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Abstract—Molecular mechanisms of activation of nuclear factor NFAT in cells of the lympho-myeloid complex are consid-
ered. Members of the NFAT family regulate transcription of genes encoding proteins involved in the induction and/or regu-
lation of the immune response. It is possible that altered transcription activity of NFAT under conditions of its deficit or
blockade of expression may account for changes in the immune status of an organism.
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Nuclear factor of activated T-cells (NFAT) plays an
important role in immune reactions [1-3]. It is one of the
major factors initiating transcription of the interleukin-2
(IL-2) gene required for T-lymphocyte proliferation.
Although NFAT is traditionally considered as a key ele-
ment of antigen-dependent activation of T-lymphocytes
[1], some experimental data suggest that it has a negative
role in the immune response. Blockade of NFAT expres-
sion is accompanied by uncontrolled proliferation of T-
and B-lymphocytes leading to hyperplasia of lymphoid
organs [2] and augmentation of allergic reactions [2, 3].
In the present review we consider molecular mechanisms
underlying these effects of NFAT and responsible for nor-
mal adequate immune response.

Abbreviations: AP-1) activating protein-1; BCR) B-cell receptor
(antigen receptor of B-lymphocytes); CaM) calmodulin; CaN)
calcineurin; CD) cluster differentiation (membrane molecules
of lympho-myeloid cells); CD40L) ligand for membrane mole-
cule CD40; CsA) cyclosporin A; CTL) cytotoxic T-lympho-
cytes; CTLA4) T-lymphocyte membrane molecule; CyPs)
intracellular CsA receptors; DAG) diacylglycerol; ERK) extra-
cellular signal regulated protein kinase; FasL) Fas membrane
molecule ligand; FcR) Fc receptors; FK506) CaN inhibitor;
FKBPs) FK506 binding proteins; GM-CSF) granulocyte-
macrophage colony stimulating factor; HIV) human immuno-
deficiency virus; IFNy) interferon y; IL) interleukin;
Ins(1,4,5)P5) inositol-1,4,5-tris-phosphate; JNK) c-Jun-NH,-
terminal protein kinase; MAPK) mitogen activated protein
kinase; NFAT) nuclear factor of activated T-cells; PLCy) phos-
pholipase Cy; PtdIns(4,5)P,) phosphatidylinositol-4,5-bisphos-
phate; TCR) T-cell receptor (antigen receptor of T-lympho-
cytes); Th) helper T-cell ; TNF-a) tumor necrosis factor o.
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FACTORS AND MECHANISMS INVOLVED
IN THE IMMUNE RESPONSE

Several types of cells are involved in immune reac-
tions. First, these are the B- and T-lymphocytes that rec-
ognize antigen. After antigen binding to their antigen-
specific receptors, these cells undergo clonal expansion
and differentiation into effector cells. B-Lymphocytes
are differentiated into plasmatic cells. Differentiation of
“naive” T-lymphocytes into corresponding helper T-
cells (Th) or cytotoxic T-lymphocytes (CTL) depends on
the type of co-receptor molecule, CD4 or CDS, respec-
tively. Phagocytes and natural killer cells (NK) play an
important role in nonspecific resistance. Two types of
immune responses, humoral and cell-mediated, are rec-
ognized. The former is responsible for the development
of defense reactions against bacterial infections; it
involves activation of B-lymphocytes producing
immunoglobulins (Ig) to antigenic determinants of for-
eign proteins. The cell-mediated type is formed in
response to viruses, tumors, and intracellular parasites.
CTL and NK-cells are its main effectors. They kill
infected cells via perforin-dependent cytolysis or induc-
tion of programmed cell death (apoptosis). The latter
involves the production of apoptotic factor, Fas ligand
(FasL), which binds to membrane Fas-receptor of target
cells [4]. Cytokines producing by the Th sub-population
determine preferential development of a certain type of
immune response. Th-Cells can be subdivided into two
classes, Thl and Th2, producing different sets of
cytokines [5]. Th1-Cytokines such as interleukin-2 (IL-
2), IL-12, interferon y (IFN-y), and tumor necrosis fac-
tor o, (TNF-a) stimulate CTL and NK-cells and func-
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tion as the main inducers of the cell-mediated immune
response and associated inflammatory reactions [5].
Th2-Cytokines (IL-4, IL-5, IL-10, IL-13) activate B-
Ilymphocytes and therefore determine the humoral
immune response [5]. Thl and Th2 differentiate from
naive CD4* T-lymphocytes. This differentiation includes
the stage of a less committed precursor, ThO, and subse-
quent differentiation depends on the nature of the anti-
gen, its concentration, presentation, and the presence of
cytokines and colony stimulating factors [6]. The contri-
bution of phagocytes to the immune response is deter-
mined not only by pathogen disintegration and presenta-
tion of its antigen determinants, but also by the produc-
tion of inflammatory transmitters [7].

