Immunity, Vol. 12, 359-372, April, 2000, Copyright 12000 by Cell Press

Manipulating Immune Responses

Review

with Immunosuppressive Agents

that Target NFAT

Alexander Kiani,T Anjana Rao,*8 and Jose Aramburu?l
tMedizinische Klinik |

Universitatsklinikum Carl Gustav Carus

Technische Universitat Dresden

01307 Dresden

Germany

¥ Department of Pathology

Harvard Medical School and

The Center for Blood Research

Boston, Massachusetts 02115

The immune system is a complex network of cellular
and humoral factors that ensures the integrity of the
organism by attacking potential pathogens. Sometimes
this normally protective system overreacts and directs
its forces at the organism itself. The clinical syndrome
of septic shock results from overactive host responses
to gram-negative bacterial infections and can be fatal
because of an overwhelming production of proinflam-
matory cytokines. Transplantation of solid organs is
confounded by the immunologic problem of graft rejec-
tion, while graft-versus-host-disease is one of the major
complications of transplantation with allogeneic bone
marrow or peripheral blood stem cells, severely limiting
the application of these potentially life-saving therapeu-
tic options. Other examples of inappropriate immune
responses include allergic asthma and chronic autoim-
mune diseases such as rheumatoid arthritis. A major
challenge for clinicians is how to suppress deleterious
immune responses in these diverse clinical settings.
The fungal metabolites cyclosporin A (CsA) and tacrol-
imus (FK506) are among the most potent immunosup-
pressive drugs available today. CsA revolutionized the
field of organ transplantation following its discovery in
1976 (Borel et al., 1976); it was approved for clinical use
in 1983. Tacrolimus was described soon after (Kino et
al., 1987) and introduced into clinical trials in 1989. De-
spite their lack of structural similarity, the modes of
action of these two drugs are very similar: at the low
concentrations relevant to their immunosuppressive ef-
fects, they inhibit the calcium-dependent serine/threo-
nine phosphatase calcineurin and its substrate, the tran-
scription factor NFAT (Schreiber and Crabtree, 1992).
The drugs do not interact directly with calcineurin but
rather form complexes with intracellular receptors known
as immunophilins. The immunophilin receptors for cyclo-
sporin A are the cyclophilins, while those for FK506 are
the FK506-binding proteins (FKBPs). Both classes of
immunophilin receptors are widely expressed, abundant
enzymes possessing peptidyl-prolyl isomerase activity,
which function as protein chaperones within the cell
(Schreiber and Crabtree, 1992). Itis the drug-immunoph-
ilin complexes that bind calcineurin and inhibit its phos-
phatase activity toward peptide substrates, thus exhib-
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iting a remarkable gain of function relative to the drugs
themselves (Schreiber and Crabtree, 1992).

In the immune system, calcineurin and NFAT, the ma-
jor targets of CsA and FK506, regulate the expression
of alarge number of inducible genes encoding cytokines
and cell-surface receptors that are essential for a pro-
ductive immune response (Rao et al., 1997). Some of
the immunosuppressive effects of CsA may depend on
its ability to induce TGF, an immunosuppressive cyto-
kine, in diverse cells and tissues (Suthanthiran et al.,
1996). CsA or FK506 are frequently used in combination
with less specific immunosuppressants such as predni-
sone, azathioprine, methotrexate, and mycophenolate
mofetil to achieve synergistic immunosuppressive ef-
fects (Suthanthiran et al., 1996; Gummert et al., 1999).
The main drawback of these immunosuppressive regi-
mens, however, is that they produce major toxic side
effects and therefore are rarely employed except in seri-
ous clinical situations.

Our thesis in this review is that since NFAT is a vali-
dated target for two clinically important immunosup-
pressive drugs, interference with NFAT regulation might
be expected to yield additional avenues forimmunosup-
pression. Moreover, since NFAT is only one of many
calcineurin substrates, compounds that interfere selec-
tively with NFAT regulation might be expected to have
fewer side effects than CsA and FK506. Unfortunately,
this simple premise is complicated by the existence of
multiple NFAT proteins, our incomplete knowledge of
their regulation and function in immune and nonimmune
cells, and our lack of information about the mechanisms
underlying the toxic effects of CsA and FK506.

Here we review our current understanding of these
points. We consider what features of NFAT regulation
might be exploited to develop selective inhibitors of
NFAT, whether such drugs would be as immunosup-
pressive as CsA or FK506, whether they would lack the
toxic effects of CsA and FK506, and whether they might
have unexpected side effects in immune and nonimmune
organs. An informed understanding of these issues might
spur the development of better, less toxic immunosup-
pressive agents that target the NFAT pathway.

What Features of NFAT Regulation Might Be Exploited
to Develop Selective Inhibitors of NFAT?

The NFAT family, consisting of the “classical” members
NFAT1 (p, c2), NFAT2 (c, c1), NFAT3 (c4), and NFAT4
(x, €3), has recently been extended by a fifth member,
NFAT5/TonEBP (Table 1) (Lopez-Rodriguez et al., 1999;
Miyakawa et al., 1999). NFAT5 differs from the other
NFAT proteins in being regulated by osmotic shock
rather than calcineurin. Here we consider only the cal-
cineurin-regulated family members NFAT1-4. For sim-
plicity, we use the term NFAT to refer to these four
proteins, unless specific distinctions are being drawn.
In the following sections, we describe different aspects
of NFAT regulation, emphasizing basic features com-
mon to all the proteins and indicating the possibility of
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Table 1. The NFAT Family

Present in

NFAT Protein Immune Cells? Other Features

Phenotype of Knockout Mice

NFAT1 (p, c2) Yes 80%-90% of total NFAT
in resting immune cells

NFAT2 (c, cl) Yes One isoform induced
upon activation

NFAT3 (c4) No Implicated in cardiac
hypertrophy

NFAT4 (x, c3) Yes Highly expressed
in thymocytes

NFATS5 (TonEBP) Yes Nuclear, not cytoplasmic

Not calcineurin-regulated
Does not cooperate with Fos/Jun

Increased IL-4 production, Th2 bias
(delayed shutoff of IL-4 transcription)
Embryonic lethality (heart valve defect)
Lymphocytes produce less IL-4
Viable and fertile
Detailed phenotype not reported yet
Defect in positive selection
of thymocytes
Knockouts not available yet
NFATS5 is not implicated in the regulation
of conventional NFAT target genes

subtype-specific regulation where appropriate (Figures
1 and 2).

Overview

The general features of NFAT regulation have recently
been reviewed (Crabtree, 1999). NFAT proteins are regu-
lated by a reversible cycle of dephosphorylation and
rephosphorylation (Figure 1). NFAT becomes activated
when cells are stimulated through receptors coupled
to phospholipase C. The resulting rise in intracellular
calcium levels triggers the activation of calcineurin and
other calmodulin-dependent enzymes. NFAT activation
can be considered in several steps: dephosphorylation

by calcineurin; translocation to the nucleus; potentially,
activation by posttranslational modifications in the nu-
cleus; binding to regulatory elements of NFAT target
genes; and interactions with nuclear proteins. Together,
these steps are necessary for the incorporation of NFAT
into a transcriptionally active enhanceosome complex
at the promoter/enhancer regions of NFAT-dependent
genes. Sustained calcineurin activity is needed to main-
tain NFAT in an activated state; when calcium levels
drop or when calcineurin is inactivated, for instance by
removing the stimulus, inhibiting capacitative calcium
entry, or treating cells with CsA or FK506, NFAT is rapidly

Figure 1. The NFAT Activation Cycle
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rephosphorylated and exported from the nucleus (Loh
et al., 1996a, 1996b; Shibasaki et al., 1996; Timmerman
et al., 1996). At least one isoform of NFAT2 is regulated,
in addition, by a calcium- and calcineurin-dependent
induction of its mMRNA in activated T cells (Northrop et
al., 1994; Chuvpilo etal., 1999). Hence, NFAT’s activation
state is the overall result of a balance between multiple
regulatory processes, which could all be potential tar-
gets of therapeutic intervention (Figure 1). These pro-
cesses are identified by numbers in Figure 1 and cross-
referenced to the sections below.

Capacitative Calcium Entry (1)

Sustained calcium mobilization appears essential for
productive NFAT activation. Release of calcium from
intracellular stores may trigger some early dephosphor-
ylation and nuclear entry of NFAT, but this is not sus-
tained in the absence of capacitative (store-operated)
calcium entry through CRAC channels (Negelscu et al.,
1994; Dolmetsch et al., 1997). Jurkat T cells selected
for impaired NFAT activation showed varying levels of
impaired calcium mobilization as their major signaling
defect (Fanger et al.,, 1995). NFAT also monitors the
frequency of calcium oscillations in cells (Dolmetsch et
al., 1998; Li et al., 1998). Oscillations of physiological
frequency are much more effective than lower frequency
oscillations, consistent with rapid deactivation of both
calcineurin and NFAT upon cessation of the calcium
stimulus.

At least one case of severe immunodeficiency was
traced to a defect in capacitative calcium entry that
was apparent in T and B cells as well as granulocytes,
platelets, and fibroblasts (Le Deist et al., 1995). T cells
from this patient showed a severe reduction in NFAT
activation and pronounced defects in cytokine produc-
tion. The lack of reported cardiac dysfunction in this
patient is noteworthy, given that calcium-dependent ac-
tivation of NFAT2 has been implicated in morphogenesis
of cardiac valves (de la Pompa et al., 1998; Ranger et al.,
1998a). This phenotype might be due to a quantitative
defect in capacitative calcium entry, which permitted
normal valve development but was insufficient for im-
mune function; alternatively, the defect might lie in a
cell type—specific component of store-operated calcium
entry. The latter possibility is particularly interesting for
immunosuppression.

Interaction of NFAT with Calcineurin (2)

Calcineurin binds to the NFAT regulatory domain, which
is located immediately N-terminal to the highly con-
served DNA binding domain (Figure 2). This regulatory
domain is absent in NFAT5, consistent with its distinct
mode of regulation (Lopez-Rodriguez et al., 1999; Miya-
kawa et al., 1999). A major contributor to calcineurin
binding is a conserved sequence motif (PxIxIT) located
at the N terminus of the NFAT regulatory domain (Aram-
buru etal., 1998, 1999; Zhu et al., 1998). Peptides modeled
on the PxIXIT motif inhibited the NFAT-calcineurin inter-
action and were markedly immunosuppressive when
expressed in Jurkat T cells, inhibiting NFAT dephos-
phorylation, NFAT nuclear translocation, and PMA/iono-
mycin-induced expression of IL-2, IL-3, IL-13, TNFq,
GM-CSF, and MIP-1a mRNAs (Aramburu et al., 1998,
1999). However PxIxIT-based peptides did not inhibit
calcineurin phosphatase activity and therefore showed
greater selectivity than CsA: for instance, they did not

block the CsA-sensitive induction of the TNFB and LT
genes (Aramburu et al., 1998, 1999).

