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Abstract

Although differences in naive and memory T cell signaling have been recognized, how these differences relate to cell regulation and
function is not well understood. In this study, we investigated CD40 ligand (CD40L) regulation by cyclic AMP (cAMP) and prostaglandin E,
(PGE,) and observed differential effects depending upon the cell subset and mode of activation. cAMP inhibited CD3-induced CD40L in both
naive and memory subsets, although greater inhibition was observed in memory cells. With CD3/CD28 costimulation, cAMP inhibited
CD40L in memory cells but had a minimal effect on naive cells. In primed T cells, cAMP increased CD40L on naive cells but inhibited
expression on memory cells. Differential cAMP effects appear interrelated to calcium signaling since the level of CD40L induced by calcium
ionophore was increased by cAMP in both cell subsets, although naive cells were more calcium responsive. Calcium-dependent calcineurin
activity appeared necessary for CD40L expression, although no interaction of calcineurin and cAMP regulation was demonstrable. In
contrast, inhibitors of Ca“/calmodulin—dependent protein kinase IV (CaMKIV) blocked cAMP effects to increase CD40L and resulted in
marked CD40L inhibition. The importance of CaMKIV in cAMP regulation was confirmed by transfection studies using adominant negative
CaMKIV construct. We conclude that cAMP differentially regulates CD40L expression in a manner that appears dependent upon CaMKIV
activation. Inview of the central role of CD40L expression inimmunity as well as the pathophysiology of common diseases, itis of interest that

cAMP can either increase or decrease CD40L expression depending upon the T cell subtype and mechanism of cell activation.

Published by Elsevier Science Inc.
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1. Introduction

Peripheral CD4" T cells can be divided into two func-
tional groups based upon expression of distinct isoforms of
the surface molecule CD45. Isoforms containing exon A
are termed CD45RA™, while RA-depleted populations are
termed CD45RO™ [1]. CD45RA™ and CD45RO™ T cell
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subsets are thought to represent naive or memory popula-
tions, respectively [2]. CD45RA™ cells display greater
activation thresholds for effector function and prolifera-
tion, whereas antigen-induced recall responses are greater
in CD45RO™ cells [3]. Accumulating evidence indicates
that TCR-induced responses in memory T cells may differ
considerably from those of naive cells with reduced ino-
sitol triphosphate generation [4], smaller increments in
intracellular free calcium, reduced intracellular calcium
stores [4-6], decreased p21™ activation [7], and lower
levels of TCR-dependent tyrosine phosphorylation [4]. The
differences in calcium mobilization between T cell subsets
may be particularly relevant to the regulation of calcium-
dependent genes including CD40L (CD154).

T cell expression of CD40L is considered to be an
important control point in the initiation and regulation
of the immune response. The CD40L gene encodes a
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33-35 kDa membrane protein expressed on CD4" T cells
that is structurally related to the TNF receptor family of
proteins [8,9]. Its receptor, CD40, is constitutively
expressed on a number of cell types including APC [8].
Interactions between CD40 and its ligand are important for
the initiation and subsequent control of humoral and cell-
mediated immunity. Effects on humoral immunity include
regulation of B cell growth, survival, and differentiation
including IgE production [10-12]. CD40L/CDA40 interac-
tions relevant to cell-mediated immunity include APC
induction of cytokines [13,14], enhancement of dendritic
cell growth and survival [15], induction of macrophage
tumoricidal activity [16], and up-regulation of costimula-
tory and adhesion molecules including CD80 (B7-1),
CD86 (B7-2), ICAM-1, and CD2 [14,17,18]. The critical
role of CD40L is apparent in X-linked hyper-IgM immu-
nodeficiency where a genetic defect in CD40L expression
is manifested by deficiencies in Ab class switching, the
absence of germinal centers, and generalized defects in
cell-mediated immunity [19,20]. Patients suffer recurrent
infections and have an increased risk of cancer.

Regulation of CD40L expression is tightly controlled and
limited to a transient period with peak levels observed 3—
6 hr following TCR activation [21]. Although TCR signal-
ing is sufficient, high level CD40L expression requires
costimulatory signals [22,23]. A relatively unique charac-
teristic of CD40L gene regulation is that increases in
intracellular calcium are sufficient to induce expression
[23]. The critical role of calcium in regulating CD40L
expression combined with decreased calcium mobilization
in TCR-activated memory T cells [4—6] suggests that the
CD40L may be differentially regulated by T cell subsets.
Consistent with this hypothesis, freshly isolated CD4"
memory T cells appear to express lower levels of CD40L
following TCR activation relative to naive T cells [21,24].

