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The calcium-dependent phosphatase calcineurin and its down-
stream transcriptional effector nuclear factor of activated T cells
(NFAT) are important regulators of inducible gene expression in
multiple cell types. In T cells, calcineurin-NFAT signaling represents
a critical event for mediating cellular activation and the immune
response. The widely used immunosuppressant agents cyclosporin
and FK506 are thought to antagonize the immune response by
directly inhibiting calcineurin-NFAT signal transduction in lympho-
cytes. To unequivocally establish the importance of calcineurin
signaling as a mediator of the immune response, we deleted the
gene encoding the predominant calcineurin isoform expressed in
lymphocytes, calcineurin AB (CnAB). CnAB~/~ mice were viable as
adults, but displayed defective T cell development characterized by
fewer total CD3 cells and reduced CD4 and CD8 single positive cells.
Total peripheral T cell numbers were significantly reduced in
CnAB~/~ mice and were defective in proliferative capacity and IL-2
production in response to PMA/ionomycin and T cell receptor
cross-linking. CnAB~/~ mice also were permissive to allogeneic
tumor-cell transplantation in vivo, similar to cyclosporin-treated
wild-type mice. A mechanism for the compromised immune re-
sponse is suggested by the observation that CnAB—/~ T cells are
defective in stimulation-induced NFATc1, NFATc2, and NFATc3
activation. These results establish a critical role for CnAB signaling
in regulating T cell development and activation in vivo.

Calcineurin is a calcium-activated Ser-Thr phosphatase com-
posed of a catalytic A subunit (59-62 kDa) and a regulatory
B subunit (19 kDa). Three catalytic genes (A subunit) have been
identified in vertebrate species, of which CndA«a and CnAB are
ubiquitously expressed, whereas CnAvy is restricted to the testis
and brain (1-3). Calcineurin catalytic activity can be inhibited by
the immunosuppressive agents cyclosporin A (CsA) and FK506
through complexes with cyclophilins and FK506-binding pro-
teins, respectively (1-3). An important mechanism whereby
calcineurin promotes T cell activation and cytokine gene induc-
tion is largely attributed to a family of transcriptional regulators
referred to as nuclear factor of activated T cells (NFAT; ref. 4).
Receptor-mediated stimuli or mitogens that produce sustained
elevations in intracellular calcium concentration result in cal-
modulin saturation and the direct activation of calcineurin (1-3).
Activated calcineurin then directly binds NFAT transcription
factors located in the cytoplasm, resulting in their dephospho-
rylation and subsequent translocation into the nucleus. Once in
the nucleus, NFAT functions as an important coinducer of
cytokine gene expression (4). Five NFAT transcription factors
have been identified, of which NFATc1-4 are regulated by
calcineurin-mediated dephosphorylation (4, 5).

Genetic experiments in gene-targeted mice have provided
important insight into the function of individual NFAT and
calcineurin family members as mediators of lymphocyte activa-
tion (reviewed in ref. 6). Whereas a number of studies support
a role for calcineurin as an important regulator of cellular
activation, targeted disruption of the Cn4a gene in the mouse
did not reveal a striking defect in lymphocyte development or
function (7). Specifically, whereas CnAa ™/~ mice were partially
defective in responding to an in vivo sensitized-antigen challenge
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assay, they did not demonstrate obvious defects in lymphocyte
development, proliferation in response to mitogen or T cell
receptor cross-linking, or NFAT nuclear translocation, in con-
trast to the known actions of CsA (7). The modest immunologic
phenotype of CnAa~/~ mice is, however, consistent with quan-
titative immunoblotting experiments that reveal CnAB, and not
CnAc, as the predominant calcineurin catalytic isoform ex-
pressed in T and B cells (8). Although it is not disputed that CsA
and FK506 mediate immunosuppression through calcineurin
inhibition, each drug can have calcineurin-independent effects
(9). Thus, it remains critical to determine a functional role for
calcineurin in the regulation of T cell development and activa-
tion. In this regard, a genetic approach was used to examine the
immune responsiveness of mice lacking the major calcineurin
catalytic isoform expressed in lymphocytes, CnAp.

