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Abstract An unprecedented arsenal of new xenobiotic
immunosuppressive agents has been developed recently.
Most of the new immunosuppressants have been tested pri-
marily inthetreatment of allograft rejection in experimen-
tal models of transplantation, and some of the new drugs
have already proven their safety and efficiency in exten-
siveclinical trials on transplant patients. Another field for
their potential application is the treatment of autoimmune
diseases. This review will give an overview of the thera-
peutic potential of the new xenobiotic drugs in different
animal models of rheumatoid arthritis, systemic lupusery-
thematosus, myasthenia gravis, multiple sclerosis, dia-
betes mellitus, thyroiditis and uveoretinitis. The new xen-
obiotics are either inhibitors of the de novo synthesis of
nucleotides, for example mycophenolate mofetil, mizori-
bine, leflunomide, and brequinar, or are immunophilin-
binding agents (cyclosporin, FK506 and rapamycin) that
inhibit signal transduction and cell cycle progression in
lymphocytes. A different mode of action is likely to ac-
count for the immunosuppressive effects of deoxysper-
gualin, which may interfere with intracellular chaperoning
by the heat shock protein HSP70 and the activation of tran-
scription factor NF-kappa B.
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Introduction

The increasing knowledge of mechanismsinvolved in the
pathogenesis of autoimmune diseases has provided the ba-
sisfor opening new therapeutic avenues in pharmacol ogi-
cal intervention. New developments in the area of immu-
nosuppressive drugs comprise new synthetic drugs, aswell
as biological agents. Biological therapies are based on at-
tempts to modulate adverse immune responses by the use
of regulatory molecules produced by cells of the immune
system, aswell as of derivative and recombinant forms of
such molecules. Under this operational definition fall
monoclonal antibodies (MABS), soluble forms of cell sur-
face receptors, cytokines and their naturally occurring an-
tagonists, antigenic peptides and lymphocyte or DNA vac-
cines. However, this review will focus on xenaobiotics,
which are molecules produced by microorganisms or
chemically synthesized agents, dissimilar from naturally
occurring mammalian mol ecules. To thisgroup belong sev-
eral immunosuppressive or immunomodulatory drugs that
predominantly interfere with lymphokine synthesis and
signal transduction, as well as lymphocyte differentiation
and cell cycle progression.

Interference with interleukin-2 expression:
cyclosporin and FK506

The immunosuppressive drugs cyclosporin A (CSA) and
FK506 (tarcolimus) exert potent antiproliferative effects
on activated T cells by interfering with interleukin-2
(IL-2) production, whichisrequired for thetransition from
the resting GO state to the G1 phase of the cell cycle [1].
Rapamycin (sirolimus), which has no effect on early cyto-
kine synthesis, inhibits the T-cell response to IL-2, a step
required for transition from the G1 to the S phase of the
cell cycle. All these substances are of microbial origin and
are structurally related. CSA and FK506 bind to intracel -
lular receptors called immunophilins, i. e. cyclophilin and
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FK-binding proteins (FKBP), respectively. The drug/im-
munophilin complex binds to the Ca’"-activated se-
rine/threonine phosphatase calcineurin, thereby inhibiting
its activity. Normal IZ’ the calcineurin is activated by arise
in intracellular Ca* upon appropriate T-cell receptor
(TCR) signalling; after mediating dephosphorylation of the
cytosolic component of transcription factor NF-AT (nu-
clear factor of activated T cells), thelatter translocatesinto
the nucleus and activates the IL-2 gene [reviewed in 2].
Thus, CSA and FK506 inhibit clonal expansion of T cells
by blocking IL-2 synthesis.

Interference with IL-2-induced cell cycle progression:
rapamycin

While rapamycin and FK506 compete for binding to the
same immunophilin FKBP12, the complex rapamycin-
FKBP12 doesnot inhibit cal cineurin, targeting instead two
proteins (targets of rapamycin [TOR1+2]) associated with
the G1 cell cycle progression. Also, rapamycin may inac-
tivate the p70s6 kinase, resulting not only in selective in-
hibition of the synthesis of several ribosomal proteins, but
also in decreased induction of mRNA for new ribosomal
proteins [3]. The newly discovered blockade of IL-2-in-
duced expression of proliferating cell nuclear antigen
(PCNA) [4] must also be mentioned as a pharmacol ogical
effect of rapamycin on IL-2-dependent cell cycle progres-
sion. Since rapamycin affects T-cell expansion at several
steps that differ from that targeted by CSA, and because
both drugs do not interfere at the immunophilin-binding
step, they are likely to provide avery effective drug com-
bination.