In addition to Th, other cells also produce cytokines
(such as para- and autocrine regulators) involved in the
immune response. CTLs produce IFN-y; NK-cells and
macrophages produce IFN-y and TNF-a. B-
Lymphocytes and mast cells produce 1L-10/TNF-a and
1L-4/1L-13, respectively.

MECHANISMS OF NFAT ACTIVATION IN CELLS
OF THE LYMPHO-MYELOID COMPLEX

Five members of NFAT family are now recognized:
NFATI1 (NFATp, NFATc2), NFAT2 (NFATc, NFATcl),
NFAT3 (NFATc4), NFAT4 (NFATx, NFATc3) [8-11],
and NFATS5 [12]. At least three of them (NFATI,
NFAT2, and NFAT4) are expressed by immune system
cells: thymocytes [9, 13], T- and B-lymphocytes [8, 11,
14, 15], and NK-cells [16] and by descendants developed
from myeloid cells (macrophages and mast cells) [15, 17].
Thymocytes preferentially express NFAT4 [9], whereas
mature lymphocytes and NK-cells synthesize NFAT1
and NFAT?2 [8, 11, 16]. NFATI1-4 have an N-terminal
regulatory domain with an adjacent region of moderate
homology (300 amino acid residues) including a series of
conservative Ser- and Pro-rich sites and highly conserva-
tive DNA-binding sequence similar to that of Rel-family
transcription factors [9, 10, 18, 19].

In resting cells, phosphorylated NFAT-proteins are
located in cytoplasm. Their activation requires intracellu-
lar Ca?" mobilization. Activation of these proteins is
induced by stimulation of various membrane proteins
such as antigen receptors of T- and B-cells (TCR and
BCR, respectively), Fc-receptors for IgG and IgE (FcRy
and FcReg, respectively), and CD40 (a co-stimulator mol-
ecule of B-lymphocytes) [14-16, 20]. Binding of corre-
sponding ligands to these receptors usually initiates an
intracellular signal common for all leukocytes (Fig. 1).
This results in activation of membrane phospholipase Cy
(PLCy) and hydrolysis of phosphatidylinositol-4,5-bis-
phophate (PtdIns(4,5)P,) with formation of two main
second messengers, diacylglycerol (DAG) and inositol-
1,4,5-trisphosphate (Ins(1,4,5)P;). The former (DAG)
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activates protein kinase C (PKC) whereas the latter stim-
ulates Ins(1,4,5)P;-dependent Ca?"-channels; release of
Ca?* from the intracellular store, endoplasmic reticulum,
and entry of extracellular Ca®" increases cytoplasmic
Ca?" concentrations [21-23]. This is accompanied by
activation of two Ca?'-binding proteins, calmodulin
(CaM) and calcineurin (CaN). The latter isa Ca?>"/CaM-
dependent serine/threonine phosphatase; this enzyme
directly regulates the activity of NFAT protein. CaN
binds to the regulatory subunit of NFAT and dephospho-
rylates these proteins. This promotes their translocation
to the nucleus, binding to DNA, and activation of tran-
scription of various genes [24-26].

CaN is a heterodimer that consists of catalytic and
regulatory Ca**-binding subunits [27]. Besides the cat-
alytic domain, the catalytic subunit also contains a CaM
binding site [28, 29] and a C-terminal autoinhibitory
domain. Removal of this domain results in permanent
activation of CaN [29, 30]. The autoinhibitory domain
forms a loop blocking the active site of the catalytic
domain; in resting cells, this prevents interaction of the
catalytic domain with NFAT [31].