Methods

Generation of CnAB~/~ Mice. The CnA B-targeting vector consisted
of a 2.5-kb genomic fragment (5’ to exon 2—short arm), the
neomycin resistance gene (neo), and a 4.0-kb genomic fragment
(3’ to exon 2—Ilong arm), which replaced the second exon
encoding most of the catalytic domain (Fig. 14). Two targeted
embryonic stem (ES) cell clones (Sv129 strain) were obtained
from a total of 400 and injected into C57BL/6 blastocysts
generating chimeric mice that were bred against C57BL/6 mice
to obtain germline heterozygous-targeted mice (both ES clones
generated null mice with similar phenotypes).

Immunoblot Analysis. Proteins were electrophoresed and trans-
ferred onto Hybond-P membranes (Amersham Pharmacia),
blocked for 2 h at room temperature with Tris-buffered saline
containing 0.1% Tween 20, 10 mM Tris (pH 7.5), 150 mM NaCl
(TBST), and 5% nonfat milk and then incubated in antiserum
overnight at 4°C. Immunoreactivity was detected by using the
enhanced chemiluminescence system (ECL; Amersham Phar-
macia). Immunoreactive bands on films were digitized and
quantified for fluorescence with a Storm 860 Phospholmager
(Molecular Dynamics). The pan-calcineurin catalytic A subunit
antibody was purchased from Chemicon; CnAa, CnAp,
NFATc1, NFATc2, and NFATc3 antisera were purchased from
Santa Cruz Biotechnology. NFATc1 polyclonal antisera also was
provided by Nancy Rice (National Cancer Institute, Frederick,
MD). Antibody against the proto-oncogene Cbl p120 was used
as a control for cytosolic protein extract integrity (antibody from
Santa Cruz Biotechnology). For analysis of NFAT translocation,
thymocytes were stimulated with 2.5 ng/ml phorbol 12-myristate
13-acetate (PMA) plus 500 ng/ml of ionomycin.
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Fig. 1. Targeted disruption of the CnAB gene. (A) Schematic representation
of the CnAB genomic locus, the targeting vector (TV), and the result of
homologous recombination. (B) Western blot analysis of protein extracts from
brain and spleen tissue with pan-calcineurin A catalytic subunit antisera,
CnAB-, or CnAa-specific antisera. (C) Calcineurin activity from splenocytes
derived by measuring the dephosphorylation rate of a synthetic phosphopep-
tide substrate (RIl peptide). *, P < 0.01 vs. CnAB*/+.

Calcineurin Phosphatase Activity. Phosphatase activity was mea-
sured by using the calcineurin assay kit (Biomol, Plymouth
Meeting, PA) according to the manufacturer’s instructions.
Spleen cells from either wild-type or CnAB~/~ mice were
isolated, and calcineurin activity was measured as the dephos-
phorylation rate of a synthetic phosphopeptide substrate (RII
peptide) in the presence or absence of EGTA. The amount of
PO, release was determined photometrically by using the Biomol
Green reagent.

Preparation of Lymphocytes. The thymus, spleen, and inguinal
lymph nodes were isolated from either wild-type or CnAB~/~
mice, dissociated into single-cell suspensions, filtered through a
nylon strainer (70 um), centrifuged at 300 X g for 5 min, and
resuspended in RPMI medium 1640. Red blood cells were
removed from spleen cells by adding 10 ml of red blood cell lysing
solution for 3 min at room temperature. After resuspensions,
cells were washed and counted with a hemocytometer, centri-
fuged at 300 X g for 5 min, and resuspended in RPMI medium
1640 for a final concentration of 5 X 10° cells per ml.

Flow Cytometric Analyses. Cells (0.5 X 10° cells per well) were
placed in 96-well tissue-culture plates, centrifuged at 300 X g for
5 min at 4°C, and resuspended with 100 ul of PBS containing 2%
BSA and 1-2 ul of PE- or FITC-labeled antibodies (PharMin-
gen) per well. After 60 min of incubation at 4°C, cells were
washed three times with PBS containing 0.1% BSA and filtered
into fluorescence-activated cell sorter (FACS; Becton Dickin-
son) tubes for a final volume of 400 ul. Flow cytometry was
performed on 10,000 cells in each assay.

