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Mechanisms of action of cyclosporine
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Abstract

Ž .Cyclosporine cyclosporin A, CsA has potent immunosuppressive properties, reflecting its ability to block the
transcription of cytokine genes in activated T cells. It is well established that CsA through formation of a complex with
cyclophilin inhibits the phosphatase activity of calcineurin, which regulates nuclear translocation and subsequent activation
of NFAT transcription factors. In addition to the calcineurinrNFAT pathway, recent studies indicate that CsA also blocks
the activation of JNK and p38 signaling pathways triggered by antigen recognition, making CsA a highly specific inhibitor
of T cell activation. Here we discuss the action of CsA on JNK and p38 activation pathways. We also argue the potential of
CsA and its natural counterparts as pharmacological probes. q 2000 Elsevier Science B.V. All rights reserved.
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1. Action on the calcineurinrrrrrNFAT pathway

Ž .Cyclosporine cyclosporin A, CsA , a neutral
lipophilic cyclic undecapeptide isolated from the
fungus Hypocladium inflatum gams, has been widely
used for the treatment of allograft rejection and

Ž .graft-vs.-host disease since Borel et al. 1976 re-
ported its immunosuppressive activity. Early biologi-
cal studies revealed that CsA inhibits T cell activa-
tion by blocking the transcription of cytokine genes,

Žincluding those of IL-2 and IL-4 Kronke et al.,
.1984; Herold et al., 1986; Granelli-Piperno, 1988 .

Upon entering T cells, CsA binds with high affinity
to cyclophilins, especially to the cytosolic 17 kDa
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cyclophilin A which is the most abundant cy-
Žclophilin in T cells Handschumacher et al., 1984;

.Schreiber, 1991 . Cyclophilins are ubiquitous cytoso-
lic proteins possessing peptidyl-proline-cis-trans iso-

Ž .merase PPIase activity, an enzymatic activity possi-
Ž .bly mediating protein folding Schmid, 1995 . Al-

though CsA inhibits the PPIase activity of cy-
clophilins, inhibition of PPIase is not involved in the
mechanism of immunosuppression because some of
CsA analogues which fail to block T cell activation

Žare still able to inhibit the PPIase activity Bierer et
.al., 1990; Sigal et al., 1991 .

Ž .Liu et al. 1991 found that the cyclophilin–CsA
complex, but not cyclophilin alone, can associate
with another cytosolic protein, calcineurin. Cal-

Ž .cineurin also termed PP2B belongs to a superfam-
ily of protein serinerthreonine phosphatases, and its
activity is tightly regulated by Ca2qrcalmodulin
Ž .Klee et al., 1988; Cohen, 1989; Shenolikar, 1994 .
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Calcineurin consists of two subunits, a catalytic sub-
Ž .unit calcineurin A, CnA and a regulatory subunit

Ž .calcineurin B, CnB . Note that there are two genes
Žencoding closely related approximately 80% identi-

.cal CnA isoforms, CnAa and CnAb, and that
CnAa is the predominant isoform expressed in T

Ž .cells Guerini and Klee, 1991; Zhang et al., 1996 .
Ž .Engagement of the T cell receptor TCR with its

cognate ligand induces the elevation of intracellular
calcium concentration, and subsequent activation of
calmodulin. Activated calmodulin, then, interacts
with CnA and releases the autoinhibitory domain of
CnA from its active site, leading to the activation of
its phosphatase activity. The cyclophilin–CsA com-
plex directly binds to CnA and inhibits the phos-
phatase activity. In contrast to TCR-induced T cell

Žactivation Clipstone and Crabtree, 1992; O’Keefe et
.al., 1992 , CsA fails to inhibit certain types of

Ca2q-independent T cell activation pathways such as
stimulation through CD28 in the presence of PMA
Ž .Lin et al., 1991 .

Calcineurin dephosphorylates NFAT family mem-
bers, allowing them to translocate into the nucleus
and activate gene expression through the cis-element

Žnamed NF-AT Flanagan et al., 1991; Northrop et
al., 1994; Shaw et al., 1995; Loh et al., 1996;

.Timmerman et al., 1996 . Recent studies have also
shown that activated calcineurin also translocates
into the nucleus together with NFAT family mem-
bers, where it may maintain the sustained activation

Ž .of NFAT proteins Shibasaki et al., 1996 . Among
NFAT family members, NFAT1, NFAT2, and
NFAT4 are involved in the transcriptional activation
of genes encoding cytokines including IL-2 and IL-4,

Ž .and CD40L Rao et al., 1997 . By preventing their
calcineurin-mediated dephosphorylation, CsA in-
hibits the nuclear translocation of these NFAT fam-
ily members and subsequent gene expression in acti-
vated T cells. Undoubtedly, inhibition of the cal-
cineurinrNFAT pathway is one of the mechanisms
of CsA-mediated immunosuppression.

