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Ca**/calmodulin-dependent protein kinase IV-deficient (CaMKIV~'~) mice have been used to investigate
the role of this enzyme in CD4™" T cells. We identify a functional defect in a subpopulation of CD4* T cells,
characterized by a cell surface marker profile usually found on memory phenotype CD4* T cells. Upon T-cell
receptor engagement, the mutant cells produce diminished levels of interleukin-2 (IL-2), IL-4, and gamma
interferon protein and mRNA. The defect is secondary to an inability to phosphorylate CREB and to induce
CREB-dependent immediate-early genes, including c-jun, fosB, fra2, and junB, which are required for cytokine
gene induction. In contrast, stimulated naive CD4* T cells from CaMKIV~/'~ mice show normal CREB
phosphorylation, induction of immediate-early genes, and cytokine production. Thus, in addition to defining an
important signaling role for CaMKIV in a subpopulation of T cells, we identify differential signaling require-
ments for cytokine production between naive T cells and T cells that express cell surface markers characteristic

of the memory phenotype.

Ca®" is a critical regulator of T-cell activation, the process
initiated when the quiescent T cell undergoes T-cell receptor
(TCR) engagement and which is characterized by the highly
regulated expression of specific genes and concomitant cell
cycle progression and proliferation (13). One of the critical
Ca®*-dependent pathways activated is required to induce ex-
pression of the gene encoding interleukin-2 (IL-2), the major
T-cell growth factor. Maximal induction of the IL-2 gene re-
quires the inducible transcription factor AP-1, comprised of
jun and fos immediate-early gene (IEG) family members, in
combination with the constitutively expressed NFAT (22, 31).
One well-characterized Ca”*-dependent event in this process
is the dephosphorylation of NFAT by the Ca?*/calmodulin-
dependent protein phosphatase calcineurin. This modification
allows NFAT to translocate from cytoplasm to nucleus, where
it forms a complex with the inducible factors to stimulate
transcription (12, 36). It is this pathway which is blocked by the
immunosuppressive drugs FK506 and cyclosporine (37). How-
ever, additional Ca®"-dependent pathways must exist since,
even in the presence of FK506, IEG transcription is Ca*"
dependent (43). At least one critical Ca*"-dependent step is
CREB phosphorylation. Barton et al. have demonstrated that,
in resting T cells, CREB is in an unphosphorylated, transcrip-
tionally inactive state but becomes rapidly phosphorylated af-
ter stimulation of the TCR and that this step is required for
IEG and IL-2 induction during T-cell activation (6).

The identity of the signal transduction pathway responsible
for CREB phosphorylation in T cells remains unclear. Of the
many kinases able to phosphorylate CREB, Ca**/calmodulin-
dependent protein kinase IV (CaMKIV), a member of the
Ca?*/calmodulin-dependent protein kinase family, is an espe-
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cially good candidate (for reviews, see references 4 and 29).
CaMKIV is highly expressed in only a few cell types, including
brain, testes, and T cells, where it has been localized to the
nucleus in a tight 1:1 stoichiometric association with protein
phosphatase 2A (18, 44). Initially shown to be a CREB kinase,
CaMKIV has been implicated in mediating the Ca**-depen-
dent transcriptional activation of IEGs of the fos and jun fam-
ilies and neurotrophin genes such as brain-derived neurotro-
phic factor (7, 15, 21, 27, 34, 38, 39). The kinase also stimulates
activity of the transcription factors RORa and MEF2 (8, 23,
28).

In T cells, CaMKIV operates as a component of a CaM
kinase cascade, undergoing rapid, transient activation as a con-
sequence of signals that result in a rise in intracellular Ca** (5,
11, 20, 32, 42). Transgenic mice overexpressing a catalytically
inactive form of CaMKIV in the T-cell lineage have been
described. Thymocytes from these mice respond to TCR stim-
ulation with dramatically reduced levels of CREB phosphory-
lation and IL-2 production, implicating the kinase as an im-
portant CREB kinase in T cells (3). TCR stimulation leading
to CREB phosphorylation in T-cell-derived cell lines was also
shown to require CaMK in combination with extracellular sig-
nal-regulated kinase and p38-dependent pathways (46). How-
ever, it has also been reported that TCR engagement leads to
CREB phosphorylation through a single Ca®*-dependent
pathway involving protein kinase C, Ras, and RSK2 (30).