These results are promising in terms of developing
pharmacological inhibitors selective for NFAT. They im-
ply that it should be possible to identify small molecule
inhibitors of the NFAT-calcineurin interaction that do
not interfere with calcineurin phosphatase activity and
therefore would target selectively the ability of cal-
cineurin to dephosphorylate NFAT. Such selective NFAT
inhibitors would be expected to have fewer side effects
than generalized inhibitors of calcineurin and would also
be expected to lack any calcineurin-independent toxic
effects of CsA or FK506. Potential calcineurin-indepen-
dent effects include, for instance, those arising from the
ability of CsA and FK506 to inhibit the peptidyl-prolyl
isomerase activities, and therefore the chaperone func-
tions, of their respective immunophilin receptors (Schrei-
ber and Crabtree, 1992).

A caveat of PxIxIT-based inhibitors, however, is that
they might inhibit dephosphorylation or function of other
calcineurin binding proteins that used a similar docking
sequence or bound the same calcineurin surface as
NFAT. So far there is only one known mammalian protein
that contains a clear PxIxIT-related sequence (PEITVT)
in its calcineurin binding domain: the nuclear cal-
cineurin-interacting protein Cabin-1/Cain-1 (Sun et al.,
1998; Lai et al., 1998). While this protein does not appear
to be a substrate for calcineurin, it binds calcineurin
and inhibits its phosphatase activity. Thus PxIxIT-based
inhibitors might alter cellular balance by releasing active
calcineurin from Cabin-1/Cain-1, presumably augment-
ing other calcineurin-dependent pathways while inhib-
iting NFAT. This possibility needs to be evaluated.

The PxIXIT motif may be part of a more extensive
calcineurin-interacting surface of NFAT (Figure 2). Dele-
tion analysis of NFAT4 has suggested the existence
of additional calcineurin binding sites located at its N
terminus (Zhu and McKeon, 1999) and at the C terminus
of its regulatory domain (Liu et al., 1999). These regions
are only partially conserved in the NFAT family. Further
work is necessary to establish whether they are part of
an extended calcineurin binding common to all NFATS,
or whether they constitute regions of interaction unique
to individual family members that might be targeted for
subtype-specific inhibition.

Dephosphorylation and Nuclear Import (3)

In addition to the PxIxIT motif, the NFAT regulatory do-
main contains an extended serine-rich region (SRR), three
serine- and proline-rich (“SP”) sequence motifs with the
characteristic sequence SPXXSPXXSPXX[SPxx]xxx[D/E]
[D/E], and a conserved nuclear localization signal (NLS)
located between the second and third “SP motifs” (Fig-
ure 2). The regulatory domain is phosphorylated on ser-
ine residues in resting cells and dephosphorylated in a
calcineurin-dependent manner upon stimulation (Loh et al.,
1996b; Luo et al., 1996; Shibasaki et al., 1996). Dephos-
phorylation exposes the NFAT NLS, rendering it accessi-
ble to the machinery of nuclear import. The importrecep-
tors involved have not been identified but may include
the commonly utilized karyopherin (importin) o/g family
that recognizes basic NLSs (Torgerson et al., 1998).

We have little specific information about the NFAT
dephosphorylation/rephosphorylation cycle. Neither the
serine residues that are phosphorylated on endogenous
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NFAT proteins in resting cells nor those that are lost
upon activation have been identified. While the presence
of conserved sequence motifs in the regulatory domain
(Figure 2) suggests regulatory mechanisms common to
all four NFATSs, the low level of sequence identity (~30%)
suggests the existence of unique (perhaps cell type—
specific) regulatory mechanisms as well.

In an attempt to identify phosphoserine residues
whose dephosphorylation might control nuclear import,
NFAT2 and NFAT4 proteins with deletions and serine-
to-alanine mutations in the NFAT regulatory domain
have been tested. These experiments have yielded di-
vergent results (see Figure 2). In NFAT2, mutations in
all four conserved motifs (the serine-rich region and the
SP motifs) were shown to cause nuclear localization
(Beals et al., 1997a, 1997b). For NFAT4, the results were
less consistent: in one study, mutation of two residues
in the serine-rich region of NFAT4 resulted in nuclear
localization (Chow et al., 1997), while in another report,
deletion of the entire serine-rich region rendered the
protein hypersensitive to calcium ionophore, a result
interpreted by the authors as the effect of deleting the
docking site for CK1la, a proposed NFAT kinase (Zhu
et al.,, 1998; see below). The latter study located the
phosphoserine residues responsible for nuclear import
in the first SP motif of NFAT4 (Zhu et al., 1998). While,
overall, the results implicate both the serine-rich region
and the SP motifs in regulating nuclear import, the spe-
cific discrepancies are puzzling given the high degree
of sequence conservation in the NFAT regulatory do-
main and the fact that all four NFATs are regulated by
calcineurin. These discrepancies will need to be re-
solved before pharmacological strategies targeting de-
phosphorylation-regulated nuclear import can be de-
vised.

DNA Binding and Transcriptional Activity (4)

In addition to nuclear import, calcineurin regulates the
DNA binding affinity of NFAT (Park et al., 1995; Shaw et
al., 1995). However, the precise mechanism involved has
not yet been elucidated. For NFAT2, dephosphorylation

The conserved sequence motifs in the NFAT
family are shown as colored boxes and their
consensus sequences are indicated at the
bottom of the figure. Regions involved in reg-
ulating NFAT functions are indicated by thick
bars. Black bars indicate functional regions
that are conserved in multiple NFAT proteins,
while gray bars indicate regions whose func-
tions have been tested only in individual fam-
ily members or whose sequences are poorly
conserved in the NFAT family.

R

SPxxSPxxSPxx[SPxx]xxx[DVE][DVE]
YR[D/E]xxx..[SP]SPxSS[S]xSSxSxxS[D/E]

has been suggested to release a potentially inhibitory
interaction between a serine-rich region in the regulatory
domain and a basic sequence in the DNA binding do-
main (Beals et al., 1997a). Although this interaction was
interpreted as controlling NFAT2 nuclear import, the ba-
sic sequence does not function as a required NLS in
all NFAT proteins (Luo et al., 1996). Thus, it is equally
possible that the interaction regulates DNA binding. If
so, inhibitors targeting this interaction might be useful,
since both interacting regions are conserved in the NFAT
family and this mode of regulation may be common to
all four NFATSs.

Calcineurin activity is continuously needed to main-
tain NFAT in the nucleus in a form with high affinity for
DNA (Loh et al., 1996a, 1996b; Shibasaki et al., 1996;
Timmerman et al., 1996). Two possible scenarios may
be envisioned to explain this result; neither has yet been
tested experimentally. Calcineurin might be needed as
an integral part of the NFAT transcriptional complex to
maintain NFAT in an active and dephosphorylated form,
particularly if DNA-bound NFAT present in active tran-
scriptional complexes is still capable of being inacti-
vated by rephosphorylation. Alternatively, the DNA-
bound, transcriptionally active fraction of NFAT might
not be accessible to calcineurin or nuclear kinases; if
so, the ongoing requirement for calcineurin indicates
that this fraction of NFAT would be in continuous equilib-
rium with free nuclear NFAT. These possibilities are not
mutually exclusive: the detailed structure of NFAT-con-
taining transcriptional complexes is likely to vary de-
pending on the regulatory region involved, and hence
the accessibility of NFAT to modifying enzymes could
be different in each case.

Paradoxically, it has been suggested that calcineurin
activity is not necessary for transcription mediated by
NFAT2 and NFAT4 that have been artificially localized to
the nucleus (Timmerman et al., 1996; Zhu and McKeon,
1999). In both cases, constitutively nuclear mutant pro-
teins were used. The first report showed that constitu-
tively nuclear NFAT2 could be activated with PMA alone
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and concluded on this basis that calcineurin was re-
quired only for nuclear entry (Timmerman et al., 1996).
In direct contrast, the second report showed that consti-
tutively nuclear NFAT4 was not transcriptionally active
in PMA-stimulated cells but could be rendered active by
coexpression of either wild-type, constitutively active
calcineurin or a phosphatase-inactive version (Zhu and
McKeon, 1999). This study also showed that calcineurin
competed with the nuclear export receptor Crm1l for
binding to a nuclear export signal (NES) of NFAT4 and
suggested on this basis that calcineurin promoted the
transcriptional function of NFAT4 by interfering with “fu-
tile shuttling.” This function of calcineurin did not require
calcineurin phosphatase activity. These disparate find-
ings need to be resolved before the role of calcineurin
in regulating NFAT-mediated transcription can be un-
derstood and targeted pharmacologically.

How might dephosphorylation regulate these multiple
functions of NFAT? As shown for the yeast transcription
factor Pho4 (Komeiliand O’Shea 1999), the phosphoryla-
tion status of distinct residues (or clusters of residues)
may control distinct functions of NFAT; alternatively, as
shown for retinoblastoma (Harbour et al., 1999), progres-
sive changes in phosphorylation status may induce pro-
gressive changes in the overall conformation of NFAT.
A final possibility is that the phosphorylated form of
the NFAT regulatory domain possesses a repressive
(masking) function, which is relieved by calcineurin-
mediated dephosphorylation. By analogy with the estro-
gen receptor and other steroid hormone receptors,
which repress the accessibility or function of adjacent
protein domains in their unliganded form but lose this
repressive activity following ligand binding, the postu-
lated changes in the repressive function of the NFAT
regulatory domain may be mediated by differential inter-
actions of its phosphorylated and dephosphorylated
forms with chaperones (Rutherford and Zuker, 1994).

Do posttranslational modifications of NFAT contribute
to transcriptional activation? The transcriptional activity
of NFAT is enhanced by binding to the nuclear coactiva-
tors p300 and CBP (Garcia-Rodriguez and Rao, 1998;
Avots et al., 1999). The fraction of NFAT that is bound
to p300 in the nucleus shows an altered mobility in SDS
gels (Garcia-Rodriguez and Rao, 1998), suggesting that
it might be posttranslationally modified by phosphoryla-
tion or acetylation. It is not known whether these (or
other) modifications are required for transcriptional
function. If so, inhibition of the relevant nuclear modi-
fying enzymes would be another way of suppressing
NFAT activity, particularly if the enzymes were specific
for NFAT. By analogy with calcineurin, however, even
nonselective enzymes might be good targets for inhibi-
tion if they possessed a sufficiently limited range of
potential substrates.

DNA Binding and Interactions

with Partner Proteins (5)

In the nucleus, NFAT binds to regulatory regions of its
target genes. Optimal binding and transcriptional activa-
tion requires its incorporation into functional enhanceo-
some complexes, a process facilitated by cooperative
binding with other transcription factors to DNA. A well-
characterized cooperative interaction is that between

NFAT and AP-1 (Fos/Jun) (Chen et al., 1998a). This inter-
action occurs on composite DNA sites of specific struc-
ture and spacing, and the residues involved in the inter-
action are conserved in all NFATs. The highly conserved
E’F loop of NFAT, which makes major contacts with Jun
and DNA, is supported by a small hydrophobic patch
that contains Phe473. Compounds that target the E'F
loop or the hydrophobic pocket may selectively inhibit
gene expression controlled by NFAT/Fos/Jun com-
plexes.