Proliferation Assays. Isolated splenocytes or enriched T cells
(using B220 negative selection) were plated in triplicate at a
density of 100,000 cells per well in a 96-well tissue-culture plates.
Cells were incubated for 1 h at 37°C before the addition of
stimulating agents. Cells then were stimulated with 2.5 ng/ml
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PMA plus 75 ng/ml of ionomycin or cultured for 48 h at 37°C on
aCD3-precoated dishes. After the 48 h of stimulation, cultures
were pulsed with 1 pCi (1 Ci = 37 GBq) per well [*H]thymidine
for 6 h.

Cytokine Production Assays. Splenocytes from either genotype
were plated at a density of 1.0 X 10° cells per well and incubated
with 5 pg/ml aCD3 antibody (or «CD3/aCD28 antibodies) or
2.5 ng/ml PMA plus 75 ng/ml of ionomycin for 48 h at 37°C.
Supernatants were assayed for levels of IL-4, transforming
growth factor (TGF)-B1, and IFN-y by enzyme-linked immu-
nosorbent assay according to the manufacturer’s protocol
(PharMingen). Serum also was collected for the detection of
circulating TGF-B1 levels.

RNase Protection Assays. RNA was obtained from 5 X 10° cells
stimulated for 16 h, hybridized overnight to the 3?P-labeled RNA
probes, then treated with RNase, purified, and resolved on 6%
polyacrylamide-Tris-urea gels according to the Riboquant mul-
tiprobe kit (PharMingen). The gels were exposed and quanti-
tated in a PhosphorImager (Molecular Dynamics) using IMAGE-
QUANT software. Cytokine transcripts were identified by the
length of the respective fragments, and intensities were normal-
ized to L32 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) message intensity.

Tumor Assays. J558L mouse plasmacytoma cells (BALB/c back-
ground) were cultured in RPMI 1640 medium supplemented
with 10% (vol/vol) FBS, 2 mM L-glutamine, and antibiotics (10).
Cells were harvested, washed three times in Dulbecco’s PBS, and
resuspended at a density of 5 X 10° cells per 0.2 ml and injected
s.c. into the abdominal skin (shaved) of 6- to 8-week-old
C57BL/6SV129 CnAB~'~, C57BL/6SVI29 wild-type, C57BL/
6SV129 wild-type treated with 10 mg/kg/day of CsA, or synge-
neic Balb/C mice. Mice that failed to develop tumors by 17 days
were defined as “tumor free”. Mice were killed 17 days after
implantation or when tumors exceeded 2.5 cm in diameter.

Statistical Analysis. Statistical analyses between the experimental
groups were performed by using a Student’s ¢ test or one-way
ANOVA when comparing multiple groups. Data are reported as
mean = SEM. Values of P < 0.05 were considered significant.

Results

Gene targeting was performed in the mouse to investigate the
function of the CnApB as a potential regulator of lymphocyte
development and/or function. Specifically, the exon encoding
the catalytic domain of CnAB was replaced with the neomycin
gene in ES cells by homologous recombination (Fig. 1A4).
Heterozygous targeted ES cells were injected into C57BL/6
blastocysts to generate chimeric mice and subsequent heterozy-
gous CnAp targeted mice. Breeding of heterozygote mice pro-
duced CnAB~'~ mice at the predicted Mendelian frequency,
which were overtly normal as adults.

To evaluate the effectiveness of the gene-targeting strategy,
protein extracts were generated from both the brain and spleen
and subjected to immunoblotting. Western blotting with cross-
reactive calcineurin A subunit antisera demonstrated an ~70%
reduction in total protein content from CnAB~/~ splenocytes
(Fig. 1B). Similar analysis using isoform-specific calcineurin A
antisera demonstrated a complete absence of CnAf protein
without a compensatory change in CnA« levels (Fig. 1B). Total
calcineurin phosphatase activity was also measured from spleno-
cytes demonstrating a 9-fold reduction in enzymatic activity in
null mice compared with wild-type strain matched control mice
(n = 3; P < 0.01; Fig. 1C). Splenocytes were examined largely
because calcineurin immunoreactivity was not detectable by
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Fig. 2. Defective NFAT activation in CnAB~/~ thymocytes. Western blot
analysis of protein extracts isolated from the cytosol of unstimulated or
PMA/ionomycin-stimulated thymocytes taken from either wild-type or
CnAB~'~ mice. The arrows on the left illustrate the change in NFAT migration
due to phosphorylation status of each NFAT isoform. Controls include Cos cell
protein extracts from NFATc1 or NFATc3 transfections (lanes at right) as well
as Western blotting for a nonmodulated cytosolic protein, Cbl, to monitor for
extract integrity and equivalent loading.