Therapeutic effects of cyclosporin, FK506
and rapamycin

CSA hasclear beneficial effectsin most of the experimen-
tal models of autoimmune diseases; a few instructive ex-
amples are selected from the impressive number of stud-
iesperformed. CSA treatment of achronic relapsing model
of experimental allergic encephalomyelitis (CR-EAE) in
SJL/J mice at a non-toxic dosage shortens the length and
severity of relapsing paralyses, and decreases the mortal-
ity of the animals repetitively challenged with encephalit-
ogenic emulsions [5]. Treatment of non-obese diabetes
(NOD) mice successfully prevents the development of in-
sulin-dependent diabetes mellitus (IDDM) when started
immediately prior to the onset of glucose intolerance. An
earlier treatment schedule completely protects mice from
developing insulitis and hyperglycaemia, whereasthereis
no therapeutic benefit once diabetesiswell established [6].

In experimental myasthenia gravis (EMG), CSA given
at the time of primary immunization suppresses 1gG re-
sponsesto the acetylcholine receptor (AChR) and prevents
the onset of disease; in addition, treated animals respond
like naive animals to a secondary antigenic challenge.

Treatment of established EM G not only suppresses the on-
going disease (unlike in IDDM) but also prevents the re-
sponse to secondary immunization; interestingly, this ef-
fect of CSA can be overcome by an overwhelming dose of
adjuvant [7]. In vitro, exposure to CSA in the presence of
AChR induces antigen-specific suppressor populations
among A ChR-sensitized lymphocytes. In vitro, these sup-
pressor populations inhibit the production of anti-AChR
IgG by lymphocytes harvested from rats with EMG [8].
These in vitro studies provide a reasonable model for the
explanation of the in vivo effects of CSA in EMG, which
isan animal model that is critically dependent on the for-
mation of pathogenic autoantibodies directed towards the
neuromuscular junction.

In murine models of lupus, CSA shows clear beneficial
effects; however, the degree of efficacy seems to depend
on the genetic backgrounds of the animals. Preventive
treatment of young (NZBxNZW) F1 mice with CSA leads
to suppression of both anti-DNA antibodies and immuno-
complexes, thereby protecting against the development of
glomerulonephritis; also, treatment of old micereducesthe
degree of proteinuria[9]. In contrast, CSA at adose ashigh
as 25 mg/kg body weight does not reduce the clinical signs
of glomerulonephritisin BXSB or MRL-1 mice, although
there is some histopathological improvement in the latter.
In thisstrain, the most prominent effect of CSA isareduc-
tion of lymphoproliferation, whereas neither anti-DNA
antibody titresnor mortality arereduced [10]. Arthritisand
glomerulonephritis in MRL-Ipr/lpr mice are clearly ame-
liorated by CSA therapy, as are the survival rates of these
animals; the autoantibody production remains, however,
unaltered [11]. CSA also suppressesthesignsof ocular and
lacrimal gland disease [12].

In preventive treatment of collagen type 11 induced ar-
thritis (CIA) in DBA/1 mice and in non-human primates,
CSA suppresses the development of arthritis. However, as
so often happens when treating well-established phases of
experimental autoimmunity, there is no amelioration of
CIA at later phases of the disease [13, 14].

The effects of CSA, though beneficial in different mod-
els of autoimmune disorders, critically depend on thetime
of administration. According to the proposed mechanism
of action of the drug, i. e. the influence on very early IL-2-
dependent processes of T-cell activation, CSA must be ad-
ministered during the sensitization period and for asignif-
icant length of time to exert its inhibitory effects. When
CSA isadministered late or for only ashort period of time,
the immune responses are often only mildly suppressed or
unaffected, or even enhanced. The latter possibility has
been described in both EAE and CIA. While CIA inratsis
suppressed if CSA therapy is performed at the time of im-
munization, starting treatment in the preclinical or in the
clinical phase of the disease leads to aggravation of ar-
thritis [15]. Similar experiences are reported in acute and
chronic models of rat EAE in which CSA precipitates re-
lapsesor hyperacuteattacks[16, 17]. Theseapparently par-
adoxical effects can be explained if one envisages that in-
activationin later phases of autoimmunity probably blocks
the expansion of suppressor T cells, reversing thereforethe