GATA proteins constitute another common category
of nuclear partners for NFAT. GATA2-NFAT2 interaction
was suggested based on coimmunoprecipitation of
these two proteins and their coexpression in nuclei of
differentiating myoblasts (Musaro et al., 1999), whereas
GATA4-NFAT3 interaction was observed in a yeast two-
hybrid assay (Molkentin et al., 1998). Interactions involv-
ing GATA3 and NFAT have not yet been demonstrated,
but GATA3 and NFAT are both implicated in IL-5 gene
transcription (Rao et al., 1997; Zhang et al., 1997, 1999),
and targeting this interaction may be an effective way
of selectively inhibiting eosinophil function in atopy. It
is not clear whether NFAT-GATA interactions, like the
NFAT-AP-1 interaction, involve conserved regions in
NFAT and GATA proteins, such that any NFAT protein
could potentially interact with any GATA protein if ex-
pressed in the same cell type at the same developmental
stage. Alternatively, NFAT-GATA interactions could be
constrained to individual members of the NFAT and
GATA families, offering the possibility of selectively in-
hibiting particular classes of target genes.

Nuclear Export (6)

Rephosphorylation of NFAT is accompanied by its nu-
clear export. Again, studies with NFAT2 and NFAT4 have
yielded somewhat discordant results. A nuclear export
signal (NES) identified near the C terminus of the NFAT2
regulatory domain is fairly well conserved in NFAT1 but
poorly conserved in NFAT3 and NFAT4; likewise, an NES
localized at the N terminus of NFAT4 is poorly conserved
in NFAT1, 2, and 3 (Figure 2). The export receptor for
NFAT has been identified as Crm1 (Kehlenbach et al.,
1998; Zhu and McKeon, 1999) based in part on the ability
of the Crm1-binding compound leptomycin B to inhibit
NFAT nuclear export. Since Crml is involved in the nu-
clear export of multiple substrates (Pemberton et al.,
1998), it may not be useful to devise pharmacological
strategies that target this export receptor. It should be
borne in mind, however, that the import and export re-
ceptors used in vivo may differ from those identified ex-
perimentally. The interferon-induced transcription factor
Statl uses a specialized import receptor in an unusual
mode of nuclear import (Sekimoto et al., 1997); likewise,
the yeast transcription factor Pho4, which specifically
regulates phosphate metabolism, uses dedicated im-
port and export receptors (Komeili and O’Shea, 1999).
NFAT Kinases: Inactivation by Rephosphorylation (7)
It is not yet clear whether NFAT rephosphorylation is
mediated by the same constitutively active kinases that
maintain it in its inactive state in resting cells. The sub-
cellular distribution of such kinases is an important
point: they would need to be located in the nucleus to
inactivate previously activated NFAT, and in the cyto-
plasm to maintain NFAT inits inactive form. Alternatively,
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NFAT may be inactivated by inducible kinases that be-
come activated and are present in the nucleus in stimu-
lated cells. These possibilities are not mutually ex-
clusive.

A total of four candidate NFAT kinases—two constitu-
tive and two inducible—have been identified to date
(see Figure 2). (i) Glycogen synthase kinase-3 (GSK-3),
which is constitutively active in differentiated cells but
is the target of the Wnt signaling pathway during devel-
opment (Wodarz and Nusse, 1998), phosphorylates the
conserved SP motifs of NFAT2 and promotes its nuclear
export when overexpressed (Beals et al., 1997b). GSK-3
has also been shown to phosphorylate NFAT3 and ac-
celerate its nuclear export (Graef et al., 1999). For both
NFAT2 and NFATS3, the extent of potentiation of nuclear
export is approximately 3- to 4-fold. GSK-3 requires
a priming kinase, and protein kinase A (which is not
constitutively active) can fulfill this function in vitro, al-
though it does not appear to be the priming kinase in
vivo. Lithium, which inhibits several cellular enzymes
including GSK3, slowed by 2- to 3-fold the nuclear ex-
port of NFAT2 (Klemm et al., 1997; Kehlenbach et al.,
1998), apparently by inhibiting the release of NFAT2
from DNA (Kehlenbach et al., 1998). (ii) Casein kinase
la (CKla) has been reported to be a major regulatory
kinase for NFAT4 (Zhu et al., 1998). Like GSK-3, CKla
is constitutively active in resting cells. Overexpressed
CK1la slows, while kinase-inactive CK1a promotes, the
nuclear import of NFAT4. CK1la binds to a site in the
serine-rich region of NFAT4 that is not fully conserved
in the other NFATs but phosphorylates conserved resi-
dues in the adjacent first SP motif. Thus, it remains to
be determined whether CK1a uniquely regulates NFAT4
or is a common kinase for all members of the NFAT
family. (iii) The MAP kinase kinase kinase MEKK1 has
been proposed to mediate the suppressive effects of
serum on NFAT dephosphorylation and nuclear translo-
cation in cultured cells (Zhu et al., 1998). MEKK1 does
not phosphorylate NFAT4 directly but rather enhances
its association with CK1« in stimulated cells, perhaps by
acting via an intermediate kinase. (iv) The Jun N-terminal
kinase JNK2, a stress-activated MAP kinase that is acti-
vated in cells exposed to UV or osmotic shock, has been
reported to inhibit the nuclear accumulation of NFAT4
but not of other NFAT proteins (Chow et al., 1997). This
result contradicts a second report that found no effect
for the very similar enzyme JNK1 (Zhu et al., 1998). How-
ever, T cells from JNK1-deficient mice showed in-
creased nuclear accumulation of NFAT2 (but not NFAT1)
after stimulation, suggesting a selective role—direct or
indirect—for JNK1 in regulating NFAT2 (Dong et al.,
1998). These discrepancies need to be resolved.

In light of these data, it will be important to establish
whether NFAT rephosphorylation and inactivation is pri-
marily regulated by a common kinase capable of phos-
phorylating all NFATSs or by specific kinases that act on
individual NFATs. Unfortunately, the candidate kinases
have in most cases been tested only with single NFAT
proteins under conditions of significant overexpression
of both the kinase and NFAT. Compounds that target
NFAT kinases are likely to be useful immunomodulatory
agents once the questions of inducible versus constitu-
tive kinases and specific versus common mechanisms
of rephosphorylation are resolved. Activation of an in-
ducible kinase would render NFAT inactive by releasing

it from DNA and favoring its nuclear export, while sup-
pression of either constitutive or inducible kinases
would prolong NFAT activation by potentiating the effect
of calcineurin.

Summary

In summary, several features of NFAT regulation are
promising in terms of immunosuppressive strategies.
(i) Although capacitative calcium entry is a mechanism
common to all cells, it may be regulated in part by cell
type-specific mechanisms. Inhibitors that target such
mechanisms could be useful given the immunodefi-
ciency phenotype discussed above. (ii) In light of the
potentinhibitory effects of PxIxIT-based peptides in cul-
tured cells, the NFAT-calcineurin interaction is a valid
and attractive target for immunosuppressive drugs. (iii)
Hyperactivation of NFAT kinases required for nuclear
export would be expected to depress the immune re-
sponse. Unfortunately, the known candidates have bio-
logical activities ranging well beyond NFAT and may not
be suitable pharmacological targets: dedicated NFAT
kinases or nonselective kinases with a more limited
range of substrates are preferable if they exist. Also,
more information is needed as to whether NFAT inactiva-
tion is mediated by kinases that target all NFATs in
common or are specialized to act on individual NFATSs.
(iv) It seems worthwhile to explore whether NFAT is
activated by posttranslational modifications in the nu-
cleus, since the enzymes involved would be highly at-
tractive targets, especially if they were specific for one
or more NFATSs. (v) Targeting the interaction of NFAT
with nuclear partner proteins such as Fos/Jun and GATA
and nuclear coactivators such as p300 and CBP is also
an interesting option, since specialized regions of inter-
action will be used.

Would NFAT Inhibitors Be as Immunosuppressive

as CsA or FK506?

On the plus side of this equation, NFAT is known to
regulate a large number of genes required for immune
function, and impairment of NFAT activation correlates
strongly with severe immune deficiency. On the minus
side, calcineurin regulates several transcription factors
other than NFAT, which undoubtedly contribute to the
immune response, and certain cellular effects of CsA
and FK506 do not involve either calcineurin or NFAT.
Finally, the cytokine TGFB has been suggested to medi-
ate both immunosuppressive and other effects of CsA
and FK506. These aspects are discussed individually
below (Figure 3).

NFAT Regulates a Plethora of Genes Essential

for Immune Function

NFAT is thought to regulate a large number of target
genes expressed by activated immune cells, including
the cytokine genes IL-2, IL-3, IL-4, IL-5, IL-8, IL-13, GM-
CSF, and IFNv; the cell surface receptors CD40L, FasL,
and IL-2Ra (CD25) and the transcription factor EGR3 in
T cells; CD5 and Igk in B cells; IL-4, IL-5, and TNF« in
mast cells; and TNFa and GM-CSF in NK cells (reviewed
in Rao et al., 1997; for recent work see Latinis et al.,
1997; Berland and Wortis, 1998; Mages et al., 1998;
Meyer and Ireland, 1998; Schuh et al., 1998a; Cron et
al., 1999). Expression of these genes meets three or
more of the following criteria for involvement of NFAT:
(i) the genes are induced by signals that include calcium
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Figure 3. Multiple Pathways May Contribute to Immunosuppression
Mediated by CsA and FK506

A major component of the immunosuppressive effects of CsA and
FK506 is the inhibition of calcineurin and its substrate NFAT (heavy
arrows). However, immunosuppression may also be effected
through inhibition of other calcineurin substrates or through in-
creases in TGFR levels. Itis not yet known whether TGF production
in response to CsA/FK506 is mediated through calcineurin or NFAT.

entry; (ii) their expression by activated cells is inhibited
by CsA; (iii) their promoter/enhancer regions contain
specific binding sites for NFAT; (iv) in transient transfec-
tion assays, NFAT augments reporter activity driven by
these promoter/enhancer regions; and (v) when intro-
duced into the reporter plasmid, mutations in the NFAT
binding sites of the promoter/enhancer regions abolish
(or significantly diminish) reporter activity. The expres-
sion of many of these same genes (IL-2, IL-3, IL-13, GM-
CSF, TNFa, MIP-1a) in T cells was inhibited by expres-
sion of a selective NFAT inhibitor, a high-affinity PxIxIT
peptide (Aramburu et al., 1999). In contrast, the PxIXIT
peptide did not affect the induction of other CsA-sensi-
tive genes such as lymphotoxin-g or TNFB, which do
not fit the other criteria for involvement of NFAT.
Impairment of NFAT Activation Correlates

with Immune Deficiency

At least four cases of severe immunodeficiency have
been correlated with a marked impairment in the activa-
tion of NFAT (Castigli et al., 1993; Le Deist et al., 1995;
Feske et al., 1996). The patients, who originated in three
independent families, presented as infants with re-
peated infections and failure to thrive. In each case their
phenotype was traced to a syndrome of multiple cyto-
kine deficiency. T cells from these patients were unable
to generate functional NFAT complexes but activated
other transcription factors normally, and cytokine ex-
pression was profoundly impaired. The affected genes
(IL-2, IL-3, IL-4, IL-5, TNFa, and IFNvy) are all potential
NFAT target genes based on the criteria discussed
above.

