro- days 0-7
pyl-3-oxo-propan-amide] and HMR 1715 [2-cyano-3- MNA 279 (30 mgikg) 22,22.22,22,22
22.6k0.8
33,23,23,24, 24
days Oi419
hydroxy-N-[4-(trifluoromethyl)-phenyl]-6-heptynamide] either alone or in combination with cyclosporine M N A 279 (Somgikg) 10,30.21,21,21
71.5 f 1.1
22,22%22,23,23
(CyA) in rat skin allotransplantation models, using var- day 0
ious donor-recipient strain combinations.
22.7 f 1.2
M N A 279 (SO mgikg)
21,?1.32,22,23

*

Materials and methods

day 7
M N A 27Y (SO mgikg)
davs 0 + 8

23,23,24,24,24,

22,23,32,22.73
23.21.24.25. 2s

23.2 f 1.2

Animals
The inbred rat strains Dark Agouti (DA). Fischer (F344),and Lewis (LEW),with a body weight of about 170 g, were commercially
obtained from Charles River (Wiga Sulzfeld, Germany). All animals were fed a standard rat diet and drinking water ad libitum:
they were housed in our own animal unit in temperature and light
controlled (12 hiday) rooms.
Chemicals
Both MNA 279 ( H M R 1279) and M N A 715 ( H M R 1715) were
supplied in pure form as a white powder (Hoechst Marion Roussel,
Werk Kalle-Albert, Wiesbaden, Germany) and were prepared daily as a homogeneous suspension in 1YO carboxymethylcellulose
(CMC) at varying concentrations. CyA (Sandimmune or Neoral;
Sandoz, Basel, Switzerland) was dissolved in wheat germ oil. All
drugs were given by oral gavage. Animals were treated with the
drugs at the concentrations and schedules given in the text. Control
animals received the vehicle solution (1 YOCMC) only. Drug treatment normally started either on the same day as the transplantation or shortly before the expected rejection crisis.
Skin transplantation
Rat tail skin transplantation was carried out as described previously [8]. The donor skin was cut into square pieces of 1 1 cm and
transplanted to the tails of the recipient rats. Rejection was defined
when the skin graft turned red-brown and became hard. Two rat
strain combinations leading either t o delayed rejection [LEW
(RTI*I) to F344 (RTL*IvI)] or to fast rejection [ D A (RT1'avl)to
LEW (RTI'I)] were used for transplantation studies.

Results

MNA monotherapy is able to prevent
and reverse acute ongoing skin allograft rejection
Both MNAs (HMR 1279 and HMR 1715) effectively
prevented acute rejection following an induction treatment. Even short-term applications (< 5 days) with
higher concentrations (30 and 50 mg/kg) of the MNAs
were still effective in delaying acute skin allograft rejection. The effects seen for prolongation of skin graft survival by only one or two applications of MNA
HMR 1279 or HMR 1715 were comparable to continuous treatment with 15 mg/kg of Neoral (Tables 1 , 2 ) .
The delayed administration of the MNAs shortly before the expected rejection crisis on days 7-16 posttransplantation even prolonged skin graft survival (Table 3 ) , which contrasted with the inability of CyA to
promote a similar effect. The graft survival times
(27.4 k 1.2 days and 27.5 k 1.4 days) produced by
HMR 1279 and HMR 1715, respectively, were comparable to those of the groups in which treatment was started together with the transplantation on day 0 (prevention). Also, a short-term application regimen on
days 7-1 1 with the MNAs was still therapeutically active in prolonging skin allograft survival up to 25 days.
When CyA (20mg/kg) was administered as a single
drug as late as days 7-16, skin allograft survival failed
to improve compared to the controls.
It was of particular interest to characterize the effects
of these derivatives of leflunomide's active metabolite
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Table 2 Prevention of acute skin allograft rejection by monotherapy with HMR 1715 (MNA 715) in the LEW-Fischer (F 343) rat
model
Drug application

Days of individual
skin graft rejection

Mean survival time
in days (fSD)