Western blotting of protein extracts from thymocytes (data not
shown).

The family of NFAT transcriptional regulators directly trans-
locate from the cytoplasm to the nucleus upon calcineurin-
mediated dephosphorylation (4). To evaluate basal NFAT phos-
phorylation status and subcellular distribution in CnAB~/~ mice
first, unstimulated thymocytes were isolated, and cytosolic pro-
tein extracts were generated for Western blot analysis. At
baseline, the cytosolic fraction of NFATc1 and NFATc3 proteins
demonstrated slower electrophoretic mobilities from CnAB~/"~
thymocytes compared with wild-type thymocytes (arrows), sug-
gesting a hyperphosphorylated state in the absence of CnAf
(Fig. 2). In contrast, NFATc2 protein migration did not vary
between wild-type and null thymocytes at baseline (Fig. 2).
However, PMA/ionomycin stimulation induced a significant
reduction in NFATcl, NFATc2, and NFATc3 protein content
within the cytoplasm of wild-type thymocytes, but this reduction
was significantly attenuated from CnAB~/~ thymocytes (Fig. 2).
In addition, the electrophoretic migration of NFATc3 was
significantly altered (faster) in wild-type thymocytes compared
with CnAB~/~ thymocytes (slower), suggesting increased phos-
phorylation of cytoplasmic NFATc3 in the absence of CnAp
(Fig. 2). Western blotting for the thymus-enriched cytoplasmic
proto-oncogene Cbl (120 kDa) also was performed to control for
nonspecific variations in protein levels within the assay (equiv-
alent levels were observed; Fig. 2). The quality of the NFATc1
and NFATc3 Western blots and the number of discrete immu-
noreactive bands (corresponding to different phosphorylation
states) are comparable to previous reports in the literature (11,
12). In addition, the identity of NFATcl and NFATc3 was
confirmed by Western blotting of Cos cell extracts transfected
with each expression vector (Fig. 2). Collectively, these results
indicate that the subcellular distribution and activation state of
NFAT proteins is dramatically altered in CnAB~/~ lymphocytes.
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Fig. 3. Impaired T cell development in CnAB~/~ mice. (A) Total number of
CD3 positive cells (T cells) and CD19 positive cells (B cells) isolated from spleen
and lymph nodes were quantified by flow cytometric analysis (four indepen-
dent experiments). (B) A representative FACS experiment of thymocytes (Top)
or splenocytes (Bottom) from wild-type, CnAB~/—, or wild-type mice treated
with CsA were stained with FITC-CD4 and PE-CD8 antibodies. (C) Percentage
of CD4- and CD8-positive cells summarized from the FACS data. (*, P < 0.01 vs.
wild type).

Defects in cellular activation often compromise T cell devel-
opment and maturation. Flow cytometric analysis was per-
formed to analyze the composition and distribution of T and B
cells in the thymus, spleen, and lymph nodes of CnAB~/~ mice.
Although total CD19 positive (B cells) cells from the spleen and
lymph nodes did not vary, CnAB~/~ mice demonstrated a
significant reduction in CD3 positive (T cells) cells in the
periphery compared with control mice (Fig. 34). Furthermore,
thymocytes from CnAB~/~ mice showed a significant reduction
in both CD4 and CD8 single-positive cells (Fig. 3B). Quantita-
tion of total thymocytes from three independent experiments
showed that Cn4B~/~ CD4 and CD8 single-positive thymocyte
populations were reduced by 75.1 and 64.6%, respectively,
compared with strain- and age-matched control mice (P < 0.01;
Fig. 3 B and C). Consistent with these observed defects in T cell
development and maturation, Cn4B~/~ mice also were charac-
terized by a 21% decrease in thymal cellularity at 4—8 weeks of
age (data not shown). However, FACS analysis of camptothecin-
induced apoptosis levels in CD4 and CD8 single-positive thy-
mocytes, or CD4/CD8 double-positive or double-negative thy-
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mocytes did not vary between wild-type and CnAB~/~ mice (data
not shown; see Discussion).