Calcineurin Regulates Many Processes

and Transcription Factors

in Addition to NFAT

As befits a highly conserved and ubiquitous enzyme,
calcineurin participates in many calcium-dependent
processes and has many substrates other than NFAT
(Aramburu et al., 2000). Some of these involve signaling

enzymes and transcription factors that are likely to con-
tribute to gene expression in activated immune cells
(Figure 3). (i) Calcineurin directly dephosphorylates and
inactivates the transcription factor Elk-1, a target of MAP
kinase pathways that regulates c-Fos gene transcription
(Sugimoto et al., 1997, 1998). (ii) Calcineurin regulates
NFkB activity in T cells, where it is implicated in kB
kinase (IKK) activation, IkB degradation, and nuclear
appearance of NFkB p50, c-Rel, and RelA (Marienfeld
etal., 1997; Trushin etal., 1999). (iii) Calcineurin indirectly
modulates the activity of the transcription factor CREB
(Shaywitz and Greenberg, 1999). (iv) Calcineurin cooper-
ates with PKC-6 to activate JNK, which phosphorylates
and activates the transcription factors c-Jun and ATF-2
(Werlen et al., 1998). (v) Calcineurin and JNK kinases
synergistically stablize IL-2 and IL-3 mRNAs in T cells
and mast cells respectively; CsA inhibits this stabiliza-
tion, a feature that may contribute to its immunosup-
pressive effects (Chen et al., 1998b; Ming et al., 1998).
NFAT-based inhibitors would not be expected to target
these diverse processes in immune cells and so might
be less immunosuppressive than CsA and FK506.
Certain Cellular Effects of CsA and FK506 May Not
Involve Calcineurin or NFAT

CsA and/or FK506 influence the activity of certain tran-
scription factors in a manner independent of calcineurin
(Aramburu et al., 2000). The cyclophilin Cyp-40 binds
c-Myb and inhibits its DNA binding; this effect requires
the peptidyl-prolyl isomerase activity of Cyp-40 and is
blocked by CsA (Leverson and Ness, 1998). In transient
reporter assays, CsA and FK506 also markedly potenti-
ated transcription driven by ligand-activated glucocorti-
coid receptors (Renoir et al., 1995). When analogs of
CsA and FK506 were tested, potentiation did not corre-
late either with calcineurin inhibition or with inhibition
of the peptidyl-prolyl isomerase activities of cyclophilins
and FK506-binding proteins (FKBPs). Rather, the com-
pounds were suggested to influence the function of glu-
cocorticoid receptor-containing complexes indirectly
via binding to cyclophilin-40 and FKBP59 chaperone
proteins present in the complexes (Rutherford and
Zuker, 1994; Renoir et al., 1995). Again, NFAT-based
inhibitors would not be expected to exhibit these func-
tions in immune cells.

CsA and FK506 Augment TGFB Production

Some of the immunosuppressive effects of CsA and
FK506 have been attributed to their ability to induce
TGFB, a potentimmunosuppressive cytokine, in various
cell types (Suthanthiran et al., 1996). The effects are
modest and somewhat variable but likely to be biologi-
cally significant. Stimulation of human peripheral blood
T cells resulted in 1.5- to 4-fold increases in expression
of TGFB mMRNA and protein; supplementation of the cul-
tures with CsA or FK506 augmented this increase by a
further 1.5- to 5-fold (Lietal., 1991; Khannaetal., 1999b).
Increased TGFB levels were also reported in CsA-treated
patients awaiting renal transplantation (Shin et al., 1998),
although these results have been questioned (Hughes
et al., 1999).

It remains to be determined whether the effects of
CsA on TGFB production are mediated through cal-
cineurin and/or NFAT. Treatment of T cells or non-
lymphoid cell lines with drug alone, in the absence of
stimulation, caused a significant increase in TGFB pro-
duction, suggesting a calcineurin-independent mecha-
nism operating in resting cells (Liet al., 1991; Khanna et al.,
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1999b). However, these results do not exclude additional
calcineurin-dependent mechanisms in stimulated cells
whereby CsA and FK506 counteract potential negative
effects of calcineurin and/or NFAT on TGFB expression
or gene transcription. Clearly, further experiments are
needed. Note that TGFB has also been implicated in
some severe side effects of CsA and FK506—nephro-
toxicity, hypertension, fibrosis, and tumor invasiveness
(Pascual et al., 1998; Hojo et al., 1999; Khanna et al.,
1999a, 1999b).

Summary

In summary, NFAT seems likely to be a major target
of CsA/FK506-induced immunosuppression given the
severe phenotype of immunodeficiency patients im-
paired for NFAT activation and the large number of im-
mune genes that NFAT controls. However, some of the
immunosuppression produced by CsA and FK506 could
be mediated through TGFB, through calcineurin sub-
strates other than NFAT, or through various calcineurin-
independent processes. To resolve this issue, it will be
necessary to compare directly the immunosuppressive
effects of selective NFAT inhibitors (e.g., PxIxIT-based
peptides) with those of CsA and FK506 in animal models
of immunosuppression.

Would NFAT Inhibitors Lack the Toxic Side Effects
of CsA and FK506?

The most common side effects of CsA and FK506 (Figure
4) are nephrotoxicity, neurotoxicity (usually manifest as
seizures), tremor, insomnia, and headache; impaired
glucose metabolism (hyperglycemia, diabetes); infec-
tions; gastrointestinal disturbances; and hypertension

is based on studies of CsA/FK506 toxicity in
humans, while most data on NFAT expression
and function (right) are derived from studies
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(U.S. Multicenter FK506 study group, 1994; Mayer et al.,
1997). The nephrotoxicity occurs in two phases: an early
phase characterized by vasoconstriction and decreased
glomerular filtration rate, which progresses to interstitial
tubular fibrosis, glomerular sclerosis, widespread vas-
cular damage, and loss of functional nephrons (Myers,
1986; Pascual et al., 1998). CsA or FK506 treatment is
also associated with an increased incidence of lympho-
mas and other malignancies, although this may be a
general feature of long-term immunosuppression (Lon-
don et al., 1995; Penn, 1987). TGFB produced in re-
sponse to CsA/FK506 treatment is reported to cause
increased tumor invasiveness (Hojo et al., 1999). The
molecular mechanisms underlying these diverse side
effects are poorly understood. While some of them are
likely due to calcineurin inhibition, reflecting the ubiqui-
tous tissue distribution of calcineurin and its wide range
of substrates, others have been suggested to be inde-
pendent of calcineurin. Below we outline the arguments
for involvement or noninvolvement of calcineurin in CsA/
FK506-induced toxicity, bearing in mind that these two
scenarios are not mutually exclusive.
Calcineurin-Dependent Toxicity

The best evidence in favor of calcineurin involvement
is that CsA and FK506 produce essentially the same
spectrum of toxic effects (US Multicenter FK506 study
group, 1994; Mayer et al., 1997). This observation points
strongly to their common target calcineurin rather than
to their immunophilin receptors, which are distinct. In-
deed, early studies with a panel of CsA and FK506 ana-
logs indicated that immunosuppression and nephrotox-
icity could not readily be separated: both effects
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correlated with inhibition of calcineurin but not peptidyl-
prolyl isomerase activity, and all the nonimmunosup-
pressive analogs tested lacked nephrotoxic effects in
rodent and canine models (Sigal et al., 1991; Dumont et
al., 1992).

Calcineurin, with its wealth of substrates, and NFAT,
with its many potential target genes in nonimmune cells,
could both play a role in CsA/FK506-induced toxicity
(Figure 4). Calcineurin maintains cell function in multiple
ways: it modulates Ca?* responses by regulating inositol
trisphosphate (IP3) receptors, ryanodine receptors, NMDA
receptors, and L-type Ca?" channels; regulates neu-
ronal, vascular, and smooth muscle function through
effects on nitric oxide (NO) synthases; regulates cellular
ion homeostasis through effects on Na*/K* channels;
affects vesicle recycling and neurotransmitter release
through amphiphysin and dynamin; and regulates cy-
toskeletal functions through the microtubule-associated
protein T (Drewes et al., 1993; Christopherson and Bredt,
1997; Snyder et al., 1998; Aramburu et al., 2000). It is
plausible that long-term interference with these activi-
ties would have an impact on the proper functioning of
organs such as the kidney, which plays a preeminent
role in ion homeostasis, or brain and muscle, which are
tightly regulated by Ca*" and membrane polarization
(Figure 4). Likewise, NFAT and other calcineurin-depen-
dent transcription factors could regulate the expression
of proteins important for the normal function of those
organs in which toxicity is observed. Indeed, as sug-
gested for both NFAT2 and for the IP3 receptor, certain
proteins that are posttranslationally regulated by cal-
cineurin could at the same time be transcriptional tar-
gets for NFAT (Northrop et al., 1994; Snyder et al., 1998;
Graef et al., 1999).

Calcineurin-Independent Toxicity

A large number of the toxic effects of CsA and FK506
have been suggested to be independent of calcineurin.
However, this may simply reflect the complex nature of
the damage, which even in the case of a single organ
may be due to many underlying processes. Thus, dys-
regulation of calcineurin substrates may initiate but may
not be involved in maintaining the sequence of events
that leads to clinically apparent organ damage. It should
also be borne in mind that the molecular processes
thought to underlie toxicity have typically been studied
in cultured cells, and their relevance to the damage
occurring in vivo is not always apparent.

To illustrate, the early renal vasoconstriction associ-
ated with CsA treatment has been related to the ability
of this drug to potentiate Ca2?* influx in cultured vascular
smooth cells stimulated with vasoconstrictor hormones
such as angiotensin Il (Lo Russo et al., 1996; Avdonin
et al., 1999). This response was not immediate but re-
quired 20 hr of treatment with high doses of CsA. In
cell culture, the effect was at least partially calcineurin
independent, since CsA analogs that do not inhibit cal-
cineurin, such as CsH, had similar but lesser effects.
However the cell culture findings did not correlate with
nephrotoxic potential in vivo, since FK520, a potent im-
munosuppressant that is at least as toxic as CsA, did
not have the same effects. Thus, while calcineurin-inde-
pendent potentiation of calcium influx might contribute
to the renal damage induced by CsA in vivo, it does not
account for the very similar damage induced by FK506.

The later phases of vascular damage in the kidney,
characterized by fibrosis, microangiopathy, and thick-
ening of vessel walls, have been attributed to TGFR, a
cytokine believed to play a major role in CsA- and FK506-
induced nephrotoxicity (Myers, 1986; Pascual et al.,
1998). Mice treated with CsA showed increased TGF@
levels in the serum; increased renal expression of TGFf,
collagen and fibronectin mRNAs; and early histopatho-
logical changes in the kidney (Khanna et al., 1999a).
These effects were all diminished by concurrent admin-
istration of anti-TGFB antibody. As discussed in a previ-
ous section, it is unclear whether TGFB production is
mediated via calcineurin or NFAT.