Th1/Th2 balancein favour of pro-inflammatory effects; al-
ternatively, theremight occur selection of particular T cells
whose activation is IL-2 independent [18]. In addition,
CSA has profound effects on thymocyte maturation and
selection. Under normal conditions, cortical thymocytes
with an affinity above a given threshold survive positive
selection and migrate into the medulla. In the medulla, a
second affinity check is required in order to delete auto-
reactivethymocytes. Under CSA administration, the affin-
ity as experienced by a decrease in signalling intensity
upon TCR cross-linking isreduced. More cortical thymoc-
yteswill die, resulting in adecreased popul ation in the me-
dulla. The few cells that eventually enter the medullawill
undergo negative selection with an increased survival rate.
Thus, theabsol utely reduced number of medullary thymoc-
ytes will contain potentially autoreactive cells that now
reach the periphery [19]. In the periphery these autoreac-
tive cells are normally prevented from activation as long
as CSA ispresent. In case of cessation of therapy, the bal-
ance between autoregulatory T cells and the CSA-induced
autoreactive T cells determines whether CSA-induced au-
toimmunity will eventually develop.

Similarly to CSA, FK506 iseffectivein protecting NOD
mice against the development of IDDM [20]. In different
lupus models, the drug suppresses the diverse disease
manifestations, such as skin lesions and glomeruloneph-
ritis, significantly prolonging the life span of the affected
animals [21-23]. In MRL Ipr/lpr mice, high doses of
FK506 can even significantly reduce anti-DNA antibody
titres, thereby representing an improvement over CSA in
thismousestrain[24]. Much the same can be said for glom-
erulonephritisin MLR/1 mice, whichisCSA resistant [10],
but isinhibited by FK506 [22]. In CIA, low dose treatment
(0.32 mg/kg) is effective only if given within 4 days post-
immunization [25], whereas the single administration of a
high dose of FK506 (10 mg/kg) suppresses the disease ac-
tivity even when applied after the clinical onset of arthritis
at day 12 or 15 [26]. These data indicate that FK506 may
be a more potent immunosuppressant than CSA. This is
supported by the notion that FK506 is 10—30 times more
effective than CSA in preventing S-antigen-induced ex-
perimental uveoretinitis (EAU) [27].

Rapamycin is effective against EAE [28], IDDM [29]
and murinelupusin MRL/1 mice[30], similarly to FK506.
In adjuvant arthritis, in turn, non-toxic doses of rapamy-
cin suppress established disease; the effect islong-lasting,
persisting even after cessation of therapy. Thisis amajor
improvement over CSA, which, upon discontinuation, pro-
duces an immediate clinical exacerbation [28].

Mycophenolate mofetil, mizoribine, leflunomide
and brequinar

Mycophenolate mofetil (MMF), mizoribine (MZR), leflu-
nomide (LFM) and brequinar (BQR) interfere with purine
and pyrimidine synthesis. In stimulated lymphocytes, the
enzymes responsible for de novo synthesis of purine and
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pyrimidines must be induced, since nucleotides are re-
quired for increased RNA and DNA synthesisand for gly-
cosylation of intracellular proteins. Replication of acti-
vated lymphocytes appears to require that all the preced-
ing DNA damage berepaired. Interference with thisrepair
mechanism by an imbalance in the purines or pyrimidines
leads, in fact, to an increased rate of apoptosis. Lympho-
cytes seem to be uniquely sensitive to drugs that block de
novo nucleotide synthesis because of the lack of a “sal-
vage’ pathway.

The active metabolite of MMF is mycophenolic acid,
which inhibits inosine monophosphate dehydrogenase
(IMPDH) activity and thus disables de novo purine bio-
synthesis[31]. Thedecreased guaninenucleotidelevel snot
only lead to a reduction in mitogen-stimulated T- and B-
cell proliferation, but also affect N-linked glycosylation of
membrane glycoproteins such as VLA-4 and the ligands
of selectins[32]. Thereduced T-cell adherenceto IL-1-ac-
tivated endothelial cells and the decreased adherence of
monocytes to endothelial cells and laminin may be due to
the effect of MMF on adhesion molecules [33, 34].