In the present study, the role of CaMKIV in mediating
CREB-dependent cytokine production during T-cell activation
has been investigated by using a CaMKIV-deficient mouse
previously generated by targeted gene disruption in murine
embryonic stem cells (45). Focus has been limited in this study
to the CD4 " helper T cell, since it is with this population that
cytokine gene induction has been most thoroughly studied. We
report that although stimulated naive CD4" T cells from
CaMKIV '~ mice are able to induce IL-2 and undergo normal
cell proliferation, a CD4" T-cell subset that expresses cell
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surface markers frequently associated with the memory phe-
notype is defective at IL-2 production. Closer examination
shows that these memory phenotype cells from CaMKIV ™/~
mice also produce diminished levels of IL-4 and gamma inter-
feron (IFN-vy) when stimulated and that these defects appear
to be secondary to an inability to phosphorylate CREB and to
induce the IEG required for cytokine gene induction in re-
sponse to TCR stimulation.

MATERIALS AND METHODS

Mice. The CaMKIV '~ mice used in this study were maintained on a C57BL/
¢j129 mixed genetic background. All animals were 5 to 10 weeks old.

T-cell isolation and stimulation. Enrichment of CD4 " single positive T cells
from the spleen was achieved by negative selection with mouse CD8 and B220
magnetic beads (Dynal, Lake Success, N.Y.). The purity of the resulting popu-
lations, as assessed by fluorescence-activated cell-sorting (FACS) analysis, was
>90%. Initially, separation of CD4* T cells into naive and memory T-cell
populations was achieved by triple staining with antibodies against the NK1.1,
L-selectin, and CD44 surface markers, followed by sorting with a Becton-Dick-
inson FACStar into NK1.1"¢#2"e | selectin"€" CD44'°% (naive T cells) and
NKI1.17e8atve | gelectin'®Y CD44"e" (defined here as memory phenotype T cells)
populations (9, 10). It was subsequently discovered that the sorted cells behaved
similarly whether NK1.1 was selected against or not. For this reason some
separations were made based only on L-selectin and CD44 surface marker ex-
pression. Similar experimental results were obtained when naive and memory
phenotype T-cell separation was achieved by staining with antibodies against the
CD45RB and CD44 surface markers, followed by sorting into CD45RBMeh
CD44%% (naive) and CD45RB!*" CD44Me" (memory) groups (24). The sorted
cells were cultured in RPMI 1640 growth medium supplemented with 10%
heat-inactivated fetal bovine serum (Gibco-BRL lot 1019504), 100 U of penicil-
lin/ml, 100 wg of streptomycin/ml, and 50 wM 2-mercaptoethanol. The cells were
stimulated at a density of 0.25 X 10%ml for the indicated times in 96-well plates
that had been coated with 100 wl of CD3 (clone 145-2C11; Pharmingen) and
CD28 (clone 37.51; Pharmingen) antibody, each at 5 pwg/ml. To promote Th1 or
Th2 differentiation of naive CD4" T cells, cells were primed for 4 days in
standard growth medium supplemented with recombinant IL-12 (2 ng/ml) plus
IL-4 neutralizing antibody (10 pg/ml) or with recombinant IL-4 (26, 41) (50
ng/ml), respectively. Restimulation consisted of pelleting, washing, counting by
trypan blue exclusion, and reculturing the cells with plate-bound CD3 and CD28
antibodies for one additional day.

T-cell proliferation and survival assays. T-cell proliferation was indirectly
determined by measuring [*H]thymidine incorporation. CD4" T cells, cultured
in 96-well plates (0.25 X 10° cells/ml), received 1 wCi of [*H]thymidine/well
during the last 6 h of either a 45- or a 72-h incubation. Incorporated radioactivity
was determined by liquid scintillation counting. Cell survival was determined by
incubating an aliquot of cells in 10% trypan blue dye for 5 min at room temper-
ature. Living cells, which exclude dye, were counted on a hemocytometer.

Secreted cytokine determination. Growth medium was assayed for secreted
cytokines according to the PharMingen cytokine sandwich enzyme-linked immu-
nosorbent assay protocol by using anti-mouse monoclonal capture and biotin-
conjugated detection antibody pairs from PharMingen. Recombinant IL-2, IL-4,
and IFN-vy proteins from PharMingen were used to generate standard curves.