Summary

In summary, it is unclear exactly what fraction of the
toxic effects of CsA and FK506 are mediated through
NFAT. However, NFAT-based immunosuppressants might
be predicted to have fewer and less severe side effects
than CsA or FK506. This prediction could be tested
experimentally in animal models by comparing the toxic
side effects of selective NFAT inhibitors (such as PxIxIT-
based peptides) with those of CsA/FK506.

Would NFAT Inhibitors Have Unexpected Side
Effects in Immune or Nonimmune Cells?

In this section, we consider the possibility that NFAT
inhibitors would have side effects that could not have
been predicted from our knowledge of CsA/FK506 toxic-
ity. We briefly review the available information, obtained
from targeted gene disruption, on the specific roles of
individual NFAT proteins in immune and nonimmune
cells (for a more extensive review see Viola and Rao,
1999). It has been suggested that nonimmune cells are
relatively more resistant to CsA and FK506 than cells of
the immune system because they express higher levels
of calcineurin (Crabtree, 1999); if so, compounds that
directly targeted NFAT would be more effective than the
calcineurin inhibitors CsA and FK506 at inhibiting NFAT
functions in nonimmune cells. If this were the case, un-
expected side effects might be observed.

Immune Phenotypes of NFAT-Deficient Mice

To date, the phenotypes of knockout mice lacking
NFAT1, NFAT2, NFAT4, and a double mutant lacking
NFAT1 and NFAT4 have been reported. Mutant mice
lacking individual NFAT family members show remark-
ably mild immune phenotypes, possibly because of their
redundant expression in immune cell types (Table 1).
Specifically, T cells deficient in NFAT2 show variable (2-
to 10-fold) impairment of IL-4 production, while T cells
lacking NFAT1 tend to hyperproduce IL-4 (Hodge et al.,
1996; Kiani et al., 1997; Ranger et al., 1998b; Yoshida et
al., 1998). As a result, NFAT1~/~ mice display enhanced
allergic reactions and increased susceptibility to Leish-
mania infection in vivo (Hodge et al., 1996; Xanthoudakis
et al., 1996; Kiani et al., 1997; Viola et al., 1998). NFAT4-
deficient mice show a minor defect in thymocyte selec-
tion and no abnormality in cytokine production (Oukka
et al., 1998). Surprisingly, however, the mild Th2 bias of
NFAT1~/~ mice is dramatically enhanced in mice lacking
both NFAT1 and NFAT4, which suffer from severe spon-
taneous allergic reactions manifested as allergic blepha-
ritis, interstitial pneumonitis, and massive infiltration of
lymphoid organs with mast cells and eosinophils (Ranger
et al., 1998c).
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T cells lacking NFAT2 also display mild defects in
activation and proliferation (Ranger et al., 1998b; Yo-
shida et al., 1998), whereas T cells lacking NFAT1 or
NFAT4 (especially those obtained from older mice) ap-
pear preactivated or hyperactivated compared to wild-
type T cells (Oukka et al., 1998; Schuh et al., 1998b).
Again, this phenotype is exacerbated in mice doubly
deficient for NFAT1 and NFATA4: T cells from these mice
show massive hyperactivation, and the mice spontane-
ously develop severe splenomegaly and lymphadenop-
athy (Ranger et al., 1998c).

While the mechanism underlying these effects is still
not understood at a molecular level, it is likely that all
three NFAT proteins activate T cell proliferation and IL-4
expression, but only NFAT1 and NFAT4 are able to
induce negative-regulatory feedback mechanisms that
blunt proliferation and the late phase of IL-4 gene tran-
scription (Kiani et al., 1997). According to this model,
cells lacking NFAT1 and NFAT4 have completely lost the
feedback inhibitory mechanism but retain the positive
function of NFAT2. As a result, these cells become mas-
sively hyperactivated and show an unusually prolonged
production of IL-4. In contrast, cells lacking NFAT2 are
mildly suppressed with respect to proliferation and IL-4
production, presumably because the positive effects of
NFAT1 and NFAT4 are counteracted by the relative in-
crease in their combined negative feedback effects.

The nature of this postulated negative feedback
mechanism remains to be understood, since the inhibi-
tory gene products have not been identified. Conceiv-
ably, these gene products could interfere with any step
of the signaling pathway leading to proliferation/IL-4
gene expression, including any of the steps of NFAT
activation itself (e.g., capacitative calcium entry, cal-
cineurin activity, nuclear localization, etc.). In an extreme
scenario, inhibition could be due to a late modification
of NFAT1/NFAT4 by an inducible enzyme, a process
which might convert these proteins from transcriptional
activators in the early stages to DNA-bound transcrip-
tional repressors in the late stage of the response. In
any case, agents that interfere with NFAT function would
be expected to inhibit not only the positive but also any
negative effects of NFAT proteins and so might have
complex effects on the immune response.

Functions of NFAT in Nonimmune Cells

There is much evidence for NFAT expression and func-
tion in cells outside the immune system. NFAT2-defi-
cient mice die in utero because of defects in the morpho-
genesis of cardiac valves, thus demonstrating a vital
role for this protein in a limited subset of cells during a
very limited period of heart development (de la Pompa
et al.,, 1998; Ranger et al., 1998a). Overexpression of
either a constitutively nuclear form of the nonlymphoid
family member NFAT3 or an activated form of calcineurin
resulted in the development of cardiac hypertrophy in
transgenic mice (Molkentin et al., 1998). The “classical”
criteria noted previously have been used to implicate
NFAT in expression of the b-natriuretic peptide gene in
cardiomyocytes; the aP2 gene in adipocytes; the IL-3,
GM-CSF, and tissue factor genes in endothelial cells;
the glucagon gene in pancreatic islet cells; and the vaso-
active intestinal peptide gene in neuroblastoma cells
(Cockerill et al., 1995; Ho et al., 1998; Molkentin et al.,

1998; Symes et al., 1998; Armesilla et al., 1999; Furs-
tenau et al., 1999). NFAT1 is expressed in the olfactory
bulb and shows limited expression in other areas of
the nervous system (Ho et al., 1994), while NFAT3 is
expressed in hippocampal neurons, where it can medi-
ate transactivation of an NFAT-dependent reporter gene
in response to depolarization (Graef et al., 1999). Regu-
lated expression and activation of NFAT proteins has
also been reported in skeletal muscle cells, vascular
smooth muscle cells, and a microglial cell line (Abbott
et al., 1998; Boss et al., 1998; Chin et al., 1998; Ferrari
et al., 1999; Musaro et al., 1999; Semsarian et al., 1999).
Summary

NFAT is clearly important in many cell types outside the
immune system, and its crucial role in cardiac valve
development would restrict the use of NFAT inhibitors
during pregnancy. In adults, however, the role of NFAT
may be modulatory rather than essential, and chronic
administration of NFAT inhibitors may be relatively in-
nocuous in a variety of conditions that call for immuno-
suppression. Again, these predictions need to be tested
in appropriate animal models.

Looking Forward: Will NFAT-Based
Immunosuppression Play a Role
in the Future?
The most compelling argument in favor of NFAT-based
immunosuppression is that the clinically valuable immu-
nosuppressants CsA and FK506 are already known to
interfere with NFAT activation. As outlined at the end of
the section on NFAT regulation, several features of NFAT
regulation are promising in terms of immunosuppressive
strategies. A good immunosuppressive agent will com-
bine efficacy with specificity, but specificity does not
necessarily require the existence of regulatory proteins,
which are unique for NFAT. As exemplified by PxIxIT-
based peptides for the NFAT-calcineurin interaction,
even abundant proteins (such as kinases, components
of the nuclear import and export machinery, or nuclear
partner proteins and cofactors) may be targeted, as long
as the interaction is relatively selective for NFAT and
amenable to pharmacological interference.
What Is the Likelihood that NFAT Inhibition Would
Have Undesired Side Effects?
This is an area in dire need of more specific information.
As discussed in previous sections, the contribution of
NFAT to CsA and FK506 toxicity is not known. However,
patients treated with CsA or FK506 do not develop mus-
cle dysfunction as a result of NFAT2 inhibition nor mem-
ory loss as a result of hippocampal NFAT3 inhibition.
Likewise, the immunodeficiency patients in which all
NFAT activation is impaired do not display the pheno-
types of knockout mice lacking individual or multiple
NFAT proteins, nor do they show features associated
with CsA or FK506 toxicity. This is encouraging, because
it suggests that the side effects of CsA and FK506 are
unrelated to NFAT inhibition in nonimmune cells.
There are two possibilities to explain these findings.
One is that CsA and FK506 simply do not inhibit NFAT
effectively in nonimmune cells, perhaps because nonim-
mune cells express higher levels of calcineurin than cells
of the immune system. If so, one would have to take
seriously the possibility that direct inhibitors of NFAT
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function would have a different spectrum of side effects
from those of the calcineurin inhibitors CsA and FK506.
In contrast if CsA and FK506 inhibit NFAT function as
effectively in nonimmune cells as in immune cells, the
implication would be that NFAT inhibition does not con-
tribute in any major way to the side effects of these
drugs. This would in turn imply that NFAT plays a modu-
latory rather than a critical role in non-immune cell types.
Clearly, these possibilities could be resolved by directly
comparing the extent of NFAT inhibition in immune and
nonimmune cells of CsA/FK506-treated animals.

Although PxIxIT-based peptides are not cell permeant
and therefore cannot be used directly as pharmacologi-
cal agents in vivo, they are likely to be useful tools
with which to evaluate both the utility and the potential
toxicity of selective NFAT inhibition. Transgenic mice
expressing these peptides in different tissues under in-
ducible control may be used to test whether NFAT inhibi-
tors are sufficiently immunosuppressive in vivo, whether
they lack the toxicity of CsA and FK506, and whether
they have unexpected side expects of their own. Indeed,
a transgenic mouse has been generated that expresses
a “dominant-negative” NFAT, whose effectiveness is at
least partly due to inhibition of NFAT-calcineurin binding
(Chow et al., 1999). This mouse expresses 2-fold lower
levels of IL-2 in response to T cell stimulation but has
not been reported to show other behavioral or functional
deficits.

How Do the Predicted Features of NFAT

Inhibitors Compare with Those of “Ideal”
Immunosuppressive Drugs?

Prospectively, inhibitors specific for NFAT may be envi-
sioned as powerful immunosuppressants with the po-
tential to replace drugs such as CsA or FK506 in clinical
practice. However, like CsA and FK506, NFAT inhibitors
will suffer from certain intrinsic limitations. For example,
NFAT inhibitors will most likely resemble CsA and FK506
in having only minimal effects on expression of proin-
flammatory cytokines by monocytes and macrophages;
thus, they will still need to be combined with glucocorti-
coids (which suppress AP-1- and NFkB-dependent
pathways [Auphan et al., 1995; Scheinman et al., 1995]);
or other anti-inflammatory drugs in many clinical situa-
tions.