Developmental defects also were identified in T cells isolated
from the spleens of CnAB~/~ mice (Fig. 3 B and C). In four
independent experiments, the number of mature CD4 and CDS8
single-positive splenocytes was reduced from 25 + 4% to 13 =
3% and 15 = 3% to 4.9 = 1.2% in CnAB~'~ vs. wild-type control
mice, respectively (P < 0.01). Similar reductions in T cell
populations were observed in the thymus of wild-type mice
treated with CsA, although 10 days of CsA was not sufficient to
reduce mature T cell populations in the spleen (Fig. 3 B and C).
Collectively, FACS analysis demonstrated defective lymphocyte
development and maturation in CnAB~/~ mice.

Activation of the T cell receptor stimulates a wide array of
intracellular signaling pathways that regulate, in part, cellular
proliferation and clonal expansion. To determine whether CnAp
is an important intracellular mediator of lymphocyte activation
and subsequent proliferation, splenocytes from null mice were
stimulated with either aCD3-activating antibodies or PMA/
ionomycin. Total splenocytes isolated from CnAB~/~ mice dem-
onstrated a significant reduction in [*H]thymidine incorporation
and IL-4 and IFNvy cytokine production in response to T cell
receptor cross-linking/aCD28 and PMA /ionomycin (data not
shown). Although analysis of total splenocyte proliferation and
cytokine production represents a physiologic analysis of the
immune response, it is also influenced by total T cell numbers,
which are significantly reduced in CnAB~/~ mice. Given this
consideration, T cells were purified (enriched) and normalized
from the spleens of CnAB~/~ mice and control mice and
subsequently analyzed for proliferative capacity. The data show
a significant reduction in proliferation induced by CD3 cross-
linking or PMA /ionomycin in CnAB~'~ T cells respectively,
suggesting an autonomous defect in cellular activation in the
absence of CnAp (Fig. 44). In three independent experiments,
examination of IL-2 cytokine gene expression from purified T
cells using a ribonuclease protection assay, which is a critical
regulator of cellular activation and proliferation, demonstrated
a significant reduction in PMA /ionomycin-induced IL-2 expres-
sion (Fig. 4B). These results demonstrate defective lymphocyte
activation in CnAB~/~ mice in response to a calcium-dependent
signal and in response to T cell receptor activation.

To examine the contribution of CnAB vs. CnA« in mediating
cellular activation, enriched T cells from CnAB~/~ and wild-type
mice were treated with CsA and FK506. Similar to the data
presented in Fig. 44, proliferation stimulated by CD3 antibody or
PMA /ionomycin was significantly reduced in enriched T cells
isolated from CnAB~'~ mice (Fig. 4C). Furthermore, PMA/
ionomycin- and CD3-induced proliferation of CnAB~'~ lympho-
cytes was only partially affected by CsA and FK506 (Fig. 4C).
However, the observation that Cn4B~/~ T cell remained partially
sensitive to CsA and FK506 inhibition suggests a residual role for
CnAa. Nearly identical CsA and FK506 inhibitory dose-response
relationships were observed in CnAa™/~ immune cells (7). For
example, both Cnde- (7) and CnAB-null (Fig. 4C) thymocytes
showed a reduction in the IC50 to FK506, suggesting greater
sensitivity to calcineurin inhibitory agents. Taken together, these
observations suggest that Cn4Aa and CnAB can partially compen-
sate for one another in mediating residual T cell activation, but that
both are required for proper cellular activation.