Control
( 1 Yo CMC)
Neoral ( 15 mgikg)
days 0-1 3
MNA 715 (20 mgikg)
days 0-14
MNA 715 (30 mgikg)
days 0-10
MNA 715 (30 mgikg)
days 016111
MNA 715 (50 mgikg)
day 0
MNA 715 (50 mgikg)
day 10
MNA 715 (50 mgikg)
days 0-1 0

13,l-l. 15, 15, 15
15. 15, 16, 16, 16
27, 27,28,28,38
28,29,29,30,30
28,28.28.1-9,29
30,30.30,3 1 , 31
26,27,27,28,38
78,28,28,39,30
27,37,'7,28,29
29,29,29,30,31
23, 23.24,15,25,
26,26,1,7,28,28
17, 27,27,37,27
28,28,29,3Y, 30
28, 28,29,29, '9
30,31,31,31,32

15.1 i 0.7
28.3 f 1.1

29.4 f 1.2
27.9 f 1.1
28.16 k 1.d

25.7 f 1.6

Days of individual
skin graft rejection

Control
( 1 % CMC)
Cyclosporine A
(days 0-9)
Cyclosporine A
(days 0-lh)
HMR 1279
(days7-16)
HMR1279
(days 7-1 1 )
HMR 1715
(days 7-16)
HMR 1715
(days 7-1 1 )

8,8.8, 9, 9
9. 9, 9, 10, 10
26,26,26,26,27
27,27,27,28,29
8. 8, 8, 9, 9
9,10, 10, 10, 10
16,26,26,27,27
28,28, 28,39,29
23,23,24,74,25
25,26,26,36,37
26,26,26,37,27
38,2Y, 29,39,30
23,?3,24,74,?5
25,25,26,27,27

~

Days posttransplantation

Drug treatment (10 x 20 mgikg postoperatively,
days 0-9)
Control

Cyclosporine HMR 1279 HMR 1715

IgM alloantibody titers (channel fluorescence f SEM)
296 f 21
296 f 31
296 f 21
-1
296 f 21
319 f I 6
3OYf 20
5
310 f 21
350 f 19
313f26
316f33
13
488 f 36
345 f 37
334 f 37
363 f46
1'3
399 f 3'4
507 f 28
305 f 35
378 f 62
26
SO1 rt 15
399 f 16
IgG alloantibody titers (channel fluorescence f SEM)
155f4
155f3
155 f 4
-1
155f3
152f4
15'4f7
148 f 4
152f3
5
13
301 f 71
279 i 55
155 f 8
153f4
173f30
169f6
19
313 f 73
346 f 65
210f31
258f38
25
375 f 89
380 f 66

'

27.9 f 1.1
'9.8 f 1.3

Table 3 Treatment of ongoing acute skin allograft rejection with
HMR 1179 and HMR 1715 using the DA-LEW rat model
Drug application
(20 mgikg per day)

Table 4 Effects of HMR 1279 or HMR 1715 on alloantibody
(IgMiIgG) production in a rat skin transplant model (DA-LEW)

Mean survival time
in days (fS D )
8.9 f 0.7
26.9 f 1 .0
Y.1 f 0.9

27.3 f 1.2

Table 5 Control of hyperacute accelerated skin allograft rejection
with HMR 127') and HMR 1715 using DA-presensitized LEW rats
Drug application
(20 mg/kg per day)

Days of individual
skin graft rejection

Control
( 1 % CMC)
Neoral(15 mgikg)
days - 10 to - 1
HMR1279
days - 10 to - 1
HMR1279
days - 2 to - 7
HMR 1715
days 10 to - 1
HMR 1715
days - 2 to 7

3,4,5,6,6
6,6,7,7,7
3,3,5,5,5
6,6,6,6,6
17, 17, 18,18, 18
18, 19, 19, 19, 19
15, 16. 16, 16, 16
17. 17, 17, 17,18
17, 17, 17, 17, 18
18. 18. 18, 19, 19
15, 15, 15, 16, 16
17,17, 17, 17, 18

-

Mean survival time
in days (iSD)