Binding with CaN and dephosphorylation of NFAT
depends on two factors. The first is cytoplasmic Ca?*.
Both processes (binding and dephosphorylation) are ini-
tiated by the calcium ionophore ionomycin; its removal
from the cultivation medium or addition of the Ca?*
chelator EGTA abolishes these processes [24]. The sec-
ond factor required for CaN-dependent activation of
NFAT is CaM; the latter is ineffective without Ca®" [32].
Analysis of mechanisms of NFAT-protein interaction
with CaN revealed the involvement of at least two func-
tionally distinct sites of the catalytic domain of CaN. One
site overlaps with the active site and is accessible for
NFAT binding only in the case of CaN activation by CaM
[32], which results in removal of the autoinhibitory
domain and opening of the CaN active site [31].

The phosphatase activity of CaN is sensitive to spe-
cific inhibition by cyclosporin A (CsA) and FK506 [33,
34]. These compounds in a complex with intracellular
immunophilin receptors (cyclophilin (CyPs) for CsA and
FKBPs for FK506) bind to the catalytic subunit of this
enzyme and inhibit its activity [31, 33]. Since CsA
inhibits activation of NFAT and NFAT-dependent tran-
scription of cytokine genes in activated T- and B-lym-
phocytes, NK, and mast cells [15, 16, 35, 36], it is wide-
ly used in clinical practice as an effective immunosup-
pressant.

CaN-dependent dephosphorylation of NFAT can be
reversed; even in the presence of ionomycin, CaN inhibi-
tion by CsA initiates re-phosphorylation of NFAT, its
return to the cytoplasm, and a decrease of its DNA-bind-
ing activity to the basal level [24]. A similar effect was
observed after removal of ionophore or addition of
EGTA. Stimulation of plasma membrane receptors also
causes short-term phosphorylation of NFAT. Later stages
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Fig. 1. Molecular mechanisms of NFAT activation in cells of lympho-myeloid complex. In cytokine genes opened and closed rectangles
symbolize NFAT-dependent activation and inhibition, respectively. The broken contour shows only the presence of an NFAT-binding site
in the promoter.
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of activation are characterized by re-phosphorylation of
the major proportion of NFAT, which correlates with the
decrease in Ca®" due to triggering of negative feedback
mechanism(s) [24]. Two factors responsible for NFAT re-
phosphorylation have been recognized, c-Jun-NH,-ter-
minal protein kinase (JNK) [37] and protein kinase A
[38].

Activated NFAT is translocated into the nucleus
where it binds to promoter and/or enhancer sequences of
various genes and regulates their transcription [9, 24-26]
(Fig. 1). Binding of NFAT to DNA usually requires coop-
erative interaction with another transcriptional factor,
activating protein-1 (AP-1). The latter is formed during
homo- or heterodimerization of Jun and Fos proteins. It
is induced in the process of initiation of the intracellular
signal involving activation of Ras and Rac-1 proteins,
both PKC- and tyrosine kinase-associated membrane
receptors. This signal transduction stimulates mitogen
activated protein kinases (MAPK), extracellular signal
regulated protein kinase (ERK), and JNK [39]. Addition
of antibodies against Jun and Fos proteins [40] or block-
ade of the MAPK signal [41] partially or completely abol-
ish NFAT-dependent gene transcription in cell culture.
Study of the interaction of NFAT and AP-1 with DNA
revealed that an NFAT-binding DNA sequence flanks the
AP-1 binding site [42, 43]. The presence of NFAT results
in a 10-fold increase in AP-1 affinity for its binding site
[43], and the presence of AP-1 causes a 10-fold increase
in dissociation time of NFAT—DNA complex [44]. Thus,
NFAT and AP-1 mutually stabilize their binding to DNA.

The considered properties are the characteristic fea-
tures of the first four members of the NFAT family of
transcription factors. NFATS was identified only recent-
ly, and its characterization is in the very beginning.
However, it is already known that NFATS significantly
differs from other “classic” NFAT proteins; in contrast to
them, it is permanently located in the nucleus irrespec-
tively to CaN activation, and during binding to DNA it
does not form a complex with AP-1 [12].

NFAT-DEPENDENT TRANSCRIPTION

Binding sites for NFAT proteins have been identified
in promoter and enhancer regions of many inducible
genes encoding cytokines and various membrane recep-
tors including IL-2, IL-3, IL-4, IL-5, 1L-13, INF-y,
TNF-a, granulocyte-macrophage colony stimulating
factor (GM-CSF), membrane co-stimulating molecules
CD40L and CTLA-4, and apoptotic factor FasL [1, 18,
45-48].