Competitive RT-PCR. Total RNA was isolated from 1 X 10° to 2 X 10° naive
or memory CD4" T cells with Ultraspec RNA reagent (Biotecx). First-strand
cDNA was then generated by using the ProSTAR first-strand reverse transcrip-
tion-PCR (RT-PCR) kit (Stratagene) with Moloney murine leukemia virus re-
verse transcriptase and random primers. Competitive RT-PCR has been de-
scribed in detail elsewhere (33). Briefly, RT reaction mixtures were standardized
for total cDNA levels by assaying aliquots for hypoxanthine phosphoribosyltrans-
ferase (HPRT) cDNA by PCR in the presence of a series of HPRT competitor
construct dilutions. After the cDNA quantities were adjusted to equivalent
levels, cytokine transcript levels were semiquantitated by PCR with cytokine-
specific primer pairs and competitor cDNA. The IL-2 primers, 5'-CTGAAACT
CCCCAGGATGCTC-3' and 3'-CTGTCAAAGTATCATCTCAACAAGCC-5,
amplified a 300-bp product; the IL-4 primers, 5'-ATCGGCATTTTGAACGAG
GTC-3" and 3'-GAATGAGTCCAAGTCCACATCACTG-5', amplified a 272-bp
product; the IFN-y primers, 5'-AAAGGAGTCGCTGCTGATTCGG-3’ and 3'-
GAAAACTGTGACTACACCCGATGAC-3', amplified a 571-bp product; and
the HPRT primers, 5'-GTTGGATACAGGCCAGACTTTGTTG-3' and 3'-CT
CCCATCCGACCGGATATCCGA-5’, amplified a 350-bp product. To create
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competitor constructs for HPRT, IL-2, IL-4, and IFN-y, the wild-type PCR
products were subcloned into pCR2 (Invitrogen) and digested with a unique-site
restriction endonuclease within the murine cDNA. Spacer DNA was generated
by parallel digestion of mouse genomic DNA, which was then size fractionated
by agarose gel electrophoresis. DNA pieces of convenient size were extracted
from the gel and ligated into the digested recombinant plasmids to increase the
size of the wild-type genes. The HPRT PCR product was increased in size to
~1,000 bp by an ~650-bp HindIII fragment, the IL-2 PCR product was increased
to ~650 bp by an ~350-bp Bg/II fragment, the IL-4 PCR product was increased
to ~750 bp by an ~750-bp EcoRI fragment, and the IFN-y PCR product was
increased to ~900 bp by an ~351-bp fragment. The c-fos, Fra2, FosB, and junB
transcript levels were determined by RT-PCR by using specific primer pairs but
without competitor constructs. The c-fos primers, 5'-TTTCCTACTACCATTC
CCCAGCCG-3' and 3'-CTTGAAGATGAGAAGTCTGCGTTGC-5, amplified
a 457-bp PCR product; the FosB primers, 5'-TGAGAGATTTGCCAGGGTCA
AC-3" and 3'-GTGCTCCGTCTCTGGTTTTCTG-5', amplified a 496-bp prod-
uct; the c-jun primers, ATGGGCACATCACCACTACACC-3’ and 3'-CCAAC
CTCAGCAACTTCAACCC-5', amplified a 279-bp product; and the Fra2 primers,
5'-CAGAGAGAGAGAAAGAGAGCGAGC-3' and 3'-CATTTTTCTCCAGC
CCGTGG-5', amplified a 452-bp product.

Western blotting. Protein was electrophoresed through 10% polyacrylamide
gels and transferred to Immobilon-P membranes. Anti-CaMKIV (Transduction
Labs; monoclonal clone 26) was used at 1/1,000, anti-CREB NT (Upstate Bio-
technology; polyclonal) was used at 1/2,000, anti-phospho-CREB (Upstate Bio-
technology; polyclonal) was used at 1/1,000, and anti-RSK2 (Santa Cruz; mon-
clonal clone E-1) was used at 1/250. Signal was formed with the use of
horseradish peroxidase-labeled secondary antibodies and the ECL Detection
System (Amersham).

NFAT translocation. Naive and memory CD4" T cells (10° cells/ml) were
stimulated in growth medium with concanavalin A (ConA) at 10 pg/ml. Aliquots
of 50 ul were spread onto prewarmed poly-L-lysine-coated slides and incubated
at 37°C in 5% CO, for 15 min. Cells were then fixed in formalin for 10 min at
room temperature, washed in phosphate-buffered saline, and permeabilized at
—20°C in acetone for 2 min. From this point, immunocytochemistry was carried
out by using an immunoperoxidase detection system according to the manufac-
turer’s instructions (Vectastain elite ABC Kit; Vector Laboratories). The anti-
NFATCc (Santa Cruz; polyclonal sc-1149) was used at a 1/100 dilution.