cAMP, an important second messenger mediating sig-
nals from PGE,, histamine, and catecholamines is well
recognized as a regulator of T cell function. In addition, a
number of commonly used pharmacologic agents (i.e. -
adrenergic agonists) used in the treatment of respiratory
disease are also well recognized as potent regulators of
intracellular cAMP levels and generally considered to have
immunosuppressive properties. However, increased intra-
cellular cAMP can exert both inhibitory and stimulatory
effects on immune cell function since T cell proliferation
and IL-2 production are inhibited [25], whereas IL-4 and
IL-5 production are increased [26,27]. In addition, cAMP
can either inhibit or enhance CD40L expression, depend-
ing upon the mode of T cell stimulation and intracellular
calcium concentrations [28]. In the present study, we
explored the differences in cAMP regulation of CD40L
expression between naive and memory T cells. We found
that cAMP differentially regulates CD40L expression on T
cell subsets and that cAMP-induced increases in CD40L
are most prominent in naive T cells and associated with
calcium signaling.

2. Materials and methods
2.1. Cell isolation

Peripheral blood mononuclear cells (PBMCs) were
isolated from heparinized whole blood from healthy volun-
teers. All human subjects provided informed consent using
an approved human subjects protocol (University of
Washington). Whole blood was diluted 1:1 with PBS,
and PBMCs were isolated by Hypaque-1077 (Sigma)
density centrifugation for 30 min at 1000 g, 20° [29]. Cells
were collected from the interface, washed three times with
Hanks’ balanced salt solution (Sigma), and incubated at
1 x 10%/mL in RPMI-1640 (Sigma) containing 10% FBS
(Sigma). Negatively selected CD4 " cells were isolated by
negative depletion using a mixture of antibodies directed
against non-T cells and CD8" T cells (glycophorin A,
CD19, CD14, CD16, CD56, CD8) and magnetic columns
from StemCell Technologies, Inc. The resultant T cell
populations were highly enriched for resting CD4 " T cells
(>96% CD4™",>95% CD3 ™" by flow cytometry). Negatively
selected CD45RATCD4 " cells were isolated as described
for CD4" cells except that an antibody to CD45RO
(StemCell Technologies, Inc.) was included in the deple-
tion mixture. Negatively selected CD45RO"CD4™" cells
were isolated as described for CD4" cells except that an
antibody to CD45RA (StemCell Technologies, Inc.) was
included in the depletion mixture.

2.2. Evaluation of cAMP effects on primary T cell
subpopulations

T cell populations were cultured in RPMI-1640 supple-
mented with 10% heat-inactivated FBS at 1 x 10° cells/mL
(200 pL total volume) in 96-well microtiter platesat 37°,5%
CO,. Cells were activated using either immobilized anti-
CD3 Ab(clone OKT3; ATCC) at0.08 pg/well and/or immo-
bilized anti-CD28 Ab (0.01 pg/well of clone CD28.2, Phar-
Mingen) or various concentrations of ionomycin (Sigma).
CD3/CD28 Abs were titrated prior to initiation of experi-
ments and used at concentrations that induce 50-65% max-
imal CD40L expression. Cells were treated concurrently
with vehicle control or dbcAMP (Sigma) or PGE, (Sigma).
dbcAMP stocks were made in large quantities, aliquoted,
stored at —20°, and titrated against previous stocks to mini-
mize inter-experimental variations throughout the course of
the study. For some experiments, cultures were treated
concurrently with 20-300 ng/mL of CsA (Calbiochem) or
5-20 uM KN-62 (Calbiochem).

Priming of T cell cultures was performed by culturing
purified human peripheral CD4" T cells (3 x 10%/mL) in
RPMI-1640 containing 10% FBS in the presence of a low
concentration (1 pg/mL) of PHA for 19 hr. Cultures were
washed extensively, rested for 4—6 hr, resuspended in fresh
medium at 1 x 10°/mL, and reactivated with immobilized
CD3/CD28 Ab.
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2.3. mAbs and flow cytometry

Immunofluorescent staining and flow cytometry were
performed as previously described [30]. Cells were stained
with fluorescently labeled Ab for 30 min at 4°, washed,
fixed, and analyzed on a 3-color Epics flow cytometer
(Beckman Coulter). Five to ten thousand events gated on
size and side scatter were analyzed, and the negative and
positive delineators were determined by gating 1% back-
ground staining on the isotype control fluorescence. A
separate linear gate was used to determine mean fluores-
cence intensity (MFI) in arbitrary units on a log scale.
CD40L  expression on purified populations of
CD4"CD45RA™ or CD4"CD45RO™ cells was evaluated
using a PE-conjugated CD40L Ab. CD40L expression on
naive and memory cells present in negatively selected
CD4" cell preparations was determined using dual Ab
flow cytometry by gating on either CD45RA™ or
CD45RO™ events (FITC conjugated Abs) and evaluating
CDA40L expression using a PE-conjugated Ab.