NFAT was originally identified as one of the main
factors initiating IL-2 gene transcription [1]. Blockade of
NFAT expression in T-lymphocytes is accompanied by
reduction of IL-2 promoter activity and repression of this
cytokine synthesis [1]. Five NFAT binding sites were
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identified in the promoter of the IL-2 gene; four of them
are composite ones (they bind NFAT in the complex with
AP-1) [49]. All five sites are required for complete activa-
tion of the promoter in response to TCR stimulation of
Ilymphocytes [49]. Thus, NFAT is an important compo-
nent of the signal pathway regulating expression of the
IL-2 gene. All NFAT proteins of lymphocytes—NFAT]1,
NFAT2, and NFAT4—exhibit stimulating activity, the
promoter of the IL-2 gene possessing low selectivity with
respect to NFAT-type initiating transcription [10]. This
explains why blockade of expression of one NFAT factor
(e.g., NFAT1) produces a weak effect (if any) on the
expression of IL-2 provided that NFAT2 and/or NFAT4
are available [50].

Data on the role of NFAT in the regulation of 1L-4
gene transcription are not unequivocal. It was shown that
at least two NFAT proteins, NFAT1 and NFAT?2, interact
with purine-rich promoter sequences (P0-P5), and this
interaction significantly increases transcription of the IL-
4 gene [45, 50, 51]. Moreover, there is a direct correlation
between the amount of NFAT 1 in the nucleus and expres-
sion of the IL-4 gene in lymphocytes [19]. Blockade of
IL-4 gene transcription by CsA and FK506 also support
the important role of NFAT-dependent activation [8].

However, some data also illustrate a negative role of
NFAT proteins in the regulation of IL-4 gene transcrip-
tion. For example, in vivo and in vitro T-lymphocytes of
transgenic mice lacking NFAT1 (NFAT17/") exhibit sig-
nificant increase of IL-4 production in response to oval-
bumin stimulation compared to cells of normal (non-
transgenic) mice [52]. T-Lymphocytes of double-nega-
tive animals (NFAT17/~/NFAT4/") respond to TCR-
dependent stimulation by more pronounced expression of
IL-4: production of this cytokine in the culture of double-
negative T-cells is 75 and 600 times higher than in normal
cells at the primary and secondary immune response,
respectively [2].

The most probable explanation for this evident dis-
crepancy consists in the phenomenon of late phase inhi-
bition of gene transcription by NFAT1 [53]. In normal
mice, stimulation of T-cells is accompanied by a transient
increase in IL-4 mRNA (followed by rapid decline of its
content), whereas in T-lymphocytes of NFAT1~~ mice
the amount of 1L-4 transcripts remained at a high level.
These results were obtained both in vitro and in vivo using
various ways of cell stimulation [53]. Since the half-life of
these transcripts was similar in normal and NFAT17/~
cells, the high level of IL-4 transcripts in NFAT1~~ cells
is obviously maintained due to high rate of gene tran-
scription rather than mRNA stabilization [53]. Thus,
NFAT proteins are involved not only in initiation but also
in termination of IL-4 gene transcription and, therefore,
they finally play a negative role in this process. The
molecular mechanisms responsible for NFAT-dependent
inhibition of IL-4 gene transcription remain unknown.
Apparently, NFAT1 regulates activation of genes encod-
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ing proteins that directly or indirectly block transcription
of IL-4 in later stages of the immune response.

Two other Th-2 cytokines, IL-5 and IL-13, are reg-
ulated similarly to IL-4. Cells of NFAT1”/~ and
NFAT1/~/NFAT4~/~ mice exhibit significant increase in
the production of these cytokines in both in vitro and in
vivo experiments [2, 52]. Moreover, the time-course of
expression of these (IL-5 and IL-13) genes in NFAT1 ™/~
mice is similar to that of IL-4. Stimulation-induced lev-
els of IL-5 and IL-13 transcripts reached a plateau and
remained at this level at later stages of activation (howev-
er, they were twice less than that of IL-4) [53]. Since these
effects were not abolished by antibodies against 1L-4 [53],
it is possible that the 1L-5 and IL-13 genes are directly
controlled by NFAT1. Obviously, transcription of the
whole cluster of IL-4/IL-5/IL-13 genes is coordinately
regulated by this transcription factor.

Expression of TNF-a, the most important Thl-
cytokine, depends on NFAT: it is blocked by CaN
inhibitors (CsA and FK506) [47] and is significantly
reduced in NFAT1~7/~/NFAT4~~ mice [2]. Four binding
sites with various affinities for NFAT1 are recognized in
the TNF-a promoter [47].