RESULTS

CaMKIV is highly expressed in thymocytes, where it might
be predicted to influence T-cell development (20). Therefore,
before examination of CREB-dependent cytokine gene induc-
tion in activated T cells, it was first necessary to determine
whether the formation of mature T cells occurs in CaMKIV ™/~
mice. The total number of T cells obtained from mutant thy-
mus, spleen, and inguinal lymph node was normal, as was the
CD4/CD8 surface marker distribution in each compartment,
indicating that mature T cells are present in the CaMKIV ™/~
mice and are able to reach and survive in the periphery (data
not shown).

An ~90% pure CD4" T-cell-enriched population was ob-
tained from spleen by removing B cells and CD8" T cells by
negative selection. The CD4"-enriched T-cell population is
comprised of both naive and memory T cells, each capable of
producing cytokines in response to stimulation of the TCR. In
order to assay the specific subsets, CD4™" cells were sorted into
naive and memory phenotype populations based on L-selectin
and CD44 surface marker expression (9, 10). It was first nec-
essary, however, to consider the non-CD4" T-cell contami-
nates present in the memory phenotype population, which
include macrophages, dendritic cells, natural killer (NK) cells,
and polymorphonuclear leukocytes. Of these, a subset of NK
cells, NK1.1 cells, raises the most serious concern since it
expresses the TCR and can respond to TCR stimulation by
producing cytokines. Since NK1.1 cells could potentially inter-
fere with interpretation of CD4" T-cell function, cell sorting
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was set up to select only those cells negative for the NKI1.1
surface marker. When this was carried out, the total number
and L-selectin/CD44 staining profiles of wild-type and mutant
CD4" T cells appeared similar to previously reported patterns,
with ca. 85 to 90% staining as L-selectin"&" CD44'°" (naive T
cells) and 10 to 15% staining as L-selectin'® CD44"€" (mem-
ory T cells) (25; data not shown). It should be noted that
surface marker expression cannot definitively differentiate be-
tween activated effector and long-lived memory T cells (25).
Therefore, the L-selectin®™ CD44"&™ population will be re-
ferred to as memory phenotype CD4" T cells.

The naive T cells were assayed for IL-2 production after
TCR stimulation with CD3 and CD28 antibodies under neutral
conditions. The wild-type and mutant cells were found to se-
crete similar levels of IL-2, indicating that CaMKIV is not
required for production of this cytokine (Fig. 1A). However,
when memory phenotype T cells were stimulated with CD3
and CD28 antibodies, the CaMKIV ™'~ cells were found to
secrete eightfold less IL-2 than did the wild type (Fig. 1B),
indicating a possible functional defect in this T-cell subset.

One of the distinguishing characteristics of memory pheno-
type T cells is their ability, collectively, to produce and secrete
a broad range of cytokines. To determine whether the im-
paired cytokine production of the mutant was specific to IL-2,
two other cytokines were examined. IFN-y and IL-4 secretion
from stimulated memory phenotype cells were reduced five-
and eightfold, respectively, in cells from CaMKIV ™/~ mice
(Fig. 1B). Next, to determine whether the impaired IFN-y and
IL-4 production was specific to the memory phenotype T-cell
subset, naive cells were assayed for these cytokines. Stimula-
tion by CD3 and CD28 antibodies, again under neutral condi-
tions, led to a moderate level of IFN-y secretion from both
mutant and wild-type naive cells, while IL-4 secretion was not
detectable from either (Fig. 1A). One distinguishing property
of naive T cells is their ability to differentiate into Th1 or Th2
effector cells. Thl effectors are defined by their tendency to
produce large quantities of Thl cytokines, including IFN-y,
while Th2 effectors selectively produce Th2 cytokines, such as
IL-4. When cytokine production was determined after a 4-day
priming period under conditions that favor Th1 differentiation,
naive cells from wild-type and mutant mice produced similarly
high levels of IFN-y and no detectable IL-4 (Fig. 1C). Priming
of naive cells under conditions that promote Th2 differentia-
tion led to the secretion of high levels of IL-4 and low IFN-y
(Fig. 1D). Again, there was no significant difference in cytokine
production between wild-type and mutant naive cells. In sum-
mary, stimulated naive T cells from CaMKIV ™'~ mice secrete
normal levels of IL-2, IL-4, and IFN-y, while the memory
phenotype cells show impaired production of all three cyto-
kines. Figure 1 also demonstrates that stimulated naive and
memory phenotype cells from CaMKIV ™/~ mice display nor-
mal proliferation (Fig. 1E) and cell survival (Fig. 1F) over the
time course in which cytokine production was measured. Thus,
the diminished cytokine secretion by mutant memory pheno-
type cells is not due to increased apoptosis or to the failure of
the cells to proliferate.