MZR was isolated from the soil fungus Eupenicillium
brefeldaldianum in 1974 in Japan [35] and was approved
for transplantationrejectionin 1984. MZRisaprodrug that
has to be phosphorylated to the 5'-monophosphate deriv-
ative by adenosine kinase for conversion into the active
form. The pharmacological effects of MZR are linked to
its reversible inhibitory effect on IMPDH [36], the same
enzyme that is also blocked by MMF. In addition to the
depletory effect on the guanine ribonucleotide pool in ac-
tivated T cells, MZR interfereswith the cell cycle progres-
sion of activated B cells by suppressing the activation of
cyclin A [37]. However, in the preventive treatment at-
tempt of CIA, the ameliorating effect of MZR treatment
on arthritis scores and joint destruction is due rather to the
marked suppression of the delayed type hypersensitivity
response to CllI than to the mild inhibitory effect on the
Cll-specific humoral response [38]. Beneficial effects of
MZR have more recently been demonstrated in the treat-
ment of pulmonary lesions in the lupus model in
MRL/Lpr/lpr mice [39]. The subcutaneous application of
20 mg/kg body weight of MZR on every other day causes
adelay in peribronchial and perivascular lymphocytic in-
filtrations in the lungs when treatment is initiated on 4-
week-old MRL/Lpr/lpr mice.

LFM israpidly converted invivotoitsimmunosuppres-
sive metabolite A77 1726, which reversibly inhibits anti-
body production and proliferation of mitogen-stimulated
B and T cells[40, 41]. The proposed mechanism of action
of LFM on T cell cytokine production remains as yet con-
troversial [reviewed in 2]. Whileit has recently been dem-
onstrated that LFM increases the production of TGF-3; in
stimulated human peripheral blood mononuclear cell cul-
tures [42], the major mechanism of action of LFM seems
to be the inhibition of the enzyme dihydro-orotate dehy-
drogenase (DHOHD) [43], which is required for the de
novo synthesis of pyrimidines. Of note, resting lympho-
cytes possess arelatively small pyrimidine pool; stimula-
tion with mitogen increases dramatically the pyrimidine
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pool (eight-fold), especially if compared to the two-fold
increase in the purine pool [44].

BQR is a substituted 4-quinoline carboxylic acid ana-
logue originally synthesized for potential anticancer ap-
plication [reviewed in 31]. BQR also blocks the de novo
synthesis of pyrimidines by reversibly inhibiting the en-
zyme DHODH, the same proposed target of action as
LFM. Although both BQR and LFM share the common
pathway of DHOH inhibition, there are significant differ-
ences between these agents. Whereas therapeutic doses of
BQR have been associated with thrombocytopenia, sto-
matitis and mucositis, only transient thrombocytopenia
has been reported with LFM. In animal models of trans-
plantation, BQR has been less effective than LFM in
blocking vascular graft rejection [45]. The immunosup-
pressive effects of BQR on experimental autoimmunity
have been tested in a chronic relapsing model of EAE in
the Biozzi AB/H mouse [46]. Although BOR actively in-
hibits peripheral immune responses, it exhibits a rather
limited potential to control the ongoing disease of the cen-
tral nervous system upon systemic administration. The
lack of therapeutic benefit in EAE is most likely due to
the low penetrance of the blood brain barrier by BOR,
since intracerebral injections of the compound signifi-
cantly inhibit disease progression.

Thetherapeutic effects of LFM havebeen demonstrated
in EAE, IDDM, EMG, murine lupus and proteoglycan-in-
duced arthritisin Balb/c mice[reviewed in 47]. The effects
of thismolecule appear best at preventing the devel opment
of diseases, although suppression of established diseases
is observed in murine lupus glomerulonephritis and
antigen-induced arthritis in rats [48]. In the preventive
treatment of EAU, LFM is more potent than CSA, as re-
vealed by the comparison of the respective IC50 and |C90
values [49].