Fluorochrome conjugated CD40L, CD69, CD25,
CD45RA, CD45RO, and isotype control antibodies were
purchased from PharMingen. Appropriate concentrations
of each antibody were determined by titration for optimal
staining prior to experimental use. The numbers on each
histogram refer to the percentage of cells positive for
CDA40L followed by the MFI relative to isotype control.
Statistics were performed using the two-tailed paired
Student’s #-test with a P value of 0.05 or less considered
statistically significant.

2.4. Transfections

A human CD40L promoter-report construct containing
the transcriptional start site was constructed by polymerase
chain reaction (PCR) cloning a 563-bp fragment (—495 to
+67) into the Hind-III sites of the pGL3 luciferase vector
(Promega) as previously described [31]. This proximal
promoter sequence is sufficient to confer transcriptional
responsiveness in primary T cells [32]. Purified human
peripheral CD4" T cells (3 x 10°/mL) were primed for
transfection by culturing in complete medium containing
1 pg/mL of PHA for 19 hr to induce transfection compe-
tence [33]. After washing, cells were resuspended in fresh
medium at 2 x 107/mL. Aliquots of 0.25 mL were electro-
porated (cuvette gap width of 0.4 cm) in a BTX electro-
porator (Genetronics) at 250 Vand 1550 pF in the presence
of 15 pg of CD40L-luciferase reporter construct and either
20 pg of a dominant negative CaMKIV expression con-
struct (a full length construct containing a K to E mutation
at amino acid 75 in the ATP binding site) [34] or 20 pg of
the empty parental pSGS5 vector (Stratagene). Cells trans-
fected with common DNA vectors were pooled, rested for
3 hr, and seeded into 24-well plates (4 x 107 cells/well).
Cultures were activated with either 0.25 uM ionomycin or
immobilized CD3/CD28 Abs and treated with 100 pM

dbcAMP or vehicle control for 17 hr. Cells were harvested
and lysed in 40 pL of reporter lysis buffer (Promega).
Lysates (20 pL. for each determination) were analyzed in
triplicate using a luciferase assay kit following the protocol
of the manufacturer (Promega). Data are reported as mean
relative light units (RLU). Error bars depict SEM.

3. Results

3.1. cAMP regulation of CD40L on memory and
naive CD4" T cells

Previous studies have shown that cAMP inhibits TCR-
induced CD40L expression but increases CD40L when
calcium-dependent costimulatory signals are provided
[28]. Since naive and memory T cells have differences
in calcium mobilization following TCR ligation [4], it was
hypothesized that cAMP regulation of CD40L would differ
between T cell subsets. CD4" cells were isolated by
negative selection and expression of CD40L on naive
and memory populations determined by flow cytometric
gating of CD45RA™ or CD45RO™ events, respectively. As
shown in Fig. 1A, a pronounced and concentration-depen-
dent cAMP inhibition of memory T cell CD40L was
observed in cells activated by anti-CD3 (~62% decrease
with 300 pM dbcAMP). Expression of CD40L in CD3-
activated naive cells was also inhibited by dbcAMP,
although to a lesser extent and only at concentrations
greater than 100 pM (i.e. ~29% decrease with 300 uM
dbcAMP).

Because costimulatory signals are important for T cell
activation, the effects of cAMP on CD3/CD28-activated T
cells were evaluated. Following 6 hr of CD3/CD28-activa-
tion, a marked concentration-dependent cAMP inhibition
of memory cell CD40L was observed with a 47% reduction
in the percentage of CD40L positively staining cells at
300 uM dbcAMP (Fig. 1B). In contrast, 100-300 uM
dbcAMP had negligible effects on naive cell CD40L with
only a 2% decrease in the percentage of CD40L positively
staining cells observed with 300 uM dbcAMP. Control
experiments showed that sodium butyrate had no effect
on either naive or memory T cell populations.