We next sought to determine whether the functional defect
exhibited by the memory phenotype T cells was due to an acute
signaling problem downstream of the TCR. Although CaMKIV
expression in thymocytes and unfractionated CD4™ T cells has
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been previously reported, the presence of the kinase in mem-
ory cells was not examined (18, 20). Figure 2 shows that
CaMKIV is expressed in both naive and memory phenotype
CD4" T cells. Based on the properties of CaMKIV, the most
likely direct target of the kinase capable of influencing cytokine
production is CREB Ser133. CREB phosphorylation in
CaMKIV ™/~ memory phenotype T cells after acute stimula-
tion either with phorbol myristate acetate (PMA) and ionomy-
cin or with ConA was found to be dramatically reduced com-
pared to cells from wild-type animals (Fig. 3B). In contrast, the
inducible CREB phosphorylation in naive T cells from
CaMKIV ™/~ mice was similar to that observed in cells from
wild-type animals (Fig. 3B).

The decreased CREB phosphorylation and cytokine secre-
tion observed in mutant memory phenotype cells suggested
that IEG and cytokine gene induction would also be impaired.
To determine whether cytokine gene induction was impaired,
mRNA levels were indirectly measured by semiquantitative
RT-PCR. The IL-4 cDNA from the mutant memory pheno-
type cells could be competed by 10- to 100-fold less competitor
DNA compared to the wild type, indicating 10- to 100-fold less
IL-4 mRNA induction in the mutant (Fig. 4A). The IL-2 and
IFN-y mRNA levels in the mutant memory phenotype cells
were also reduced, each by ca. 10-fold compared to the wild
type. Not shown are signals from unstimulated cells, which
were always undetectable. Consistent with their ability to pro-
duce normal amounts of cytokines, the mutant naive T-cell
mRNA levels were similar to those for the wild type (Fig. 4B).

A number of IEGs implicated in cytokine gene induction,
including c-jun, junB, fosB, and fra2, require CREB phosphor-
ylation for their induction (6, 19, 35). The induction of these
genes in mutant memory phenotype cells was examined by
RT-PCR. c-jun mRNA was undetectable and junB, FosB, and
Fra2 were markedly reduced (Fig. 5).

The results described thus far indicate that CaMKIV is re-
quired for the Ca®*-dependent CREB phosphorylation that
leads to IEG and cytokine gene induction in stimulated mem-
ory phenotype cells. To verify that the Ca®* signal upstream of
CaMKIV is functional in the mutant cells, NFAT translocation
was examined. NFAT translocation from cytoplasm to nucleus
is a major Ca”?"-dependent pathway critical in stimulated T
cells. Immunostaining demonstrates that the movement of
NFAT from the cytoplasm to the nucleus occurs in stimulated
memory phenotype cells from mutant mice (Fig. 6).