“Classical” immunosuppressive agents such as glu-
cocorticoids, CsA, or FK506 have two other important
drawbacks. First, they cannot distinguish between “good”
(protective) and “bad” (destructive) immune responses
directed against infectious pathogens or tumor cells ver-
sus self-antigens, respectively. In consequence, patients
who are chronically treated with classical immunosup-
pressive agents tend to develop opportunistic infections
and secondary tumors. Second, classical immunosup-
pressants do not generate “memory,” which means that
they have to be administered for long, sometimes life-
long, periods. In attempts to overcome these limitations,
new immunosuppressive strategies involving blockade
of costimulatory pathways and induction of anergy in
antigen-specific lymphocytes are being tested (Gud-
mundsdottir and Turka, 1999) and are expected to com-
plement classical immunosuppressive regimens in the
future.

Might It Be Useful to Develop Inhibitors

of Individual NFAT Proteins?

While the idea of targeting individual NFAT proteins is
attractive, current data suggest that this approach might
be more deleterious in terms of immunosuppression
than simply targeting all NFAT proteins. Balanced elimi-
nation of all NFAT function (as in the immunodeficient
patients) correlates with severe suppression of immune
function, while elimination of individual NFAT proteins
produces biologically significant biases in the immune
response (Table 1). The surprising inference from these
experiments is that individual NFATs in immune cells
have largely redundant positive functions but their feed-
back effects are nonredundant. Nevertheless, “skew-
ing” or “redirecting” of the immune response rather than
simple “immunosuppression” is a fascinating potential
extension of an NFAT-based targeting approach, as is
targeting of individual NFAT proteins in nonimmune
cells. Clinical situations where inhibition of an individual
family member may be useful include allergic asthma
(NFAT2) and cardiac hypertrophy (NFAT3). The develop-
ment of such specific inhibitors will require a greater
appreciation of shared versus unique regulatory mecha-
nisms, and shared versus unique functions, of individual
NFAT proteins within and outside the immune system.

Acknowledgments

We thank Patrick Hogan, Jugnu Jain, and Cristina Lopez-Rodriguez
for helpful discussions and critical reading of the manuscript. This
work was supported by the National Institutes of Health (A. R.), the
Deutsche Forschungsgemeinschaft (A. K.), and the Arthritis Founda-
tion (J. A). A. R. was a Stohlman Scholar of the Leukemia Society
of America.

References

Abbott, K.L., Friday, B.B., Thaloor, D., Murphy, T.J., and Pavlath,
G.K. (1998). Activation and cellular localization of the cyclosporine
A-sensitive transcription factor NF-AT in skeletal muscle cells. Mol.
Biol. Cell 9, 2905-2916.

Aramburu, J., Garcia-Cozar, F., Raghavan, A., Okamura, H., Rao,
A., and Hogan, P.G. (1998). Selective inhibition of NFAT activation
by a peptide spanning the calcineurin targeting site of NFAT. Mol.
Cell 1, 6127-6137.

Aramburu, J., Yaffe, M.B., Lopez-Rodriguez, C., Cantley, L.C., Ho-
gan, P.G., and Rao, A. (1999). Affinity-driven peptide selection of
an NFAT inhibitor more selective than cyclosporin A. Science 285,
2129-2133.

Aramburu, J., Rao, A., and Klee, C. (2000). Calcineurin: regulation
and function. Curr. Top. Cell. Regul. 36, 237-294.

Armesilla, A.L., Lorenzo, E., Gomez del Arco, P., Martinez-Martinez,
S., Alfranca, A., and Redondo, J.M. (1999). Vascular endothelial
growth factor activates nuclear factor of activated T cells in human
endothelial cells: a role for tissue factor gene expression. Mol. Cell.
Biol. 19, 2032-2043.

Auphan, N., DiDonato, J.A., Rosette, C., Helmberg, A., Karin, M.
(1995). Immunosuppression by glucocorticoids: inhibition of NF-
kappa B activity through induction of | kappa B synthesis. Science
270, 286-290.

Avdonin, P.V., Cottet-Marie, F., Afanasjeva, G.V., Loktionova, S.A.,
Lhote, P., and Ruegg, U.T. (1999). Cyclosporine A up-regulates an-
giotensin Il receptors and calcium responses in human vascular
smooth muscle cells. Kidney Intl. 55, 2407-2414.

Avots, A., Buttmann, M., Chuvpilo, S., Escher, C., Smola, U., Bannis-
ter, A.J., Rapp, U.R., Kouzarides, T., and Serfling, E. (1999). CBP/



Immunity
370

p300 integrates Raf/Rac-signaling pathways in the transcriptional
induction of NF-ATc during T cell activation. Immunity 10, 515-524.

Beals, C.R., Clipstone, N.A,, Ho, S.N., and Crabtree, G.R. (1997a).
Nuclear localization of NF-ATc by a calcineurin-dependent,
cyclosporin-sensitive intramolecular interaction. Genes Dev. 11,
824-834.

Beals, C.R., Sheridan, C.M., Turck, C.W., Gardner, P., and Crabtree,
G.R. (1997b). Nuclear export of NF-ATc enhanced by glycogen syn-
thase kinase-3. Science 28, 1930-1934.

Berland, R., and Wortis, H.H. (1998). An NFAT-dependent enhancer
is necessary for anti-lgM-mediated induction of murine CD5 expres-
sion in primary splenic B cells. J. Immunol. 161, 277-285.

Borel, J.F., Feurer, C., Gubler, H.U., and Stahelin, H. (1976). Biologi-
cal effects of cyclosporin A: a new antilymphocytic agent. Agents
Actions 6, 468-475.

Boss, V., Abbott, K.L., Wang, X.-F., Pavlath, G.K., and Murphy, T.J.
(1998). The cyclosporin A-sensitive nuclear factor of activated T
cells (NFAT) proteins are expressed in vascular smooth muscle cells.
J. Biol. Chem. 273, 19664-19671.

Castigli, E., Pahwa, R., Good, R.A., Geha, R.S., and Chatila, T.A.
(1993). Molecular basis of a multiple lymphokine deficiency in a
patient with severe combined immunodeficiency. Proc. Natl. Acad.
Sci. USA 90, 4728-4732.

Chen, L., Glover, J.N.M., Hogan, P.G., Rao, A., and Harrison, S.C.
(1998a). Structure of the DNA-binding domains of NFAT, Fos and
Jun bound to DNA. Nature 392, 42-48.

Chen, C.Y., Del Gatto-Konczak, F., Wu, Z., and Karin M. (1998b).
Stabilization of interleukin-2 mRNA by the c-Jun NH,-terminal kinase
pathway. Science 280, 1945-1949.

Chin, E.R., Olson, E.N., Richardson, J.A., Yang, Q., Humphries, C.,
Shelton, J.M., Wu, H., Zhu, W., Bassel-Duby, R., and Williams, R.S.
(1998). A calcineurin-dependent transcriptional pathway controls
skeletal muscle fiber type. Genes Dev. 12, 2499-2509.

Chow, C.W., Rincon, M., Cavanagh, J., Dickens, M., and Davis, R.J.
(1997). Nuclear accumulation of NFAT4 opposed by the IJNK signal
transduction pathway. Science 278, 1638-1641.

Chow, C.W., Rincon, M., and Davis, R.J. (1999). Requirement for
transcription factor NFAT in interleukin-2 expression. Mol. Cell. Biol.
19, 2300-2307.

Christopherson, K.S., and Bredt, D.S. (1997). Nitric oxide in excitable
tissues: physiological roles and disease. J. Clin. Invest. 100, 2424—
2429.

Chuvpilo, S., Zimmer, M., Kerstan, A., Glockner, J., Avots, A., Escher,
C., Fischer, C., Inashkina, I., Jankevics, E., Berberich-Siebelt, F.,
et al. (1999). Alternative polyadenylation events contribute to the
induction of NF-ATc in effector cells. Immunity 10, 261-269.

Cockerill, G.W., Bert, A.G., Ryan, G.R., Gamble, J.R., Vadas, M.A.,
and Cockerill, P.N. (1995). Regulation of granulocyte-macrophage
colony-stimulating factor and E-selectin expression in endothelial
cells by cyclosporin A and the T-cell transcription factor NFAT.
Blood 86, 2689-2698.

Crabtree, G.R. (1999). Generic signals and specific outcomes: sig-
naling through Ca?*, calcineurin, and NF-AT. Cell 96, 611-614.
Cron, R.Q., Bort, S.J., Wang, Y., Brunvand, M.W., and Lewis, D.S.
(1999). T cell priming enhances IL-4 gene expression by increasing
nuclear factor of activated T cells. J. Immunol. 162, 860-870.

De la Pompa, J.L., Timmerman, L.A., Takimoto, H., Yoshida, H., Elia,
A.J., Samper, E., Potter, J., Wakeham, A., Marengere, L., Langille,
B.L., etal. (1998). Role of the NF-ATc transcription factor in morpho-
genesis of cardiac valves and septum. Nature 392, 182-186.
Dolmetsch, R.E., Lewis, R.S., Goodnow, C.C., and Healy, J.I. (1997).
Differential activation of transcription factors induced by Ca?* re-
sponse amplitude and duration. Nature 386, 855-858.

Dolmetsch, R.E., Xu, K., and Lewis, R.S. (1998). Calcium oscillations
increase the efficiency and specificity of gene expression. Nature
392, 933-936.

Dong, C., Yang D.D., Wysk, M., Whitmarsh, A.J., Davis, R.J., and
Flavell, R.A. (1998). Defective T cell differentiation in the absence
of Jnk1. Science 282, 2092-2095.

Drewes, G., Mandelkow, E.-M., Baumann, K., Goris, J., Merlevede,

W., and Mandelkow, E. (1993). Dephosphorylation of tau protein
and alzheimer paired helical filaments by calcineurin and phospha-
tase-2A. FEBS Lett. 336, 425-432.

Dumont, F.J., Staruch, M.J., Koprak, S.L., Siekierka, J.J., Lin, C.S.,
Harrison, R., Sewell, T., Kindt, V.M., Beattie, T.R., Wyvratt, M., and
Sigal, N.H. (1992). The immunosuppressive and toxic effects of FK-
506 are mechanistically related: pharmacology of a novel antagonist
of FK-506 and rapamycin. J. Exp. Med. 176, 751-760.

Fanger, C.M., Hoth, M., Crabtree, G.R., and Lewis, R.S. (1995). Char-
acterization of T cell mutants with defects in capacitative calcium
entry: genetic evidence for the physiological roles of CRAC chan-
nels. J. Cell Biol. 131, 655-667.

Ferrari, D., Stroh, C., and Schulze-Osthoff, K. (1999). P2X7/P2Z puri-
noreceptor-mediated activation of transcription factor NFAT in
microglial cells. J. Biol. Chem. 274, 13205-13210.

Feske, S., Muller, J.M., Graf, D., Kroczek, R.A., Drager, R., Niemeyer,
C., Baeuerle, P.A., Peter, H.-H., and Schlesier, M. (1996). Severe
combined immunodeficiency due to defective binding of the nuclear
factor of activated T cells in T lymphocytes of two male siblings.
Eur. J. Immunol. 26, 2119-2126.