Deoxyspergualin

Deoxyspergualin (DSG) is an analogue of the bacterial
product spergualin from the soil commensal Bacillus lac-
tosporous [50]. In contrast to the xenobiotics described so
far, the molecular mechanisms underlying its pharmaco-
logical effectsremain elusive. DSG interacts with HSP70,
a member of the heat shock protein 70 family, thereby
blocking the nuclear translocation of HSP70 in the heat
shock response [51]. Inamurine pre-B-cell line, exposure
to DSG inhibitsthe expression of the kappalight chain that
normally followslipopolysaccharide-induced NF-«B acti-
vation, thereby suggesting suppression of humoral immune
responsesduring certain stagesof B-cell development [52].
Also, treatment of normal micewith DSG appearsto block
anearly step of T-cell differentiationinthethymus, namely,
the transition from the double-negative CD4~ CD8™ phe-
notype into the CD4" CD8" double-positive phenotype,
whichisassociated with the expression of apre-TCR com-
plex; in contrast, DSG does not seem to affect later stages
of T-cell differentiation or activation of mature T cellsin

vitro and in vivo. Interestingly, pre-B-cell differentiation
isalso blocked at asimilar checkpoint that is controlled by
the expression of a pre-receptor complex containing the
immunoglobulin heavy chains, but not the light chains.
Mature B cells, similarly to mature T cells, seem insensi-
tiveto DSG [53]. Whether or not this effect on pre-B- and
pre-T-cell differentiation isdueto theinterference of DSG
with the action of an NF-«B family member, whose action
is specifically required at parallel stagesin B- and T-cell
development, awaits further investigation.

DSG is a potent immunosuppressant in EAE, IDDM,
CIA, adjuvant arthritis, EM G, murine lupus, experimental
thyroiditis (EAT) and EAU [reviewed in 54]. However, the
dramatic effect of the drug on pre-B- and pre-T-cell devel-
opment [53] appears to cause serious problems with the
physiological replacement of B and T lymphoid compart-
ments; these effects should be carefully considered in de-
signing and monitoring long-term treatment. The advan-
tage of this drug is its lack of nephrotoxicity, which ren-
dersit attractive not only for treatment of rapidly progres-
siveglomerulonephritis, but also as part of acombined im-
munosuppressive therapy.

Combination of xenobiotics

Synergy of different xenobioticsin combinationisvery at-
tractive because it reduces the need for high doses of each
single drug, reducing thereby drug toxicity, while main-
taining an effective degree of immunosuppression. Com-
bination therapies have been tested in different models.
S-antigen-induced EAU, for example, can be completely
prevented by a combination of CSA and rapamycin. The
synergy approach in this study allows a nine-fold reduc-
tionintherapamycin dose and afive-fold decreasein CSA
[55]. In antigen-induced arthritis, a combination of sub-
therapeutic doses of LFM and CSA administered after dis-
ease onset effectively reduces clinical and histopathol og-
ical signs of the disease [48]. Interestingly, subtherapeutic
doses of CSA and the immunomodulatory hormone 1,25-
dihydroxyvitamin D3 [56] can also exert cooperative im-
munosuppressive effectsin EAE and EAT [57, 58].
Progress in understanding the mechanisms of action of
the new xenobiotics will facilitate the future devel opment
of rational combination therapies. Hopefully, such combi-
nations will prove to be more effective in the therapy of
already ongoing autoimmune diseases than the established
protocols;, most of the therapeutic benefits reported in this
review remain confined to preventive treatment ap-
proaches. On the way towards clinical application in hu-
mans, experimental models of autoimmune diseases re-
main valuable tools to elucidate at least some of the re-
maining uncertainties with the new drugs. Thus, it is pos-
siblethat the enzyme level sresponsiblefor de novo or sal-
vage pathway synthesis of nucleotides may vary between
individuals and in dependency on different diseases states.
Such variabilities could critically affect therapeutic effi-
cacy and the toxicity of agents that interfere with the nu-



cleoside metabolism of the lymphocytes. In addition, the
pathogenetic aspects of the various autoimmune models
clearly indicate adiversity of mechanismsrelevant in dif-
ferent pathologies. The contribution of lymphocyte sub-
sets to tissue pathology varies considerably among mod-
els: in NOD micewith IDDM thereisaclear involvement
of both CD8" and CD4" T-cell subsets; in EAE CD8" T
cells are relevant, however, Thl-polarized CD4" T cells
appear to predominate; in CIA, in turn, the most obvious
feature seemsthe cognateinteraction between CD4" T cells
and B cells; finally, in EMG the production of antibodies
to AChR seems to dictate the development of the disease.
For these reasons, particul ar featuresthat may act as selec-
tive or specific hooks for immunotherapeutic intervention
are most likely to differ among the disease models. It is
nonetheless conceivable that the targeting of common
pathogenic pathways by combinations of drugs that inter-
fere with basic mechanisms of lymphocyte biology, such
ascell cycle progression, may prove equally effective and
convenient.
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