5.8 f 1.1
5.3 f 0.8
18.1f 0.8
16.5 f 0.9

17.8f0.8
16.3 f 1.1

23.9 f 1.3

37.5 f I .3
'5.0 f 1.3

on the development of alloantibody titers in vivo. When
treatment was initiated on the day of transplantation
and the isotype composition of the alloreactive antibody
titers was studied, both HMR 1979 and HMR 1715significantly inhibited the development of alloantibody production in vivo (Table 4). The levels of allospecific antibodies, which were predominantly of the IgM isotype,
were reduced to almost background levels, but also the
generation of an allospecific IgG response was inhibited.
Using a rat skin graft model of hyperacute accelerated rejection in presensitized animals, treatment with

CyA (15 mg/kg per day) could not prevent the hyperacute rejection. The graft survival in this group was as
fast (5.3 & 0.8 days) and indistinguishable from the controls. Animals presensitized by a first skin graft on day
- 10 rejected their second sets (given on day 0) on day
5.6 f 0.8. Also, the alloantibody levels (IgM and IgG)
remained unchanged and high in the control group
(451 k 3 7 and 2 9 2 f 4 7 ) and the CyA-treated animals
(452 f 45 and 335 f 59), as their skin grafts were hyperacutely rejected. Treatment with HMR 1279 or
HMR 1715 (20 mg/kg per day) given either on days
- 10 to - 1 together with the presensitization, or only
2 days prior to the second skin graft on days - 2 to 7,
prevented hyperacute skin graft rejection and prolonged the mean graft survival time for more than 16 days
(Table 5 ) . When the isotype composition of the alloreactive antibody titers was studied, treatment of the
presensitized (LEW) rats with the MNAs (HMR 1279
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Table6 Combination therapy of H M R 1379 and H M R 1715 with
cyclosporine (CyAJto prevent acute skin allograft rejection using
the DA-LEW rat model

Table 7 Combination therapy of the malononitrilamides ( M N A s )
H M R 1779 and H M R 1715 with cyclosporine to prevent acute
skin allograft rejection using the LEW-F344 rat model

Drug application
(MNAs 15 ingikg)

Days o f individual
skin graft rejection

Drug application
(MNAs 15 mgikg)

Days of individual
skin graft rejection

Mean survival time
in days (fSD)

Control
(1 % CMC)
CyA ( 5 mgikg)
days 0-0

8 , 8 , 8 , 8, 9,
Y,9.9, 10, I 1
8. 8, 9. 9, 9
9. 10, 10, 11

73.73, '3,73,34
34,35, 25, ' 6
71,73, 73, 74, 75

13, 13, 14, 14, 14,
15, 16. 16, 17. 18
13,14,14,14.15
16.16. 16, 16, 1x
77, ' 3 , '3,73,35
75,71,77,79,79
23, 73.?1,24.75
15. 78.78.30,31
31,31,31.37,33
33,36, 39,39
77, ' 8 , 30,31,31
3 1,37, 33,34, 35
30,31.31,33.33
31,31,35.36, 37
39,79,30,30,31
31,31,33,34.35

15.0k 1.7

MNA 170
days 0-9
MNA 715
days 0-Y
CyA + MNA 779
days 0-9
CyA + MNA 779
days 0-1
CyA + MNA 715
days 0-9

Control
(1 % C M C )
CyA ( 5 mgikg)
days 0-1 1
MNA 779
days 0-14
MNA 715
days 0-14
CyA + MNA 779
days 0-14
CyA + MNA 179
days 0-4
CyA + M N A 715
days 0-1 4
CyA + MNA 715
days 0 4

CyA + M N A 715
days 0 4

Mean survival time
in days (fSD)
8.9 f 1.0

9.2 f 1.0
'4.0

* 1.1

31.3f 1.9

75.36, 27

36. 77, 7X. 79,79.
30. 3 I , 37
36.36, 26. 76. 77
37,28,28,78,7Y
26,78, 30, 30. 30
31,31,37
36, '6, 77,77,77.
78.78,28,79,79