It is curious that memory phenotype, but not naive, T cells
from CaMKIV '~ mice show a CREB phosphorylation signal-
ing defect. RSK2 has been reported to phosphorylate CREB in
unfractionated T cells and in lymphocyte-derived cell lines but
has not been examined in purified naive and memory cells.
Perhaps the RSK2 pathway is restricted to the naive T cell,
where it regulates CREB phosphorylation, but is absent in the
memory cell, leaving CaMKIV as the sole Ca®*-dependent
CREB kinase in this T-cell subtype. To test this possibility, the
presence and activation of RSK2 were assayed by Western blot
in naive and memory phenotype T cells from wild-type and
CaMKIV /" mice. Figure 7 demonstrates that RSK2 is
present in both wild-type naive and memory phenotype T cells
and that it undergoes the expected shift to a slower-migrating,
activated form in response to cell stimulation with PMA and
ionomycin (similar results were obtained after stimulation with
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FIG. 1. CD4" memory phenotype T cells from CaMKIV ™/~ mice exhibit defective cytokine secretion. After 3 days of stimulation with
plate-bound CD3 and CD28 antibodies under neutral conditions, levels of IL-2, IFN-y, and IL-4 from naive (A) and memory phenotype (B) CD4*
T cells from wild-type or CaMKIV ™/~ mice were determined. Bars represent the mean * the standard error (SE) (n = 5). To assess helper cell
differentiation, naive cells from wild-type and CaMKIV ™/~ mice were primed for 4 days in the presence of recombinant IL-12 and neutralizing IL-4
antibody, which promote Th1 differentiation (C), or with recombinant IL-4 to promote Th2 differentiation (D). The cells were then pelleted,
washed, and restimulated for 1 day, and then the levels of secreted cytokines were determined. Bars represent the mean * the SE (n = 3). Over
the time course in which cytokine secretion was measured, cell proliferation, as assessed by measuring [*H]thymidine incorporation (E), and cell
survival, based on trypan blue exclusion (F), were determined. Bars represent the mean * the SE (n = 3 [E] or n = 7 [F]).
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FIG. 2. CaMKIV is expressed in CD4" naive and memory pheno-
type T cells. CaMKIV protein expression was detected in thymocytes
and in CD4™" naive and memory phenotype T cells by Western blotting
of whole-cell lysates made from 0.3 X 10° cells. For each cell type the
entire lysate was used in the assay, so that signals from equivalent
numbers of cells are being compared. The results of one representative
experiment (n = 2) are shown.

CD3 and CD28 antibodies [data not shown]). Shown also in
Fig. 7 is the expected phosphorylation of CREB in response to
cell stimulation. RSK2 is present and activatable in naive and
memory phenotype T cells from CaMKIV ™/~ mice as well,
although CREB phosphorylation is not detectable in the stim-
ulated memory phenotype cells (Fig. 7). This later result indi-
cates that, although present, RSK2 activation is not coupled to
CREB phosphorylation in the memory phenotype T cell.
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FIG. 3. Stimulated CD4" memory phenotype T cells from
CaMKIV ™/~ mice display impaired CREB phosphorylation. The in-
ducible CREB phosphorylation in CD4" memory phenotype (A) and
naive (B) T cells from wild-type and CaMKIV ~/~ mice was determined
by Western blotting with antibody against CREB phospho-serine-133
(upper two panels of A and B). Cells were either unstimulated or
stimulated with 10 ng of PMA/ml plus 1 wM ionomycin or with 10 pg
ConA/ml for 10 and 30 min. Blotting with antibody against total CREB
is shown in the lower panels of A and B. The results of one represen-
tative experiment (n = 6) are shown.
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FIG. 4. CD4" memory phenotype T cells from CaMKIV ™/~ mice
display impaired cytokine gene induction. CD4" memory phenotype
(A) and naive (B) T cells from wild-type and CaMKIV ™'~ mice were
stimulated with plate-bound CD3 and CD28 antibodies for 2 days.
Total RNA was then isolated, and IL-2, IFN-v, and IL-4 gene induc-
tion was measured by competitive RT-PCR as described in Materials
and Methods. The numbers above the lanes indicate the picomoles of
competitor construct included in the PCR. For each of the four genes
examined, the PCR product arising from the competitor construct
(upper arrow) runs higher in the gel compared to that from the en-
dogenous gene (lower arrow). The results of one representative ex-
periment (n = 4) are shown.

DISCUSSION

In the absence of CaMKIV, stimulated CD4™* memory phe-
notype T cells are unable to produce cytokines. The number of
cells recovered from the CaMKIV ™/~ mice and the distribu-
tion of surface markers indicative of the memory cell pheno-
type are normal, indicating that the development and survival
of this population have not been compromised. However,
when stimulated, the mutant cells fail to phosphorylate CREB
and fail to induce the CREB-dependent IEGs required for
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FIG. 5. CD4" memory phenotype T cells from CaMKIV ™/~ mice
display impaired immediate early gene induction. CD4" memory phe-
notype T cells from wild-type and CaMKIV '~ mice were stimulated
with plate-bound CD3 and CD28 antibodies for 2 h. Total RNA was
then isolated, and c-jun, fosB, fra2, and junB gene induction was de-
termined by RT-PCR. The results of one representative experiment
(n = 4) are shown.

cytokine gene induction. It thus appears that CaMKIV is re-
quired for CREB phosphorylation during memory phenotype
CD4™ T-cell activation and, when absent, creates an acute
signaling defect responsible for diminished cytokine produc-
tion.