Furstenau, U., Schwaninger, M., Blume, R., Jendrusch, E.M., and
Knepel, W. (1999). Characterization of a novel calcium response
element in the glucagon gene. J. Biol. Chem. 274, 5851-5860.

Garcia-Rodriguez, C., and Rao, A. (1998). Nuclear factor of activated
T cells (NFAT)-dependent transactivation regulated by the coactiva-
tors p300/CREB-binding protein (CBP). J. Exp. Med. 187, 2031-
2036.

Graef, I.A., Mermelstein, P.G., Stankunas, K., Neilson, J.R., Deisser-
oth, K., Tsien, R.W., and Crabtree, G.R. (1999). L-type calcium chan-
nels and GSK-3 regulate the activity of NF-ATc4 in hippocampal
neurons. Nature 401, 703-708.

Gudmundsdottir H., and Turka, L.A. (1999). T cell costimulatory
blockade: new therapies for transplant rejection. J. Am. Soc.
Nephrol. 10, 1356-1365.

Gummert, J.F., Ikonen, T., and Morris, R.E. (1999). Newer immuno-
suppressive drugs: a review. J. Am. Soc. Nephrol. 10, 1366-1380.

Harbour, J.W., Luo, R.X., Dei Santi, A., Postigo, A.A., and Dean,
D.C. (1999). Cdk phosphorylation triggers sequential intramolecular
interactions that progressively block Rb functions as cells move
through G1. Cell 98, 859-869.

Ho, A.M., Jain, J., Rao, A., and Hogan, P.G. (1994). Expression of
the transcription factor NFATp in a neuronal cell line and in the
murine nervous system. J. Biol. Chem. 269, 28181-28186.

Ho, 1.-C., Kim, J.H.-J., Rooney, J.W., Spiegelman, B.M., and
Glimcher, L.H. (1998). A potential role for the nuclear factor of acti-
vated T cells family of transcriptional regulatory proteins in adipo-
genesis. Proc. Natl. Acad. Sci. USA 95, 15537-15541.

Hodge, M.R., Ranger, A.M., Charles de la Brousse, F., Hoey, T.,
Grusby, M.J., and Glimcher, L.H. (1996). Hyperproliferation and dys-
regulation of IL-4 expression in NF-ATp-deficient mice. Immunity 4,
397-405.

Hojo, M., Morimoto, T., Maluccio, M., Asano, T., Morimoto, K., Lag-
man, M., Shimbo, T., and Suthanthiran, M. (1999). Cyclosporin in-
duces cancer progression by a cell-autonomous mechanism. Nature
397, 530-534.

Hughes, J.R., Hughes, V.F., Trull, AK., and Metcalfe, S.M. (1999).
Blood levels of TGFB in liver transplant recipients receiving either
tacrolimus or micro-emulsified cyclosporine. Transplantation 68,
583-586.

Kehlenbach, R.H., Dickmanns, A., and Gerace, L. (1998). Nucleocy-
toplasmic shuttling factors including Ran and CRM1 mediate nu-
clear export of NFAT in vitro. J. Cell Biol. 141, 863-874.

Khanna, A., Cairns, V.R., Becker, C.G., and Hosenpud, J.D. (1999a).
Transforming growth factor (TGF)-B mimics and anti-TGF-f anti-
body abrogates the in vivo effects of cyclosporine. Transplantation
67, 882-889.

Khanna, A., Cairns, V., and Hosenpud, J.D. (1999b). Tacrolimus in-
duces increased expression of transforming growth factorbl in
mammalian lymphoid as well as nonlymphoid cells. Transplantation
67, 614-619.



Review
371

Kiani, A., Viola, J.P.B., Lichtman, A.H., and Rao, A. (1997). Down-
regulation of IL-4 gene transcription and control of Th2 cell differenti-
ation by a mechanism involving NFAT1. Immunity 7, 849-860.
Kino, T., Hatanaka, H., Miyata, S., Inamura, N., Nishiyama, M., Ya-
jima, T., Goto, T., Okuhara, M., Kohsaka, M., Aoki, H., and Ochiai,
T. (1987). FK-506, a novel immunosuppressant isolated from a strep-
tomyces. J. Antibiot. 40, 1256-1265.

Klemm, J.D., Beals, C.R., and Crabtree, G.R. (1997). Rapid targeting
of nuclear proteins to the cytoplasm. Curr. Biol. 7, 638-644.

Komeili, A., and O’Shea, E.K. (1999). Roles of phosphorylation sites
in regulating activity of the transcription factor Pho4. Science 284,
977-980.

Lai, M.M., Burnett, P.E., Wolosker, H., Blackshaw, S., and Snyder,
S.H. (1998). Cain, a novel physiologic protein inhibitor of calcineurin.
J. Biol. Chem. 273, 18325-18331.

Latinis, K.M., Norian, L.A., Eliason, S.L., and Koretzky, G.A. (1997).
Two NFAT transcription factor binding sites participate in the regula-
tion of CD95 (Fas) ligand expression in activated human T cells. J.
Biol. Chem. 272, 31427-31434.

Le Deist, F., Hivorz, C., Partiseti, M., Thomas, C., Buc, H.A., Oleastro,
M., Belohradsky, B., Choquet, D., and Fischer A. (1995). A primary
T-cell immunodeficiency associated with defective transmembrane
calcium influx. Blood 85, 1053-1062.

Leverson, J.D., and Ness, S.A. (1998). Point mutations in v-Myb
disrupt a cyclophilin-catalyzed negative regulatory mechanism. Mol.
Cell 1, 203-211.

Li, B., Sehajpal, P.K., Khanna, A., Vlassara, H., Cerami, A., Stenzel,
K.H., and Suthanthiran, M. (1991). Differential regulation of trans-
forming growth factor g and interleukin 2 genes in human T cells:
demonstration by usage of novel competitor DNA constructs in the
quantitative polymerase chain reaction. J. Exp. Med. 174, 1259-
1262.

Li, W.H., Llopis, J., Whitney, M., Zlokarnik, G., and Tsien, R.Y. (1998).
Cell-permeant caged InsP3 ester shows that Ca?* spike frequency
can optimize gene expression. Nature 392, 936-941.

Liu, J., Masuda, E.S., Tsuruta, L., Arai, N., and Arai, K. (1999). Two
independent calcineurin-binding regions in the N-terminal domain
of murine NF-ATx1 recruit calcineurin to murine NF-ATx1. J. Immu-
nol. 162, 4755-4761.

Loh, C., Carew, J., Kim, J., Hogan, P.G., and Rao, A. (1996a). T-cell
receptor stimulation elicits an early phase of activation and a later
phase of deactivation of the transcription factor NFAT1. Mol. Cell.
Biol. 16, 3945-3954.

Loh, C., Shaw, K.T.-Y., Carew, J., Viola, J.P.B., Luo, C., Perrino,
B.A., and Rao, A. (1996b). Calcineurin binds the transcription factor
NFAT1 and reversibly regulates its activity. J. Biol. Chem. 271,
10884-10891.

London, N.J., Farmery, S.M., Will, E.J., Davison, A.M., and Lodge,
J.P. (1995). Risk of neoplasia in renal transplant patients. Lancet
346, 403-406. Erratum: Lancet 346, 714, 1995.

Lopez-Rodriguez, C., Aramburu, J., Rakeman, A.S., Hogan, P.G.,
and Rao, A. (1999). NFAT5, a constitutively nuclear NFAT protein
that does not cooperate with Fos and Jun. Proc. Natl. Acad. Sci.
USA 96, 7214-7219.

Lo Russo, A.-C., Passaquin, P., Andre, M., Ruegg, S., and Ruegg,
U.T. (1996). Effect of cyclosporin A and analogues on cytosolic
calcium and vasoconstriction: possible lack of relationship to immu-
nosuppressive activity. Br. J. Pharmacol. 118, 885-892.

Luo, C., Shaw, K.T.Y., Raghavan, A., Aramburu, J., Garcia-Cozar,
F., Perrino, B.A., Hogan, P.G., and Rao, A. (1996). Interaction of
calcineurin with a domain of the transcription factor NFAT1 that
controls nuclear import. Proc. Natl. Acad. Sci. USA 93, 8907-8912.
Mages, H.W., Baag, R., Steiner, B., and Kroczek, R.A. (1998). Utiliza-
tion of an NF-ATp binding promoter element for EGR3 expression
in T cells but not fibroblasts provides a molecular model for the
lymphoid cell-specific effect of cyclosporin A. Mol. Cell. Biol. 18,
7157-7165.

Marienfeld, R., Neumann, M., Chuvpilo, S., Escher, C., Kneitz, B.,
Avots, A., Schimpl, A., and Serfling, E. (1997). Cyclosporin A inter-
feres with the inducible degradation of NF-kB inhibitors, but not

with the processing of p105/NF-kB1 in T cells. Eur. J. Immunol. 27,
1601-1609.

Mayer, A.D., Dmitrewski, J., Squifflet, J.P., Besse, T., Grabensee,
B., Klein, B., Eigler, F.W., Heemann, U., Pichmayr, R., Behrend,
M., et al. (1997). Multicenter randomized trial comparing tacrolimus
(FK506) and cyclosporine in the prevention of renal allograft rejec-
tion. Transplantation 64, 436-443.

Meyer, K.B., and Ireland, J. (1998). PMA/ionomycin induces Igk 3’
enhancer activity which is in part mediated by a unique NFAT tran-
scription complex. Eur. J. Immunol. 28, 1467-1480.

Ming, X.F., Kaiser, M., and Moroni, C. (1998). c-jun N-terminal kinase
is involved in AUUUA-medicated interleukin-3 mRNA turnover in
mast cells. EMBO J. 17, 6039-6048.

Miyakawa, H., Woo, S.K., Dahl, S.C., Handler, J.S., and Kwon, H.M.
(1999). Tonicity-responsive enhancer binding protein, a rel-like pro-
tein that stimulates transcription in response to hypertonicity. Proc.
Natl. Acad. Sci. USA 96, 2538-2542.

Molkentin, J.D., Lu, J.-R., Antos, C.L., Markham, B., Richardson,
J., Robbins, J., Grant, S.R., and Olson, E.N. (1998). A calcineurin-
dependent transcriptional pathway for cardiac hypertrophy. Cell 93,
215-228.

Musaro, A., McCullagh, K.J., Naya, F.J., Olson, E.N., and Rosenthal,
N. (1999). IGF-1 induces skeletal myocyte hypertrophy through cal-
cineurin in association with GATA-2 and NF-ATcl. Nature 400,
581-585.

Myers, B.D. (1986). Cyclosporine nephrotoxicity. Kidney Intl. 30,
964-974.

Negelscu, P.A., Shastri, N., and Cahalan, M.D. (1994). Intracellular
calcium dependence of gene expression in single T lymphocytes.
Proc. Natl. Acad., Sci. USA 91, 2873-2877.

Northrop, J.P., Ho, S.N., Chen, L., Thomas, D.J., Timmerman, L.,
Nolan, G.P., Admon, A., and Crabtree, G.R. (1994). NF-AT compo-
nents define a family of transcription factors targeted in T-cell activa-
tion. Nature 369, 497-501.