Expression of another Th1-cytokine, IFN-v, is also
controlled by NFAT NFAT17/~/NFAT4/~ mice are
characterized by significant reduction of IFN-y tran-
scripts and production of this cytokine [2]. A similar
effect was observed during the CsA effect [46]. Two NFAT
binding sites (one of which is the composite) have been
identified in the promoter of the IFN-y gene [46, 54].
Both sites are required for maximal induction of the IFN-
v promoter. In contrast to IL-2, IL-4, or TNF-a, which
respond to the increased expression of NFAT1 and other
NFAT-proteins by corresponding increase of transcrip-
tion of their genes, IFN-y lacks the effect [46]. It is pos-
sible that basal levels of these transcriptional factors are
sufficient for full activation of the IFN-y promoter. This
may reflect differences in promoter structures and a dif-
ferent role of NFAT in their induction. For example,
from three to five NFAT-binding sites have been identi-
fied on the promoters of the IL-2, IL-4, and TNF-a
genes, whereas the promoter of IFN-y has only two
sequences effectively interacting with this transcriptional
factor.

NFAT proteins are effective activators of transcrip-
tion of hemopoietic growth factors IL-3 and GM-CSF
[55]. In contrast to the cytokines above considered, the
composite binding sites for NFATI1/AP-1 and
NFAT2/AP-1 are located not in the promoter of the IL-
3 and GM-CSF genes, but in the enhancer element com-
mon for both genes; this enhancer, which is sensitive to
CsA, is required for correct regulation of promoter activ-
ity [56, 57].

The expression of various cytokine genes depends on
the duration of the presence of NFAT in the nucleus [58].
Activation of GM-CSF and IL-13 gene transcription

BIOCHEMISTRY (Moscow) Vol. 66 No.5 2001

471

requires short-term translocation of NFAT to the nucle-
us, whereas transcription of the IL-2, IL-3, IL-4, and
IFN-y genes is activated after the prolonged presence of
NFAT in the nucleus [58].

NFAT binding sites have also been recognized in
promoters of genes encoding T-lymphocyte membrane
molecules—CD40L and CTLA-4 [59, 60]. The mecha-
nisms of NFAT-dependent regulation of these genes
remain unknown.

The role of NFAT in control of FasL transcription in
response to TCR-dependent stimulation is better under-
stood. Its expression is blocked by CsA [61], and it is sig-
nificantly lower in NFAT17/~ mice [62]. Moreover,
NFAT activation was shown to be ultimately important
for FasL induction [48]. Two NFAT binding sites have
been identified in the promoter of the FasL gene, and
both are important for optimal expression of FasL in acti-
vated T-cells [63].

NFAT binding sites have also been identified in the
promoter of human immunodeficiency virus type 1
(HIV1) [64] and in enhancer regions of HIV] and HIV2
[65]. The promoter activity of HIVI in CD4" T-lympho-
cytes is sensitive to independent inhibition by CsA and
FK506 and expression of dominant-negative NFAT1 pro-
tein [64]. The latter interacts with viral Tat factor and
thereby inhibits Tat-mediated activation of viral genes,
whereas Tat potentiates NFAT1-dependent transcription
of T-lymphocyte cytokine genes [66].