CsA and FK506 are used to prevent rejection of transplanted
allografts in humans. If these agents inhibit the immune response
primarily through blockade of CnAp, then null mice should be
largely permissive to allograft acceptance. Accordingly, JS58L
mouse plasmacytoma tumor cells (BALB/c derived; ref. 10)
were injected s.c. into syngeneic BALB/c mice, allogeneic
C57BL/6 CnAB~'~ mice, or allogeneic C57BL/6 wild-type
strain-matched control mice. The results of these experiments
show that 42% of CnAB~'~ mice developed allogeneic tumors
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Fig. 4. Impaired lymphocyte proliferation in CnAB~/~ mice. (A) Enriched
splenic T cells stimulated with a«CD3 antibodies or PMA and ionomycin for 48 h
show reduced proliferation. All proliferation assays were performed in trip-
licate within asingle experiment, and similar results were observed in multiple
experiments (*, P < 0.01 vs. wild type). (B) IL-2 gene expression from enriched
CnAB~'~ orwild-type splenocyte T cells was assessed by RNase protection assay
after stimulation with PMA/ionomycin for 16 h and expressed relative to
GAPDH (n = 3; *, P< 0.01 vs. wild type). (C) Enriched T cell proliferation levels
from wild-type (WT) and CnAB~/~ (KO) mice stimulated with either «CD3 or
PMA/ionomycin in the presence of increasing amounts of CsA or FK506. The
assay background was approximately 300 dpm, whereas PMA/ionomycin
stimulation induced approximately 4,000 dpm in CnAB~/~ lymphocytes (be-
cause of the scale of the graph, lower levels of proliferation are not obvious).
The results were derived from three wild-type and three CnAB~/~ mice. Similar
results were observed in three independent experiments.

between 10-17 days (5/12), whereas no tumor growth was
observed in C57BL/6 control mice (0/11). Additional controls
demonstrated that 100% of syngeneic BALB/c mice (6/6) and
75% of CsA-treated C57BL /6 wild-type mice developed tumors
(6/8) (Fig. 54). These data demonstrate that Cn4 B/~ mice have
impaired allograft rejection, comparable to the effects observed
with CsA administration.

Discussion

Calcineurin has been identified as the target of the immunosup-
pressive drugs CsA and FK506 (13-15). The phenotypic analyses of
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activation supports a critical role for the CnAB gene as the major calcium-
dependent transducer of lymphocyte activation, when compared with
CnAc. Calcineurin activation then promotes NFATc1/c2/c3 dephosphory-
lation, which promotes their translocation into the nucleus, where NFAT
factors interact with other response pathways to orchestrate the immune
response.

CnAB~'~ mice demonstrated a defective immune response that was
similar to CsA treatment. Indeed, CsA administration in vivo
reduces CD4 and CDS single-positive cells, reduces cytokine levels,
and compromises T cell proliferation (16-18). Quantitative immu-
noblotting (8) and the results presented in this report demonstrate
that CnAp is the predominant isoform of calcineurin expressed in
lymphocytes. Consistent with these observations, functional com-
parison between CnAa and CnAp gene-targeted mice suggests a
more critical role for CnAB in lymphocyte development and
function (Fig. 5B). For example, T cell populations were not
reduced in Cnda~/'~ mice, nor was splenocyte or lymph node cell
proliferation reduced in response to PMA /ionomycin, ConA, or
aCD3 antibody stimulation (7). More importantly, CnAa™/~ mice
did not demonstrate altered NFAT nuclear translocation (7). In
contrast, CnAB~/~ mice presented with a significant reduction in T
cell development and activation in response to PMA/ionomycin
and T cell receptor stimulation.