Oukka, M., Ho, I.-C., Charles de la Brousse, F., Hoey, T., Grusby,
M.J., and Glimcher, L.H. (1998). The transcription factor NFAT4 is
involved in the generation and survival of T cells. Immunity 9,
295-304.

Park, J., Yaseen, N.R., Hogan, P.G., Rao, A., and Sharma, S. (1995).
Phosphorylation of the transcription factor NFATp inhibits its DNA
binding activity in cyclosporin A-treated human B and T cells. J.
Biol. Chem. 270, 20653-20659.

Pascual, M., Swinford, R.D., Ingelfinger, J.R., Williams, W.W., Cos-
imi, A.B., and Tolkoff-Rubin, N. (1998). Chronic rejection and chronic
cyclosporin toxicity in renal allografts. Immunol. Today 19, 514-519.

Pemberton, L.F., Blobel, G., and Rosenblum, J.S. (1998). Transport
routes through the nuclear pore complex. Curr. Opin. Cell. Biol. 10,
392-399.

Penn, 1. (1987). Cancers following cyclosporine therapy. Trans-
plantation 43, 32-35.

Ranger, A.M., Grushy, M.J., Hodge, M.R., Gravallese, E.M., Charles
de la Brousse, F., Hoey, T., Mickanin, C., Baldwin, H.S., and
Glimcher, L.H. (1998a). The transcription factor NF-ATc is essential
for cardiac valve formation. Nature 392, 186-190.

Ranger, A.M., Hodge, M.R., Gravallese, E.M., Oukka, M., Davidson,
L., Alt, F.W., Charles de la Brousse, F., Hoey, T., Grusbhy, M., and
Glimcher, L.H. (1998b). Delayed lymphoid repopulation with defects
in IL-4-driven responses produced by inactivation of NF-ATc. Immu-
nity 8, 125-134.

Ranger, A.M., Oukka, M., Rengarajan, J., and Glimcher, L.H. (1998c).
Inhibitory function of two NFAT family members in lymphoid homeo-
stasis and Th2 development. Immunity 9, 627-635.

Rao, A., Luo, C., and Hogan, P.G. (1997). Transcription factors of
the NFAT family: regulation and function. Annu. Rev. Immunol. 15,
707-747.

Renoir, J.M., Mercier-Bodard, C., Hoffman, K., Le Bihan, S., Ning,
Y.M., Sanchez, E.R., Handschumacher, R.E., and Baulieu, E.E.
(1995). Cyclosporin A potentiates the dexamethasone-induced
mouse mammary tumor virus-chloramphenicol acetyltransferase
activity in LMCAT cells: a possible role for different heat shock



Immunity
372

protein-binding immunophilins in glucocorticosteroid receptor-
medicated gene expression. Proc. Natl. Sci. USA. 92, 4977-4981.

Rutherford, S.L., and Zuker, C.S. (1994). Protein folding and the
regulation of signaling pathways. Cell 79, 1129-1132.

Scheinman, R.l., Gualberto, A., Jewell, C.M., Cidlowski, J.A., and
Baldwin, A.S., Jr. (1995). Characterization of mechanisms involved
in transrepression of NF-kappa B by activated glucocorticoid recep-
tors. Mol. Cell. Biol. 15, 943-953.

Schreiber, S.L., and Crabtree, G.R. (1992). The mechanism of action
of cyclosporin A and FK506. Immunol. Today 13, 136-142.

Schuh, K., Twardzik, T., Kneitz, B., Heyer, J., Schimpl, A., and Ser-
fling, E. (1998a). The interleukin 2 receptor o chain/CD25 promoter
is a target for nuclear factor of activated T cells. J. Exp. Med. 188,
1369-1373.

Schuh, K., Kneitz, B., Heyer, J., Bommbhardt, U., Jankevics, E., Ber-
berich-Siebelt, F., Pfeffer, K., Muller-Hermelink, H.K., Schimpl, A.,
and Serfling, E. (1998b). Retarded thymic involution and massive
germinal center formation in NF-ATp-deficient mice. Eur. J. Immu-
nol. 28, 2456-2466.

Sekimoto, T., Imamoto, N., Nakajima, K., Hirano, T., and Yoneda, Y.
(1997). Extracellular signal-dependent nuclear import of Statl is
mediated by nuclear pore-targeting complex formation with NPI-1,
but not Rch1. EMBO J. 16, 7067-7077.

Semsarian, C., Wu, M.J., Ju, Y.K., Marciniec, T., Yeoh, T., Allen,
D.G., Harvey, R.P., and Graham, R.M. (1999). Skeletal muscle hyper-
trophy is mediated by a Ca?*-dependent calcineurin signaling path-
way. Nature 400, 576-578.

Shaw, K.T.Y., Ho. A.M., Raghavan, A., Kim, J., Jain. J., Park. J.,
Sharma. S., Rao. A., and Hogan, P.G. (1995). Immunosuppressive
drugs prevent a rapid dephosphorylation of the transcription factor
NFATp in stimulated immune cells. Proc. Natl. Acad. Sci. USA 92,
11205-11209.

Shaywitz, A.J., and Greenberg, M.E. (1999). CREB: a stimulus-
induced transcription factor activated by a diverse array of extracel-
lular signals. Annu. Rev. Biochem. 68, 821-861.

Shibasaki, F., Price, E.R., Milan, D., and McKeon, F. (1996). Role of
kinases and the phosphatase calcineurin in the nuclear shuttling of
transcription factor NF-AT4. Nature 382, 370-373.

Shin, G.-T., Khanna, A., Ding, R., Sharma V.K., Lagman, M., Li, B.,
and Suthanthiran, M. (1998). In vivo expression of transforming
growth factor-1 in humans. Transplantation 65, 313-318.

Sigal, N.H., Dumont, F., Durette, P., Siekierka, J.J., Peterson, L.,
Rich, D.H., Dunlap, B.E., Staruch, M.J., Melino, M.R., Koprak, S.L.,
et al. (1991). Is cyclophilin involved in the immunosuppressive and
nephrotoxic mechanism of action of cyclosporin A? J. Exp. Med.
173, 619-628.

Snyder S.H., Sabatini, D.M., Lai, M.M., Steiner, J.P., Hamilton, G.S.,
and Suzdak, P.D. (1998). Neural actions of immunophilin ligands.
Trends Pharmacol. Sci. 19, 21-26.

Sugimoto, T., Stewart, S., and Guan, K.L. (1997). The calcium/cal-
modulin-dependent protein phosphatase calcineurin is the major
Elk-1 phosphatase. J. Biol. Chem. 272, 29415-29418.

Sugimoto, T., Stewart, S., Han, M., and Guan, K.L. (1998). The kinase
suppressor of Ras (KSR) modulates growth factor and Ras signaling
by uncoupling Elk-1 phosphorylation from MAP kinase activation.
EMBO J. 17, 1717-1727.

Sun, L., Youn, H.D., Loh, C., Stolow, M., He, W., and Liu, J.O. (1998).
Cabin 1, a negative regulator for calcineurin signaling in T lympho-
cytes. Immunity 6, 703-711.

Suthanthiran, M., Morris, R.E., and Strom, T.B. (1996). Immunosup-
pressants: cellular and molecular mechanisms of action. Am. J.
Kidney Dis. 28, 159-172.

Symes, A., Gearan, T., and Fink, J.S. (1998). NFAT interactions with
the vasoactive intestinal peptide cytokine response element. J. Neu-
rosci. Res. 52, 93-104.

Timmerman, L.A., Clipstone, N.A., Ho, S.N., Northrop, J.P., and
Crabtree, G.R. (1996). Rapid shuttling of NF-AT in discrimination of
Ca?* signals and immunosuppression. Nature 383, 837-840.
Torgerson, T.R., Colosia, A.D., Donahue, J.P., Lin, Y.Z., and Hawiger,
A. (1998). Regulation of NF-kB, AP-1, NFAT, and STAT1 nuclear

importin T lymphocytes by noninvasive delivery of peptide carrying
the nuclear localization sequence of NF-kB p50. J. Immunol. 161,
6084-6092.

Trushin, S.A., Pennington, K.N., Algeciras-Schimnich, A., and Paya,
C.V. (1999). Protein kinase C and calcineurin synergize to activate
IkB kinase and NF-kB in T lymphocytes. J. Biol. Chem. 274, 22923~
22931.

US Multicenter FK506 Liver Study Group. (1994). A comparison of
tacrolimus (FK506) and cyclosporine forimmunosuppression in liver
transplantation. N. Engl. J. Med. 331, 1110-1115.

Viola, J.P.B., and Rao, A. (1999). Molecular regulation of cytokine
gene expression during the immune response. J. Clin. Immunol. 19,
98-108.

Viola, J.P.B., Kiani, A., Bozza, P.T., and Rao, A. (1998). Regulation
of allergic inflammation and eosinophil recruitment in mice lacking
the transcription factor NFAT1: role of interleukin-4 (IL-4) and IL-5.
Blood 91, 2223-2230.

Werlen, G., Jacinto, E., Xia, Y., and Karin, M. (1998). Calcineurin
preferentially synergizes with PKC-theta to activate JNK and IL-2
promoter in T lymphocytes. EMBO J. 17, 3101-3111.

Wodarz, A., and Nusse, R. (1998). Mechanisms of Wnt signaling in
development. Annu. Rev. Cell Dev. Biol. 14, 59-88.

Xanthoudakis, S., Viola, J.P.B., Shaw, K.T.Y., Luo, C., Wallace, J.D.,
Bozza, P.T., Curran, T., and Rao, A. (1996). An enhanced immune
response in mice lacking the transcription factor NFAT1. Science
272, 892-895.

Yoshida, H., Nishina, H., Takimoto, H., Marengere, L.E.M., Wakeham,
A.C.,Bouchard, D., Kong, Y.-Y., Ohteki, T., Shahinian, A., Bachmann,
M., Ohashi, P.S., Penninger, J.M., Crabtree, G.R., and Mak, T.W.
(1998). The transcription factor NF-ATc1 regulates lymphocyte pro-
liferation and Th2 cytokine production. Immunity 8, 115-124.
Zhang, D.H., Cohn, L., Ray, P., Bottomly, K., and Ray, A. (1997).
Transcription factor GATA-3 is differentially expressed in murine
Th1 and Th1l cells and controls Th2-specific expression of the in-
terleukin-5 gene. J. Biol. Chem. 272, 21597-21603.

Zhang, D.H., Yang, L., Cohn, L., Parkyn, L., Homer, R., Ray, P., and
Ray, A. (1999). Inhibition of allergic inflammation in a murine model
of asthma by expression of a dominant-negative mutant of GATA-3.
Immunity 11, 473-482.

Zhu, J., and McKeon, F. (1999). NF-AT activation requires suppres-
sion of Crm1-dependent export by calcineurin. Nature 398, 256-260.
Zhu, J., Shibasaki, F., Price, R., Guillemot, J.C., Yano, T., Dotsch,
V., Wagner, G., Ferrar, P., and McKeon, F. (1998). Intramolecular
masking of nuclear import signal on NF-AT4 by casein kinase | and
MEKKZ1. Cell 93, 851-861.