ROLE OF NFAT IN THE IMMUNE RESPONSE

Lack or impairment of NFAT protein expression in
vivo is accompanied by marked alteration of the immune
reaction of the body [2, 3, 52, 62]. A shift in the activity of
immune competent cells is one of the most pronounced
impairments [2, 3, 62]. Non-selective inhibition of activa-
tion of NFAT-proteins by CsA significantly suppressed T-
lymphocyte proliferation [67], whereas selective knockout
of genes encoding each of the NFAT proteins causes various
functional effects. For example, knockout of the NFAT2
gene attenuated the proliferative response of T-lympho-
cytes [68, 69], whereas blockade of expression of NFAT1
and/or NFAT4 is accompanied by augmentation of both
spontaneous and antigen-stimulated T- and B-cell prolifer-
ation and by an increased proportion of activated cells in
both populations [2, 3, 62]. Clonal lymphocyte expansion is
the earliest event in the cell response to antigen stimulation.
It is regulated by two opposite mechanisms: growth factor-
induced proliferation and Fasl/Fas-dependent apoptosis
[70, 71]. For example, IL-2 is the main growth factor for T-
lymphocytes. It is secreted by “naive” T-cells during TCR-
dependent activation and initiates their proliferation, acting
as a paracrine or autocrine regulator. Under normal condi-
tions, FasL expression in such a cell is blocked; however,
during inadequate activation (very low antigen signal or
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absence of colony stimulating signals), T-lymphocytes
secrete this factor, which acts as a paracrine regulator
inducing apoptosis. Thus, preferential activation of FasL or
1L-2 expression in response to antigen stimulation deter-
mines the subsequent fate of “naive” T-lymphocytes (cor-
responding death or proliferation with subsequent differen-
tiation into CTL and Th). Since all three NFAT proteins
expressed by lymphocytes activate transcription of the IL-2
gene, the increase of T-lymphocyte proliferation in
NFAT17~ and NFAT4~~ animals may obviously be attrib-
uted to blockade of FasL transcription. In fact, NFAT1/~
mice are characterized by a lower level FasL mRNA than
normal mice; in double-negative animals (NFAT17/~/
NFAT4 /") expression of this factor is totally blocked [2].
This explains the increased proportion of activated cells in
these animals in response to stimulation [2, 72]; under nor-
mal conditions, inadequately stimulated cells are subjected
to apoptosis, but in the case of blockade of FasL expression,
they replenish the population of activated T-lymphocytes.
Blockade of CTLA4 gene transcription also makes some
contribution to augmentation of T-cell proliferation in
NFAT1 7~ and NFAT47/~ mice [73]. (T-Lymphocytes
express this membrane molecule at later stages of activa-
tion, and CTLA4 inhibits their proliferation). In the case of
NFAT?2 blockade or non-selective inhibition of NFAT pro-
tein activation, the inhibition of proliferative response of T-
lymphocytes suggests that NFAT? is not involved (or does
not play) a special role in FasL gene transcription. However,
it is possible that NFAT?2 is the most effective activator of
1L-2 gene transcription. Thus, NFAT2 obviously plays a
positive role in control of T-cell proliferation, whereas
NFATI1 and NFAT4 have the opposite effect. The positive
effect of NFAT2 is mediated by IL-2 gene transcription,
whereas the negative effect of NFAT1 and NFAT4 may be
associated with initiation of FasL expression. These data are
consistent with recently demonstrated differential expres-
sion of different NFAT proteins in T-lymphocytes: cell
activation is accompanied by rapid augmentation of
NFAT?2 transcripts and reduced expression of NFAT1 and
NFAT4 [2].

The Th2 cytokines IL-4, IL-5, and IL-13 are the main
growth factors of B-lymphocytes. Increased proliferation of
these cells in NFAT17/~ and NFAT4~/~ animals may be
associated with increased production of these cytokines or
with abolishment of FasL/Fas-dependent apoptosis.

Inhibition of cell-mediated reactions represents
another change of immune reactivity under conditions of
NFAT blockade. This is observed on inhibition of NFAT-
dependent transcription induced by various treatments.
CsA is an effective inhibitor of transplantation immunity
[67], and directed NFAT blockade is accompanied by
reduced resistance to intracellular parasites [53]. This
effect is realized via several mechanisms. 1) Blockade of
NFAT expression causes inhibition of gene transcription
of Thl-cytokines, IL-2, IFN-y, and TNF-a, inducing
cell-mediated reactions [5] and also gene transcription of
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IL-3 and GM-CSF, polypotent stimulators of hemo-
poiesis and leukocyte activation [74]. 2) Blockade of
NFAT expression is accompanied by blockade of apop-
totic factor FasL expression. Blockade of FasL expression
at the stage of “naive” lymphocyte activation increases
proliferative response. For CTL and NK cells, this effect
means abolishment of one of the two most important
mechanisms responsible for elimination of “affected”
cells [4]. TNF-a can also act as an apoptotic factor, and
decrease of its expression in NK cells can also contribute
to inhibition of NK-dependent apoptosis. The occur-
rence of both mechanisms in the body results in
decreased resistance of NFAT-deficient animals to virus-
es, tumors, and parasite infections. The ability of NFAT
to inhibit Tat-induced activation of HIV1 genes plays an
important role in the antiviral defense of the body [65].
However, Tat-dependent augmentation of NFAT1 tran-
scriptional activity may be a reason for a temporary
increase in the production of IL-2 and other Thl-
cytokines detected in HIV1-infected patients [66]. Thus,
NFAT prevents replication of viral RNA and stimulates
immune reactions responsible for elimination of virus-
infected cells. This may be a universal mechanism use for
protection against other viral infections.