Stimulated naive T cells from CaMKIV /™ mice, in contrast,
do not have an apparent problem producing cytokines. This is
curious considering the similarities between the two cell types.
Both are antigen-specific cells that express CaMKIV, and both
respond to TCR stimulation by phosphorylating CREB, induc-
ing IEG expression, and producing cytokines. Our results raise
the question as to why CaMKIV is needed for CREB phos-
phorylation in one but not the other cell type. One reason may
have to do with features that are distinct between naive and
memory cells (1, 14). Naive T cells are mature cells that have
never been activated. Once activated by the appropriate anti-
gen, in the presence of additional costimulatory and cytokine
signals, the cells are driven to differentiate into cytokine-pro-
ducing effector cells. As antigen is eliminated, the majority of
effectors die, but some further differentiate into long-lived
memory cells (2). Memory cells differ from naive cells most
clearly with respect to function. When activated, memory T
cells immediately secrete large quantities of cytokines, without
having to go through the process of differentiation. In addition,
their requirements for activation, such as antigen dose and
costimulation, that leads to proliferation and cytokine produc-
tion are not as strict. In this respect, it seems logical that signals
proximal to the TCR are differentially coupled to downstream
events in naive and memory cells in order to bring about the
proper response from the two cell types. There is precedence
for differential TCR-mediated signaling in naive and memory
CD4™" T cells. Farber et al. reported thatmemory T cells, after
TCR stimulation, produce different patterns of tyrosine-phos-
phorylated substrates (17). In addition, several investigators
have described significantly less Ca®* signal generation in
memory cells compared to naive cells (40). Our results indicate
that the regulation of CREB phosphorylation may be a specific
point of divergence between naive and memory cell signaling
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FIG. 6. NFAT translocation in CD4* memory phenotype T cells
from CaMKIV ™'~ mice is normal. CD4" memory phenotype T cells
from wild-type and CaMKIV ™'~ mice were either unstimulated or
stimulated for 15 min with ConA. NFAT subcellular localization was
then determined by immunocytochemistry. In the control, anti-mouse
immunoglobulin G was substituted for anti-NFAT. Shown are repre-
sentative cells from a single experiment that was repeated two times. In
each experiment, 30 to 40 cells per treatment were scored. Magnifica-
tion, X500.

uns

and raise the question as to how this may occur mechanisti-
cally.

In addition to CaMK, mitogen-activated protein kinase
(MAPK)-dependent CREB phosphorylation has been shown
to occur in activated T cells (30, 46). In one study carried out
with unfractionated T cells, the MAPK likely to phosphorylate
CREB directly was identified as RSK2 (30). Thus, one way that
CREB phosphorylation may be differentially regulated in naive
and memory cells is through differential dependence on RSK2
and CaMKIV pathways in the two cell types. We have dem-
onstrated that RSK2 is expressed at the same level in naive and
memory phenotype cells and that it can be upshifted to the
activated form to similar extents when the cells are stimulated.
Therefore, dominance of a CaMKIV pathway in memory phe-
notype cells cannot be attributed simply to the absence of an
RSK2 pathway. There are reports that CaMKIV in some in-
stances can stimulate MAPK pathways through an undefined
mechanism (16). However, RSK2 expression and activation are
unperturbed in memory phenotype cells from CaMKIV ™/~
mice, ruling out the possibility that the cells lacking CaMKIV
fail to phoshorylate CREB because of a failure to activate
RSK2. It is also possible that CaMIV-dependent CREB phos-
phorylation is important in both naive and memory cells but
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FIG. 7. Expression and activation of RSK2 in CD4" T cells. Naive
(N) and memory phenotype (M) CD4" T cells from wild-type and
CaMKIV /" mice were probed for RSK2 and for phospho-CREB by
Western blot after stimulation with PMA (10 ng/ml) and ionomycin
(1 M) (PI) for 10 min. Activated RSK2 appears as a slower-migrating
band.
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that naive cells are specifically able to compensate in the ab-
sence of the kinase. In this regard, it is relevant to note that
thymocytes, which express high levels of CaMKIV, exhibit no
obvious developmental or functional defect. They, too, may be
able to compensate for the absence of the kinase. The precise
mechanism responsible for the differences between naive and
memory phenotype cells from CaMKIV '~ mice remains to be
determined.
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