cAMP regulation was then evaluated using purified
populations of naive and memory CD4" T cells. T cell
subsets were isolated from the same donor using negative
immunomagnetic selection. Purified cells were activated
with immobilized CD3/CD28 Abs, concurrently treated
with dbcAMP or vehicle control, and CD40L expression
was evaluated using flow cytometry. Results presented in
Fig. 1C confirmed that dbcAMP (100 uM) failed to inhibit
CD3/CD28-induced CD40L expression on naive cells but
markedly inhibited CD40L on memory cells. A similar
pattern of regulation was observed using a range of
dbcAMP concentrations (100-300 uM). Collectively,
results indicated that cAMP causes greater inhibition of
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Fig. 1. cAMP regulation of CD40L on memory and naive CD4 " T cell subsets. Negatively selected CD4 " cells (>95% purity) were cultured in 96-well plates
(2 x 10° cells/well), activated with immobilized CD3 (A) or CD3/CD28 Abs (B), and cultured in the presence of various concentrations of dbcAMP or
vehicle control. After 6 hr of culture, the percentage of CD40L positively staining cells in naive or memory cell populations was evaluated by flow cytometric
gating of CD45RA™ or CD45RO™ events, respectively. Data (means = SEM) presented are from nine (CD3 activated) or eight (CD3/CD28 activated)
independent experiments. (C) Purified populations of CD45RATCD4" and CD45ROTCD4 ™ cells were isolated concurrently from the same donor by
negative immunomagnetic selection. Naive and memory populations (>93% purity) contained less than 5% contaminating CD45RO™ or CD45RA™ cells,
respectively. T cells were activated with immobilized CD3/CD28 Ab and cultured in the presence of 100 uM dbcAMP or vehicle control for 6 hr. Cells were
stained with either an isotype-matched Ab (shown in gray) or a PE-conjugated anti-CD40L (shown in black), and CD40L expression was evaluated using

flow cytometry. A representative histogram is shown (N = 4).

memory cell CD40L and has little effect on naive cells
costimulated with CD3/CD28.

3.2. cAMP enhancement of CD40L in primed naive T
cells

Since the loss of the cAMP effect on CD3/CD28-acti-
vated naive cells suggested that the character of the
activating stimulus affects cAMP regulation, priming
effects of PHA were evaluated. CD4 ™" T cells were cultured
for 19 hr in the presence of low concentrations of PHA
(1 pg/mL). Cultures were washed, rested for 4-6 hr, and
restimulated for an additional 17 hr with immobilized
CD3/CD28 Ab in the presence or absence of 200 pM
dbcAMP. As shown in Fig. 2, PHA priming-induced
minimal levels of CD40L on naive and memory T cells
(4.8 +1.4% in naive cells and 2.7 £ 0.3% in memory
cells), and the addition of dbcAMP without additional
activation induced no significant changes (6.0 = 2.3% in
naive cells and 2.7 = 0.3% in memory cells). However,
memory T cells that were primed and restimulated with
CD3/CD28 Abs expressed abundant levels of CD40L
(27.8 £6.7%) that were inhibited by dbcAMP
(18.8 £5.0%). In contrast, CD40L expression on naive
T cells cultured in an identical manner was reproducibly
enhanced by dbcAMP (27.3 2.7 vs. 40.3 &= 3.0%). Simi-
lar in vitro priming conditions have been used to evaluate
responses of previously activated T cells as well as mimic
the initial stages of naive cell differentiation [35,36]. The
relatively short duration of PHA priming used in these
experiments, however, was insufficient to cause phenoty-
pic conversion of naive cells from CD45RA™ to CD45RO™
(data not shown). These results clearly demonstrate that

cAMP can increase CD40L in primed naive T cells but
decreases CD40L in memory cells or naive cells activated
only with CD3.

3.3. PGE, regulation of CD40L on naive and
memory T cells

PGE, is a potent inflammatory mediator that activates
adenylate cyclase, leading to elevated intracellular cAMP
[37]. To determine whether cAMP increased by a physio-
logical stimulus regulates CD40L, the effects of PGE,
were evaluated in T cell cultures activated with immobi-
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Fig. 2. cAMP effects on CD40L expression in PHA-primed naive cells.
Negatively selected CD4" T cells were primed with suboptimal
concentrations of PHA (1 pg/mL) for 19hr. Cells were washed,
resuspended in complete medium, and rested for 4-6hr. Cells were
subsequently restimulated with immobilized CD3/CD28 Ab and either
200 pM dbcAMP or vehicle control for an additional 17 hr. CD40L
expression on naive or memory T cell subsets was evaluated using flow
cytometry with gating of CD45RA™ or CD45RO™ events, respectively.
Data (means + SEM) from three independent experiments are presented,
and an asterisk indicates statistical significance, using Student’s r-test
(paired, two-tailed), at P < 0.05.
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Fig. 3. PGE, regulation of CD40L on naive and memory T cells. Negatively selected CD4 " cells (>95% purity) were activated with immobilized CD3/CD28
Abs and cultured in the presence of 1 pM PGE, or vehicle control for 6 hr. CD40L expression on naive or memory cell populations was evaluated by flow
cytometric gating of CD45RA™" or CD45RO™ events. A representative histogram is shown (N = 3).

lized CD3/CD28 Abs. Consistent with results using
dbcAMP, expression of CD40L on naive cells was not
affected appreciably by PGE, (80% CD40L" in control vs.
82% CD40L™" in PGE,-treated, Fig. 3), whereas expression
on memory cells was inhibited markedly (74% CD40L" in
control vs. 45% CD40L" in PGE,-treated).