2. Action on JNK and p38 signaling pathways

Transcriptional activation of the IL-2 gene re-
quires cooperative interaction of several transcription

factors, including AP-1, NF-kB, and NFAT
Ž .Crabtree, 1989 . It has been shown that CsA affects
the activities of AP-1 and NF-kB in addition to

Ž .NFAT, implying the presence of another target s of
CsA as well as the calcineurinrNFAT pathway
Ž .Mattila et al., 1990; Rincon and Flavell, 1994 . It
has also been shown that CsA can inhibit an
antigen-specific and Ca2q-independent response
Ž .Metcalfe et al., 1994 . Accordingly, recent studies
provided evidence that CsA blocks both JNK and
p38 signaling pathways in addition to the cal-

ŽcineurinrNFAT pathway Su et al., 1994; Matsuda
.et al., 1998 .

Ž .The mitogen-activated protein kinase MAPK
pathway is a conserved eukaryotic signaling cascade
that participates in a diverse array of biological
processes. This pathway consists of three protein

Ž .kinases, MAPK, MAPK kinase MAPKK , and
Ž .MAPKK kinase MAPKK-K ; MAPKK-K phospho-

rylates and activates MAPKK, which in turn phos-
Žphorylates and activates MAPK Nishida and Gotoh,

1993; Avruch et al., 1994; Blumer and Johnson,
1994; Marshall, 1995; Waskiewicz and Cooper, 1995;

.Su and Karin, 1996 . Three distinct subgroups of the
ŽMAPK superfamily, ERK also termed classical

. Ž . ŽMAPK , JNK also termed SAPK and p38 also
.termed MPK2, RK, HOG1, and CSBP , have been
Ždefined in detail in mammalian cells Davis, 1994;

Woodgett et al., 1996; Robinson and Cobb, 1997; Ip
.and Davis, 1998; Lewis et al., 1998 . Although JNK

and p38 are thought to function primarily in stress
responses, such as inflammation and apoptosis, we
and others have shown that both are activated when
T cell responses are triggered through both the TCR
and CD28 costimulatory receptor, and that these

Žpathways are sensitive to CsA Su et al., 1994;
.Matsuda et al., 1998 . Cooperative activation of JNK

and p38 in conjunction with ERK leads to activation
Ž .of transcription factors including AP-1 Karin, 1995 .

It was further demonstrated that dominant-negative
mutants which block JNK and p38 signaling path-
ways abrogate the transcriptional activation of the
NF-AT cis-element which consists of binding sites

Ž .for AP-1 and NFAT proteins Matsuda et al., 1998 .
These results raise the possibility that the immuno-
suppressive effect of CsA is attributed, at least in
part, to the inhibition of JNK and p38 pathways. The
presence of two target pathways of CsA in T cells
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explains the high specificity of its immunosuppres-
sive activity.

In contrast to JNK and p38 signaling pathways,
CsA has no effect on the activation of the ERK
pathway. Interestingly, CsA failed to block stress-in-

Žduced activation of JNK and p38 pathways unpub-
. Ž .lished observation , indicating that a target s of CsA

for JNK and p38 activation pathways is involved in a
T cell-specific signaling pathway triggered by the
TCR and CD28 costimulatory molecule. During T
cell activation, JNK and p38 are presumably acti-
vated through MKK7 and MKK6, respectively. It
was further shown that activation of both MKK7 and

ŽMKK6 is also sensitive to CsA Matsuda et al.,
.1998 . In addition, we found that the activation of

MEKK1, a putative activator of MKK7, is inhibited
Ž .by CsA unpublished observation . Since it has been

suggested that MEKK1 is involved in both NF-kB
Ž .and JNK pathways Karin and Delhase, 1998 ,

MEKK1 may mediate the CsA-sensitive NF-kB
pathway during T cell activation. Besides MEKK1,
MAPKK-Ks such as MLK3 and TAK1 may also
participate in the signaling pathway leading to the
activation of JNK andror p38 during T cell activa-

Ž .tion Schaeffer and Weber, 1999 . However, it is
unknown whether these MAPKK-Ks are also acti-
vated in a CsA-sensitive manner. As an upstream

Ž .component s of MAPKK-Ks, members of the Rho
subfamily of small G-proteins, Rac1 andror Cdc42,

Žhave been proposed Coso et al., 1995; Jacinto et al.,
.1998; Reif and Cantrell, 1998 . Although it is un-

known whether JNK activation is mediated by Rac1
or Cdc42, JNK activation is induced by transfection

Ž .of a constitutively active form of Rac1 V12Rac1 in
Ž .a CsA-insensitive manner unpublished observation .