Despite the prominent role played by CnAp, T cells from these
null mice still demonstrated partial proliferative and cytokine
responsiveness, suggesting a role for CnAa as well as other intra-
cellular signaling pathways. Indeed, enriched T cells from CrnAB ~/~
mice demonstrated both CsA- and FK506-sensitive proliferation in
response to CD3 receptor cross-linking and PMA /ionomycin stim-
ulation. Although these observations suggest that CnA« can par-
tially compensate for the loss of CnAB in mediating lymphocyte
proliferation, it is likely that other signaling pathways also influ-
enced T cell activation in our assays. T cell receptor activation, as
well as diverse T cell mitogens, recruit a large array of necessary
intracellular signaling mediators such as mitogen-activated protein
kinases family members, tyrosine kinases (Fyn-T, Lck, Syk, and
Zap70) NFkB, Jak/Stat, and PKC6 (19-23). That the T cell
receptor regulates multiple intracellular signaling pathways explains
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why aCD3-stimulated proliferation is slightly more resistant to CsA
and FK506 treatment compared with PMA /ionomycin (Fig. 4C).
As a final consideration, CsA treatment was slightly more effective
in preventing rejection of the allogeneic J558L plasmacytoma cells
compared with untreated Cn4B~'~ mice, despite the fact that
transient CsA treatment did not reduce peripheral T cell numbers.
By comparison, CnAB~/~ mice had both a reduction in peripheral
T cell counts, as well as a partial defect in cellular activation. These
results either suggest that CnAa plays a significant compensatory
role in the absence of CnAp in mediating the allogeneic immune
response, or that CsA also can reduce T cell activation, in part,
through calcineurin-independent mechanisms (see below).

Immunological phenotypes also have been described in
NFATcl-, NFATc2-, and NFATc3-null mice, providing addi-
tional evidence that calcineurin-NFAT signaling regulates the
immune response (11, 24-28). Targeted disruption of the
NFATc3 gene showed a defect in selection of thymocytes with a
concomitant decrease in peripheral T cells, which most closely
resembles the phenotype of CnAB~'~ mice (24). NFATc2-null
mice demonstrated a more complex phenotype characterized by
lymphocyte hyperproliferation, altered cytokine expression
(both up- and down-regulation of select cytokines), and eosin-
ophilia, suggesting a more negative regulatory role for NFATc2
(25-27). However, the combined disruption of both NFATcI and
NFATc2 significantly impaired effector functions such as Th
cytokine production and cytolytic activity, suggesting an impor-
tant role for NFATcI in regulating T cell function (25).

The observed decrease in mature CD3 lymphocytes in the
periphery of CnAB~/~ mice suggested either a developmental
defect in lymphocyte maturation in the thymus or that mature
lymphocytes are more susceptible to apoptosis. To distinguish
between these two possibilities, total CD3-positive thymocytes
(both double-positive and double-negative) were assayed for
apoptosis at baseline or after apoptotic stimulation from
wildtype and CnAB~'~ mice. No difference was observed in
Annexin V-positive cell number or 7AAD permeable cell
number after FACS analysis in multiple experiments (data not
shown). In addition, no difference was observed between
single-positive CD4 or CD8 lymphocytes and susceptibility to
apoptosis at baseline or after stimulation (data not shown).
Finally, thymus cellularity was reduced by 21% in CnAB~/~
mice. These data suggest that the T cell deficiency that
characterizes the Cn4AB~/~ mouse results from defective cel-
lular maturation and/or selection. CsA and FK506 were
previously shown to inhibit positive selection of thymocytes in
vivo, which was also associated with a reduction in mature T
cell number in the periphery (29-31). Consistent with these
reports, transgenic mice expressing an activated calcineurin
protein in lymphocytes had enhanced efficiency of positive
selection in the thymus and were more sensitive to signals
through their T cell receptors (32).

CsA also has been shown to induce TGFp1, a cytokine with
immuno-modulatory qualities in diverse cells and tissues (33,
34). CnAB~'~ mice showed no difference in serum levels of
TGFB1 or in mRNA levels of TGFB1 from the spleen and
thymus, compared with wild-type strain-matched control mice
(data not shown). In conjunction with the prominent defect in
T cell function in CnAB~/~ mice, this result supports the
hypothesis that calcineurin inhibition is the primary mecha-
nism whereby CsA mediates immunosuppression. However,
our data do not exclude a secondary role for CsA in attenu-
ating T cell activation through calcineurin-independent path-
ways. Despite this consideration, the results of the present
study suggest that CnAp is a more selective target for immu-
nosuppressive drug design, which might circumvent toxicity
issues related to global calcineurin inhibition currently asso-
ciated with CsA and FK506.
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