3.4. Differential cAMP regulation of CD40L compared
with other activation markers

To determine whether effects of cAMP reflected non-
specific regulation of cell activation, additional markers of
T cell activation, CD54 and CD25, were evaluated in naive
and memory T cell populations. Cells were activated with

CD54 CDs54
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2 80 80
8
a 60 4 60 -
2
£ 401 40
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=
0 04 -
CD45RA  CD45RO CD45RA CD45R0O

immobilized CD3/CD28 Abs and simultaneously treated
with 100 uM dbcAMP or vehicle control. In contrast to
CD40L, cAMP inhibited CD54 expression to a greater
extent in naive cells than in memory cells (Fig. 4). This
pattern of regulation was observed at both 6 and 17 hr
following activation. The effect of cAMP on CD25 expres-
sion was evaluated just at 17 hr since only low levels were
observed at earlier time points (6 hr). Again, in contrast to
CD40L, cAMP inhibited CD25 expression to a similar
extent in both naive and memory T cells. These results
suggest that cAMP regulation of CD40L is distinct from
other manifestations of cell activation and again demon-
strate differences in cAMP regulation of naive and memory

T cells.
CD25 CD40L [Dcontrol |
100 - (17 hr) 100 - (17 hr) B dbcAMP
80 - 80
60 - 60 4
40 - 40 -
20 - 20
0 0 -
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Fig. 4. cAMP regulation of CD40L compared to other activation markers. Negatively selected CD4™ T cells (>96% purity) were activated with immobilized
CD3/CD28 Abs and treated with 100 pM dbcAMP or vehicle control for 6 or 17 hr. CD40L, CD25, and CD54 expression on naive or memory cell
populations was assessed using flow cytometry as described in “Materials and methods.” Data (means + SEM) are from four (CD25, CD40L) or three

(CD54) independent experiments.
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Fig. 5. cAMP enhancement of CD40L in calcium-activated memory and
naive T cells. CD4" T cells were obtained by negative immunomagnetic
selection (>95% purity), cultured in 96-well plates (2 x 10° cells/well),
and activated with various concentrations of ionomycin as indicated. After
6 hr of culture, CD40L expression on naive or memory T cell populations
was evaluated using flow cytometry. Data (means = SEM) are from five
independent experiments.

3.5. cAMP enhancement of CD40L in calcium-activated
memory and naive cells

The increase of CD40L induced by cAMP may require a
sufficient calcium signal since cAMP decreases CD40L
expression in TCR-activated CD4" cells but increases
CD40L in CD4* T cells activated with calcium ionophore
[28]. Since memory cells have reduced calcium signaling
[4], the inability of cAMP to increase CD40L in memory
cells may be related to insufficient calcium signaling.

To characterize cAMP effects on calcium-activated T
cell subsets, CD4™" T cells were activated with a calcium
ionophore, treated with or without dbcAMP, and CD40L
expression on naive and memory cells was evaluated, using
flow cytometry. As shown in Fig. 5, the magnitude of
CD40L induced by ionomycin was consistently greater in
naive cells than in memory cells (42.8 vs. 18.4%, 0.5 uM
ionomycin). However, the ability of cAMP to further
increase CD40L expression was observed in both cell
populations. At 0.5 pM ionomycin, the enhancing effects
of cAMP appeared similar in both cell types (42.8 to 68.4%
CD40L" in naive vs. 18.4 to 44.0% CD40L" in memory
cells). At lower concentrations of ionophore (0.25 uM),
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cAMP enhancement of CD40L was much less pronounced
in memory cells although the relative ratio remained the
same (12.4 to 32.6% in naive vs. 3.6 to 9.4% in memory
cells). Thus, while memory cells can respond to a calcium
signal, naive cells are more sensitive to a signal of similar
magnitude. The results also suggest that the inability of
cAMP to increase TCR-induced CD40L on memory cells
may be a consequence of lower sensitivity to TCR-induced
calcium mobilization that falls below a threshold level
required for cAMP enhancement.

3.6. Involvement of calcineurin and CaMK in
cAMP-regulated CD40L

Because cAMP-mediated increases in CD40L expres-
sion were associated with calcium signaling, studies were
pursued to evaluate whether specific calcium-dependent
signaling pathways were linked to T cell responses to
cAMP. Experiments evaluated the involvement of two
well-characterized calcium-dependent pathways involved
in CD40L gene expression [31,32,38]. One pathway leads
to the activation of calcineurin, which dephosphorylates
NF-AT enabling nuclear translocation and regulation of
gene expression. Another calcium-dependent pathway
involves activation of CaMKs, including CaMKII and
CaMKIV.