It has been demonstrated that the transcriptional
activity of the IL-2 promoter is augmented by over-
expression of Vav1, a guanine nucleotide exchange

Ž .factor for Rac1 Collins et al., 1997 , and that CsA
blocks Vav1 induced transcriptional activation of

Ž .IL-2 promoter Wu et al., 1995 . These results col-
lectively suggest that CsA inhibits the JNK signaling
pathway at a level upstream of Rac1 but affecting

Ž .Vav1 itself or a downstream molecule s . On the
other hand, JNK activation was unaffected in ÕaÕ1-

Ždeficient mice Costello et al., 1999; Penninger et al.,
.1999 . It is possible that other guanine nucleotide

Ž .exchange factor s for Rac1, such as Vav2 and Dbl,

mediate the signaling pathway leading to JNK acti-
vation. It is also possible that JNK activation in T

Žcells is mediated by an HPK1 pathway Kiefer et al.,
.1996; Anafi et al., 1997; Ling et al., 1999 which is

Rac1-independent and that CsA perturbes this path-
Ž . Ž .way Fig. 1 . Identification of a target s for CsA-

mediated blockade of the JNK andror p38 pathways
will clarify the molecular mechanism leading to JNK

Ž .activation and uncover a novel therapeutic target s
for immunosuppression.

Ž .FK506 Tacrolimus , another inhibitor for the cal-
cineurinrNFAT pathway, also blocks the activation

Žof JNK and p38 pathways in T cells manuscript in
.preparation . These results strongly suggest the in-

volvement of calcineurin in the signaling pathway
leading to JNK and p38 activation. Consistently,

Ž .Werlen et al. 1998 have reported that activation of
calcineurin in combination with PKC-u causes the
activation of JNK. Their conclusion essentially de-
pends on two observations: a constitutively active
form of CnA can induce JNK activation in the
presence of PMA which activates PKC, and a consti-
tutively active form of PKC-u can also induce JNK
activation with the aid of a calcium ionophore which
activates calcineurin. It should be noted, however,
that the concentration of PMA used in their paper

Fig. 1. Potential target sites of CsA for JNK and p38 activation
Ž .pathways. Guanine nucleotide exchange factors GEF for Rac1

andror Cdc42, such as Vav1, Vav2 and Dbl, are candidates for
the target of CsA. Another candidate is an HPK1 pathway, which
functions as an activator for MAPKK-Ks such as MLK3 and
TAK1. It is also possible that the CsA-sensitive JNK and p38

Ž .activation in T cells is mediated by unidentified molecule s .
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Ž .100 nM is high enough to induce JNK activation
without the calcium ionophore, and that JNK activa-
tion induced by 100 nM PMA is not inhibitable by

Ž .100 ngrml CsA unpublished observation , implying
that calcineurin is not involved in JNK activation.
Furthermore, it has recently been shown that expres-
sion of a constitutively active form of PKC-u alone

Žresults in strong activation of JNK Ghaffari-Tabrizi
.et al., 1999 . Although we do not formally exclude

the possible contribution of calcineurin to JNK acti-
vation pathway, additional studies will be required
before drawing that conclusion.

3. Other effects of CsA

Despite being highly efficacious for prevention of
organ transplant rejection, the use of CsA as an
immunosuppressant is limited by severe side effects
including nephrotoxicity, neurotoxicity, and hepato-

Ž .toxicity Kahan, 1989 . CsA has been shown to
induce the synthesis of TGF-b in vitro and in vivo
ŽLi et al., 1991; Khanna et al., 1994; Wolf et al.,

.1995; Shihab et al., 1996 . Several studies have

suggested the involvement of TGF-b in the progres-
Žsion of renal diseases Klahr et al., 1995; Border and

.Noble, 1997; Pintavorn and Ballermann, 1997 .
TGF-b is known to stimulate cells to increase their