29.0 f 7.0
77. I f 1.1
79.8 f 1.Y
27.5 f 1.1

or HMR 1715) resulted in a substantial reduction of
anti-DA IgM (284 f 34 or 303 f 37) and IgG ( 162 k 5 or
160 k 4)antibodies. The MNAs even suppressed hyperacute rejection when they were administered to animals
with preexisting antidonor antibodies, whereas CyA
failed to suppress both.
Combination therapy of MNAs and CyA has synergistic
effects on skin allograft survival
Combining subtherapeutic doses ( 5 mg/kg) of CyA and
the MNAs caused a significant increase in graft survival
compared with graft survival in animals treated with either drug alone. While the skin allograft recipients treated with 5 mg/kg of CyA showed no significant graft
prolongation, the combination with HMR 1379 or
HMR 1715 improved graft survival to 29.6 f 3.5 days
and 30.6 f 4.1 days, respectively. Similar results were
found when we applied the combinations of an effective
dose of the MNAs (15 mg/kg) with an ineffective dose
of CyA ( 5 mg/kg) to transplanted LEW or F344 rats.
These improvements reflect a synergistic effect since
CyA was given at an individually ineffective dosage.
Also, a short-term application on days0-3 of both
MNAs in combination with an ineffective dose of CyA
was still synergistically effective in prevention of acute
skin allograft rejection. When treatment was started
therapeutically at the time of the expected rejection crisis either on days 7-16 or days 10-24 (dependent on the
rat strain combinations used), even then both MNAs demonstrated synergistic effects with an ineffective dose

15.3 f 1.3
2.5.3 f 2.6
'6.1 f 2.9

33.X* 3.4

3 1 . 2 f 2.5
33.4 f 7.3
31.3f7.1

of CyA and proved to be very effective in reversing ongoing skin allograft rejection (Tables 6 , 7 ) .

Discussion
It has been shown previously in the non-vascularized
skin transplantation model that HMR 1279 and
HMR 1715 are able to delay the onset of acute rejection
and prolong skin allograft survival in a dose-dependent
manner [ll].Both MNAs demonstrated that at comparable doses they and CyA were equally effective in preventing skin graft rejection. The minimal effective dose
(2.5 mg/kg) prolonged the mean graft survival time for
approximately 5 days, whereas with the higher concentrations after stopping drug treatment, the graft survival
time was more than double that of control animals.
Even a delayed administration of the MNAs shortly before the expected rejection crisis prolonged skin graft
survival. When CyA administration started as late as
on day 7 as a single drug therapy, skin allograft survival
failed to improve compared with the controls. This observation is consistent with previous transplant studies
using CyA for single-drug rescue therapy [8,14]. In animals allowed to undergo acute rejection, both MNAs
are superior to CyA in their ability to reverse such a reaction and to produce significant allograft survival. In
the skin allotransplantation model described, both
MNAs ( H M R 1279 and HMR 1715) also inhibited significantly the development of alloantibody production
in vivo. The levels of allospecific antibodies of the IgM
and IgG isotype were reduced to almost background le-
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vels during MNA therapy. Upon cessation of drug treatment, the alloantibody titers slowly and gradually increased. In contrast, CyA given from day 0 did not reduce alloantibody production. The IgM and IgG antibody titer curves were very similar to those of the control group, even though CyA significantly prolonged
skin allograft survival. Also, in a rat skin graft model of
hyperacute accelerated rejection in presensitized animals, the alloantibody levels of the IgM and IgG isotype
were strongly suppressed in MNA-treated animals.
Even when the MNAs were administered to presensitized rats with preexisting antidonor antibodies they
were still able to inhibit hyperacute skin allograft rejection.
Several investigators [S, 141 previously observed that
leflunomide’s active metabolite, A771 726, the parent
drug of the MNAs, in combination with CyA always induced better immunosuppression and graft survival
than either drug alone. Also, in the combination regi-

mens of MNAs with CyA studied so far using different
organ transplantation models and various strain cornbinations, all investigators always obtained additive or synergistic effects on graft survival by combining different
doses of H M R 1279 or H M R 1715 and CyA [3,10,11].
Synergism with CyA and MNAs was always seen for
prevention and therapy, and the new immunosuppressants represent powerful rescue drugs. When assessed
by body weight, no toxic side effects could be observed
in these drug combination experiments with CyA using
concentrations up to 20mg/kg for both drugs. Both
MNAs ( H M R 1279 and H M R 1715) are potent, well
tolerated immunosuppressive agents that are synergistic
in their activity with CyA.
Acknowledgements The authors greatly appreciate the skilled
technical assistance of Mr. M.Ellrich, Mr. J.Gamb. land Mr.
W. Jahnz. We also gratefully thank Mrs. W. Kopp for her excellent
secretarial help in preparing this manuscript.