CsA, an inhibitor of calcineurin, concentration-depen-
dently inhibited CD40L expression on both naive and mem-
ory T cells consistent with previous observations,
demonstrating that NF-AT activation is required for
CD40L expression [32,38]. However, CsA did not affect
the cAMP regulation of CD40L expression in either naive or
memory T cells (Fig. 6A). Similar to untreated naive cells,
dbcAMP had no significant effect on CD3/CD28-induced
CDA40L expression in CsA-treated naive cells [34.3 +2.8%
(CsA)vs.35.0 £ 0.7% (CsA plusdbcAMP)]. Also similar to
untreated memory cells, cAMP decreased CD40L expres-
sion in memory cells treated with CsA (36.5+ 5.0 to
21.5 £ 3.7% with CsA, 56.3 £ 6.7 to 42.0 & 7.2% without
CsA). A similar pattern of cAMP regulation was observed

E
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Fig. 6. Effects of CsA and KN-62 on cAMP regulation of CD40L expression. Negatively selected CD4" T cells (>95% purity) were activated with
immobilized CD3/CD28 Abs. Cell cultures were then treated with 10 pM KN-62, 100 ng/mL of CsA, or vehicle control. dbcAMP (200 pM) or vehicle
control was then added to the cultures. After 6 hr, CD40L expression on naive and memory T cell populations was evaluated using flow cytometry with gating
of CD45RA™ or CD45RO™ events, respectively. Data (means & SEM) are from four independent experiments.
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using a range of CsA concentrations (20-100 ng/mL),
although higher concentrations (300 ng/mL) that virtually
blocked CD40L expression (~97% decrease) were not
useful for evaluating cAMP regulation. These results sug-
gest that although calcineurin activation is required for
CD40L expression, cCAMP regulation in either naive or
memory cells is not mediated through direct effects on the
calcineurin signaling pathway.

Studies of the calcium-dependent CaMK pathway were
pursued with the CaMK inhibitors KN-62 and KN-93. As
previously described, the expression of CD40L on naive
cells was insensitive to 200 uM dbcAMP (Fig. 6B). The
effect of KN-62 (10 uM) in the absence of dbcAMP
produced only a slight decrease in CD40L (48.3 +2.5%
in control cells vs. 42.3 £ 0.7% in KN-62 treated cells,
N = 3). However, the combined effects of KN-62 and
dbcAMP resulted in a marked decrease in CD40L expres-
sion (47.3+32% in dbcAMP-treated cells vs.
27.1 £ 0.2%, in dbcAMP/KN-62-treated cells), suggesting
that inhibition of CaMK changes the cAMP response of
naive cells. Treatment of memory cells with KN-62 aug-
mented the cAMP inhibitory actions on CD40L (31%
inhibition in the absence of KN-62 vs. 74% inhibition
with KN-62, N = 3), suggesting that CaMK activity also
contributes to memory T cell CD40L regulation.

Similar results were observed with KN-93. Again,
dbcAMP had no appreciable effect on the expression of
CD40L on naive cells (58.0 £ 4.7% in control cultures vs.
56.0 £5.6% in dbcAMP-treated cells, N = 3), KN-93
slightly decreased CD40L (51.7 4= 3.4%), and the treat-
ment with both KN-93 and dbcAMP resulted in pro-
nounced CD40L inhibition (36.3 & 6.0%). In contrast,
KN-92, an inactive analog, had no effect on cAMP reg-
ulation of CD40L (50.7 £ 4.8% in KN-92-treated cells vs.
51.7 £4.6% in KN-92 + dbcAMP-treated cells, N = 3).
These results suggest that cAMP and CaMK interact in the
regulation of CD40L expression.

3.7. CaMKIV involvement in cAMP-regulated CD40L

The specific involvement of CaMKIV in the cAMP
regulation of CD40L gene expression was studied further
using a CaMKIV expression contruct. Primed CD4 ™ T cells
were co-transfected with a CD40L promoter-driven luci-
ferase construct and an expression plasmid encoding a
dominant negative mutant of CaMKIV (DN CaMKIV) or
the empty parental vector as a control. Following transfec-
tion, cells were activated with a calcium ionophore, treated
with dbcAMP or vehicle control, and luciferase activities
evaluated. Consistent with dbcAMP effects to increase
CDA40L protein expression (Fig. 5), CD40L-driven lucifer-
ase activity in ionomycin-activated cells was enhanced
~3.6-fold following treatment with dbcAMP (Fig. 7).
The expression of DN CaMKIV produced a moderate
inhibition (~21%) of CD40L-luciferase activity. Impor-
tantly, expression of DN CaMKIV reduced the enhancing