Ž .extracellular matrix ECM composition and de-
creases the production of ECM-degrading proteases,

Žthereby inducing a profibrogenic state Massague,´
.1990 . This is in line with the fact that the CsA-in-

duced nephrotoxicity has the characteristics of inter-
stitial fibrosis. Furthermore, it has also been reported
that TGF-b produced by CsA administration directly

Ž .promotes cancer progression Hojo et al., 1999 . The
CsA-induced TGF-b synthesis could result from the
inhibition of the calcineurinrNFAT pathway, or al-
ternatively, the blockade of the JNK and p38 signal-
ing pathways. However, the precise mechanism re-
mains to be elucidated.

On the other hand, the use of CsA as a pharmaco-
logical probe has uncovered novel functions of the
calcineurinrNFAT pathway. Studies on HIV-1
showed the critical role of NFAT2 during HIV-1
infection of primary T cells, which can be inhibited

Žby treatment with CsA Sun et al., 1997; Kinoshita et
.al., 1998 . NFAT3, another member of the NFAT

Fig. 2. A238L inhibits the nuclear translocation of NFAT4. Baby hamster kidney cells were transfected with GFP-NFAT4 in the absence
Ž . Ž . Ž .NFAT4 or the presence NFAT4qA238L of A238L. The cells were then treated for 30 min at 378C with vehicle alone no treat ,

Ž . Ž .calcium ionophore A23187 A23187 , or a combination of A23187 with CsA A23187qCsA . The subcellular distribution of GFP-NFAT4
was examined by an immunofluorescence microscopy. Note that co-expression of A238L blocks the nuclear accumulation of GFP-NFAT4
in response to A23187 as observed in the presence of CsA. The concentrations used are 1 mgrml for A23187 and 100 ngrml for CsA. The
cDNAs for NFAT4 and A238L are kindly provided by F. Shibasaki and L.K. Dixon, respectively.
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family, in conjunction with calcineurin was shown to
be involved in progression of cardiac hypertrophy.
Expression of either constitutively active forms of
calcineurin or NFAT3 in mice results in cardiac
hypertrophy leading to congestive heart failure and

Ž .sudden death Molkentin et al., 1998 . Furthermore,
in some rat models where cardiac hypertrophy is
induced by pathologic stimuli, administration of CsA

Ž .prevents disease progression Sussman et al., 1998 .
These results indicate not only widespread functions
of the calcineurinrNFAT pathway in biological
events but also novel therapeutic approaches with
CsA. It should be noted, however, that the doses of
CsA required for prevention of these events are
relatively higher than those required for immuno-
suppression and induction of nephrotoxicity. It is
likely that CsA blocks calcineurinrNFAT pathway
but not JNK andror p38 pathways in these cases.

4. Newly identified proteins with putative
immunosuppressive activity

Recent studies have identified several proteins
which exhibit functions similar to CsA. Sun et al.
Ž .1998 identified a novel calcineurin-binding protein
named Cabin1, which binds to and inhibits the phos-
phatase activity of calcineurin. Cabin1 is widely
expressed in a variety of tissues and cells, including
the spleen and leukocytes. Since Cabin1, when
over-expressed, inhibits dephosphorylation of NFAT
protein and blocks the transcriptional activation of
IL-2 reporter gene during T cell activation, it is
suggested that Cabin1 serves as an endogenous in-
hibitor for calcineurin.

It has also been shown that a viral protein named
A238L, derived from African swine fever virus,
inhibits NFAT-regulated gene transcription in vivo
Ž .Miskin et al., 1998 . African swine fever virus
inhibits proinflammatory cytokine expression in in-
fected macrophages, whereas a mutant virus lacking
A238L fails to block cytokine gene expression. Fur-
thermore, A238L is shown to associate with cal-
cineurin in a yeast two-hybrid system. In addition,
A238L blocks the nuclear translocation of NFAT
protein induced by the elevation of intracellular cal-
cium concentration, which is presumably mediated

Ž .by calcineurin activation Fig. 2 . These results indi-

cate that A238L is a viral counterpart of CsA. It will
be of interest to ascertain whether A238L blocks the
activation of JNK and p38 pathways during T cell
activation as observed in CsA-treated T cells.

Further studies on these natural counterparts of
CsA could give us better understanding of the mech-
anisms of action of calcineurin and may provide a
better screening system for immunosuppressive drugs
acting through one or both of the pathways outlined
in this review.
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