References
1. Kurrle R, Bartlett RR. Ruuth E. Lauffer L, Schorlemmer HU (1996) Malononitrilamides inhibit T- and B-cell responsiveness. Transplant Proc 28:
3053-3056
2. Kurrle R. Ruuth E, Bartlett RR, Lauffer L, Schorlemmer H U (1997) Malononitrilamides inhibit T- and B-cell responsiveness in different species.
Transplant Proc 29: 1302-1303
3. Lin Y , Segers C, Waer M (1996) Efficacy of the malononitrilamide X 920715
as compared with leflunomide in cardiac allo- and xenotransplantation in rats.
Transplant Proc 28: 3036
4. Morris RE, Huang X, Cao W, Zheng B,
Shorthouse R A (1995) Leflunomide
(HWA 486) and its analog suppress Tand B-cell proliferation in vitro, acute
rejection. ongoing rejection, and antidonor antibody synthesis in mouse, rat,
and Cynomolgus monkey transplant recipients as well as arterial intimal thickening after balloon catheter injury.
Transplant Proc 27: 315417
5. Schorlemmer H U , Kurrle R (1996)
Control of mouse-to-rat skin xenograft
rejection by malononitrilamides. Transplant Proc 28: 3037-3039

6. Schorlemmer HU, Bartlett R R (1997)

Malononitrilamides (MNA 279 and
MNA 715) have therapeutic activity in
acute and chronic relapsing experimental allergic encephalomyelitis (EAE).
Inflamm Res 46: S163-Sl64
7. Schorlemmer HU, Bartlett RR (1997)
Prevention of the development of murine systemic lupus erythematosus
(SLE)-like diseases by the malononitrilamides MNA 779 and MNA 715. Inflamm Res 46: S167-Sl68
8. Schorlemmer HU, Seiler FR, Bartlett RR (1993) Prolongation of allogeneic transplanted skin grafts and induction of tolerance by leflunomide, a
new immunosuppressive isoxazol derivative. ‘Transplant Proc 25: 763-767
9. Schorlemmer HU, Brendel S, Bartlett RR (1996) Malononitrilamides prevent the development of murine systemic lupus erythematosus-like diseases
in BDFL hybrid mice and MRL/lpr autoimmune mice. Transplant Proc 28:
3030-3042
10. Schorlemmer HU. Kurrle R, Bartlett R R (1996) Malononitrilamides inhibit the development of various murine graft-vs-host diseases. Transplant
Proc 78: 3043-3047
11. Schorlemmer HU, Schwab W, Ruuth E ,
Kurrle R (1996) Acute skin graft rejection can be prevented and treated in rat
models by malononitrilamides. Transplant Proc 28: 3048-3050

12. Schorlemmer HU, Bartlett RR, Kurrle R (1997) Analogues of leflunomide’s
primary metabolite, the malononitrilamides, prevent the development of
graft-versus-host disease. Transplant
Proc 29: 1298-1301
13. Schorlemmer HU, Kurrle R, Bartlett RR (19Y7) Various graft-versushost diseases (GvHD) in rodents can be
prevented and treated by malononitrilamides (MNAs). Inflamm Res 36:
S165-Sl66
14. Williams JW, Xiao F, Foster P, Clardy C. McChesney L. Sankary H,
Chong ASF (1994) Leflunomide in experimental transplantation. Transplantation 57: 122-1731
15. Williamson RA, Yea CM, Robson PA,
Curnock AP, Gadher S, Hambleton AB, Woodward K, Bruneau JM,
Hanibleton P, Moss D, Thomson TA,
Spinella-Jaegle S, Morand F’,Courtin D, Sautes C, Westwood R, Hercend T, Kuo EA, Ruuth E (1995) Dihydroorotate dehydrogenase is a high affinity binding protein for A771726 and
mediator of a range of biological effects
of the immunomodulatory compound. J
Biol Chem 270: 246772247?