4.50 - lonomycin Ocontrol
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22,3 ] TCR
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1.00 4
0.50 -
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relative luciferase activity

pSG5 CamKIV pSG5 CamKIV
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Fig. 7. Effects of dominant negative CaMKIV on CD40L gene regulation.
Negatively selected CD4" cells were PHA primed as described under
“Materials and methods.” Cells were cotransfected with 15 pg of a CD40L
promoter driven luciferase reporter construct and either 20 pg of an
expression plasmid encoding a dominant negative mutant of CaMKIV or
the empty pSG5 parental vector. Following transfection, cells were
activated with calcium ionophore (0.25 pM) or immobilized CD3/CD28
Abs and treated with 200 uM dbcAMP or vehicle control. After 17 hr of
culture, luciferase activity was determined for triplicate samples and
normalized relative to the activity from cells treated with vehicle control
and cotransfected with CD40L-luciferase and the parental pSG5 vector.
Data (means + SEM) are from three independent experiments.

effects of cCAMP on CD40L-luciferase (~45% reduction
relative to cells transfected with parental vector).

Consistent with cAMP actions that increased CD40L
protein expression in primed naive T cells (Fig. 2),
dbcAMP increased CD40L-driven luciferase activity in
PHA-primed CD4" T cells activated with anti-CD3/
CD28 (~1.5-fold increase relative to control cells,
Fig. 7). Expression of DN CaMKIV slightly decreased
(~11%) TCR-induced luciferase activity and essentially
eliminated the actions of cAMP to increase CD40L gene
expression. The ability of DN CaMKIV to reduce or
prevent cAMP-induced CDA40L-luciferase activity was
found to be statistically significant in both ionomycin-
and TCR-activated cells (P value < 0.05, two-tailed paired
t-test). These results indicate that CaMKIV contributes to
CD40L expression and may be particularly important in
cAMP actions that enhance CD40L expression.

4. Discussion

This study demonstrates important actions of cAMP that
regulate CD40L expression with the potential to either
decrease or increase CD40L dependent upon the cell type
and character of the activating stimulus. The importance of
calcium signaling in regulating CD40L expression has
been recognized previously [23]. Our results both confirm
the role of calcium in CD40L regulation and show the
importance of a specific calcium-dependent signaling path-
way involving CaMKIV in cAMP regulation. Increased
calcium responses in naive T cells compared with memory
cells have been reported [4,5] and are consistent with
greater CD40L expression on naive T cells [24] and the
actions of cAMP to increase CD40L on naive cells. It is of
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potential importance that costimulatory signals and T cell
priming dramatically alter cAMP regulation and can
change the polarity of the response. These findings may
be of considerable biological significance given the role of
CD40L in regulating humoral and cell-mediated responses
and the ubiquitous nature of pharmacological and endo-
genous mediators regulating intracellular cAMP.

Our results demonstrate that CD40L expression on T
cell subsets is differentially regulated. CD40L expression
on TCR-activated memory T cells was inhibited by cAMP
regardless of whether the cells were primed or costimu-
lated via the CD28 pathway (Figs. 1 and 2). In contrast,
cAMP either increased or decreased naive cell CD40L,
depending upon the activation signals (Figs. 1 and 2). It
appears that the mechanisms of cAMP actions that
decrease CD40L are distinct from those that increase
CD40L. Our studies focused on cAMP actions that
increase CD40L expression. The mechanisms of cAMP
inhibition are probably multiple and may be particularly
associated with TCR signaling. Since multiple markers of
activation are affected, the sites of inhibition may be
proximal in TCR signal transduction [39]. In contrast,
the cAMP-induced increases in CD40L expression are
clearly associated with calcium signaling. If cells were
activated with a calcium ionophore, then cAMP-induced
increases in CD40L were manifest (Fig. 5). If naive T cells
were primed or activated with a costimulus, events asso-
ciated with increased calcium mobilization [35,40], cAMP
inhibitory actions were eliminated, and actions that
increase CD40L could be observed.