In contrast to cell-mediated immunity, the humoral
immune response is increased under conditions of NFAT
expression blockade; this results in significant increase in
IgG1 and IgE in blood serum, eosinophil accumulation,
and increased allergic reactions [2, 52]. Since these
effects are blocked by antibodies against 1L-4 and IL-5,
they are related to increased production of Th2-cytokines
registered, for example, in NFAT1~/~ and NFAT4 /" ani-
mals [2, 52]. This phenomenon may be attributed to the
ability of NFAT to inhibit the late phase of transcription
of Th2-cytokine genes IL-4, IL-5, and IL-13 [53].
Permanent activation of these genes in the absence of
NFAT leads to increased proliferation of B-lymphocytes
and IL-4/IL-13-dependent switch of Ig classes to IgG1
and IgE. The latter binds to mast cells FceR in the pres-
ence of antigen, and this induces release of vasoactive
transmitters, chemotactic factors, and cytokines such as
1L-4 and IL-13. Their synthesis in mast cells also depends
on NFAT. These effects result in the development of
immediate hypersensitivity type reactions [75]. IL-5
stimulates differentiation and proliferation of
eosinophils, and degranulation of these cells also con-
tributes to the development of allergic reactions [76].

During immune response, proteins of the NFAT
family activate transcription of most cytokine and other
inducible genes and thus they control proliferation, dif-
ferentiation, and effector functions and also programmed
death of immune competent cells. Figure 2 schematically
summarizes results of NFAT activation in lympho-
myeloid cells and the role of NFAT in immune response.

NFAT proteins are involved in simultaneous stimula-
tion of expression of growth (IL-2) and apoptotic (FasL)
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factors in “naive” CD4*/CD8" T-lymphocytes respond-
ing to antigen-dependent activation. This induces clonal
expansion of lymphocytes but restrains it within certain
limits and prevents uncontrolled proliferation.

Proteins of the NFAT family are effective activators
of transcription of Thl-cytokine genes (IL-2, TFN-y,
TNF-a) in Thl and other cells involved in the immune
response: CTL, NK-cells, macrophages. Thl-cytokine-
mediated preferential differentiation and activation of Th1
also contributes to NFAT-dependent increase in produc-
tion of IL-2, IFN-y, and TNF-a. Thl-cytokines induce
activation of CTL and NK and, consequently, destruction
of “affected” cells by perforin-dependent cytolysis or
Fasl./Fas mediated apoptosis. Besides cytokine gene
induction, direct expression of NFAT in CTL and NK-
cells initiates transcription of the FasL gene. This repre-
sents an autonomic mechanism of NFAT-dependent aug-
mentation of cell-mediated immune reactions. Direct or
Thl-cytokine mediated macrophage activation initiates
the development of inflammatory reactions resulting in
pathogen destruction. Thus, NFAT-induced increase in
cell-mediated immunity occurs via activation of transcrip-
tion of genes encoding both regulatory (Thl-cytokines)
and effector (FasL) molecules (Fig. 2).

NFAT proteins exert negative control of Th2-cytokine
1L-4, IL-5, and IL-13 gene transcription. This causes inhi-
bition of proliferation and differentiation of B-lymphocytes
and the production (by B-lymphocytes) of IgE and IgG1
accompanied by the inhibition of humoral immunity. The
NFAT-dependent decrease in Th2-cytokine production
inhibits activation of mast cells and eosinophils involved in
the development of reagin-type allergic reactions (Fig. 2).

NFAT protein-dependent control of expression of
the most important regulator (cytokines), effector
(FasL), and membrane (CTLA4) molecules of lympho-
myeloid cells determines the central role of this protein
family of transcriptional factors in the immune response.
In contrast to a generally accepted notion on the positive
role of NFAT in immunity, NFAT-dependent transcrip-
tion results in activation of cell-mediated reactions and
also in inhibition of humoral immunity. Opposite regula-
tion of Thl- and Th2-cytokine gene expression is the
basis for the opposite effects of NFAT.

It should be emphasized that proteins of the NFAT
family exert diverse functional effects and the final result
of NFAT-dependent transcription is determined by the
selective expression of these factors in lympho-myeloid
cells and their balanced activation.
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