The critical role of calcium in regulating CD40L gene
expression [23] is distinct from many other T cell activa-
tion genes. At least two calcium/calmodulin-dependent
pathways (calcineurin-NF-AT and CaMKIV) are important
in CD40L expression [31,32,38]. The calcineurin pathway
has a well-established role in the activation of immune-
associated genes. The CaMKIV pathway, which has been
identified more recently as an important regulator of
immune genes, is selectively enriched in CD4" T cells
and strongly up-regulated following antigen receptor sti-
mulation [41]. Although the inhibition of calcineurin by
CsA reduced CD40L expression, the effects of cAMP
remained similar regardless of the degree of calcineurin
inhibition (Fig. 6). While a requirement for calcineurin
activation was clear, the relatively independent effects of
cAMP suggest that actions were mediated through another
signal transduction pathway. In contrast, KN-62 and KN-
93, inhibitors of CaMK, showed a marked interaction with
cAMP (Fig. 6) and a dominant negative mutant of CaM-
KIV markedly reduced cAMP-mediated increases in
CD40L gene expression (Fig. 7). The results suggest that
the actions of cAMP to increase CD40L are dependent, at
least partially, upon activation of a calcium-CaMKIV
signaling pathway. The effects of cAMP on CD40L expres-
sion may reflect the balance between actions that decrease
CDA40L and actions that increase CD40L. The degree of

calcium-CaMKIV activity may determine the extent to
which cAMP either moderates inhibitory actions or causes
an increase in CD40L expression.

Although TCR-activated memory T cells were inhibited
consistently by cAMP, memory cells do not lack the
signaling pathways necessary to permit cCAMP increases
in CD40L. Cyclic AMP did increase CD40L in memory
cells activated with calcium ionophore (Fig. 5). Calcium
ionophore activation may bypass inhibitory sites of cAMP
activity in proximal TCR signaling and maximally activate
cAMP-sensitive CaMKIV pathways. The differences in
naive and memory cell regulation are consistent with
striking differences in naive and memory cell calcium
responsiveness that have been described previously. Com-
pared with naive cells, memory cells may have reduced
TCR-induced calcium mobilization, intracellular calcium
stores may be reduced, and intracellular concentrations
may be regulated exclusively by a plasma membrane
calcium transport system [4,5]. Although expression of
CD40L on both naive and memory cells was concentra-
tion-dependently induced by calcium ionophore, expres-
sion was greater on naive cells, a result that is consistent
with a greater response to calcium signaling. The fact that
cAMP could induce CD40L increases in both cell subsets
activated with calcium ionophore indicates that with a
sufficient calcium signal, cAMP actions to increase
CDA40L are functional in both naive and memory cells.

We postulate that TCR-activated memory cells mobilize
calcium at levels below the threshold required to prevent
cAMP inhibition. Although CD3-activation of naive cells
in the absence of a costimulus also produces a relatively
low calcium signal, the levels are higher than in memory
cells [4,5] so cAMP inhibitory effects are less pronounced.
In naive cells costimulated with anti-CD28, greater levels
of calcium are mobilized [40] and the positive effects of
cAMP mitigate the inhibitory actions, leading to a minimal
net effect on CD40L. Finally, T cell priming further
increases calcium signaling [35] and provides a sufficient
signal such that positive cAMP actions dominate and result
in enhanced CD40L expression.

The ability of cAMP to enhance CD40L expression in
recently primed naive cells (CD45RATCD45RO ") (Figs. 2
and 7) may be relevant to disease states characterized by
chronic low-level in vivo T cell activation including atopy,
asthma, and autoimmune disease. Greater levels of con-
stitutive CD40L on freshly isolated naive T cells from
atopic individuals may reflect a recent, low-level in vivo
activation by specific allergen [42]. Naive T cells from
atopic subjects also appear more numerous and display a
reduced conversion to the memory phenotype [42], further
indicating a potentially important role for CD40L expres-
sion on naive cells and human diseases. Although further
work is required to address how therapeutic agents that
increase intracellular cAMP levels (i.e. B-adrenergic ago-
nists used to treat asthma) affect CD40L expression on
newly in vivo primed cells, the actions of cAMP to increase
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CD40L could be of clinical importance if IgE Ab produc-
tion and immune responses are increased.

In conclusion, results presented in this study demonstrate
for the first time that cAMP can exert opposing effects on
the regulation of CD40L expression in T cell subsets. Cyclic
AMP can either enhance or inhibit CD40L depending upon
the activating stimuli as well as the antigenic naivety of the
cell. TCR-induced memory cell CD40L is inhibited by
cAMP regardless of costimulation or reactivation events,
while naive cell CD40L can be either increased or
decreased by cAMP, depending upon the activation stimuli.
Interactions between calcium signaling pathways involving
CaMKIV and cAMP-dependent pathways appear inti-
mately involved in CD40L gene regulation and may have
significant relevance to the treatment of human diseases
relying on widely used agents affecting intracellular cAMP
levels and calcium mobilization. In view of the pathophy-
siologic importance of CD40L in atherosclerosis, myocar-
dial infarction, and autoimmune disease as well as the shift
from CD45RA™ to CD45RO™ profiles with age, the effects
of cAMP to either increase or decrease CD40L expression
are of potentially major clinical importance.
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