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The Journal of Immunology

Crosstalk Between PKA and Epac Regulates the Phenotypic
Maturation and Function of Human Dendritic Cells

Jone Garay,* June A. D’Angelo,* YongKeun Park,† Christopher M. Summa,‡,x

Martha L. Aiken,‡ Eric Morales,‡ Kamran Badizadegan,{ Edda Fiebiger,|| and

Bonny L. Dickinson‡,#

The cAMP-dependent signaling pathways that orchestrate dendritic cell (DC) maturation remain to be defined in detail. Although

cAMP was previously thought to signal exclusively through protein kinase A (PKA), it is now clear that cAMP also activates

exchange protein activated by cAMP (Epac), a second major cAMP effector. Whether cAMP signaling via PKA is sufficient to

drive DC maturation or whether Epac plays a role has not been examined. In this study, we used cAMP analogs to selectively

activate PKA or Epac in human monocyte-derived DCs and examined the effect of these signaling pathways on several hallmarks

of DC maturation. We show that PKA activation induces DC maturation as evidenced by the increased cell-surface expression of

MHC class II, costimulatory molecules, and the maturation marker CD83. PKA activation also reduces DC endocytosis and

stimulates chemotaxis to the lymph node-associated chemokines CXCL12 and CCL21. Although PKA signaling largely suppresses

cytokine production, the net effect of PKA activation translates to enhanced DC activation of allogeneic T cells. In contrast to the

stimulatory effects of PKA, Epac signaling has no effect on DC maturation or function. Rather, Epac suppresses the effects of PKA

when both pathways are activated simultaneously. These data reveal a previously unrecognized crosstalk between the PKA and

Epac signaling pathways in DCs and raise the possibility that therapeutics targeting PKA may generate immunogenic DCs,

whereas those that activate Epac may produce tolerogenic DCs capable of attenuating allergic or autoimmune disease. The

Journal of Immunology, 2010, 185: 3227–3238.

T
issue-resident dendritic cells (DCs) scan the periphery for
Ag (1). Following exposure to Ags containing danger
signals, such as TLR ligands, DCs undergo functional

maturation. Maturation involves upregulation of chemokine recep-
tors that promote migration to lymph nodes, downregulation of Ag
capture by endocytosis, changes in cytokine production, and an
increase in the surface expression of MHC class II and costimu-
latory molecules required for Ag presentation and T cell activation
(2, 3). The transition of an immature DC to the mature form is

critical, as only mature DCs can activate T cells to initiate adap-
tive immunity. Indeed, DCs that are arrested in an immature or
semimature state induce T cell anergy, resulting in the develop-
ment of tolerance (4–6). Elucidating the molecular mechanisms
that drive DC maturation is relevant for the design of DC-based
cancer vaccines, particularly now as the first DC-based vaccine
has been approved in the United States to treat patients with
advanced prostate cancer (7). Despite recent advances, there is
a clear need to improve the efficacy of DC-based immunothera-
peutics (8–12). Current efforts are focused on the development of
novel stimuli for ex vivo conditioning of therapeutic DCs to pro-
mote their maturation and migration to lymph nodes for T cell
priming.
In addition to TLR ligands, cAMP-elevating molecules also in-

duce DCmaturation, and yet the role of cAMP signaling in the con-
text of DC immunotherapy has not been studied. A variety of
endogenous molecules stimulate DC maturation via the activation
of cAMP signaling, including lipid mediators (PGE2), hormones
(norepinephrine), neuropeptides (vasoactive intestinal peptide),
complement components (C3a), and nucleotides (adenosine and
ATP), as well as bacterial toxins, such as the mucosal adjuvant
cholera toxin (CT) and the anthrax edema toxin (13–19). How-
ever, the underlying molecular mechanisms by which cAMP reg-
ulates DC maturation remain to be fully elucidated. Although
cAMP was previously thought to signal exclusively through pro-
tein kinase A (PKA), it is now clear that cAMP also activates
exchange protein activated by cAMP (Epac), the guanine nucleo-
tide exchange factor for the small GTPase Rap1 (20). Epac con-
trols several functions once ascribed to PKA, and studies
show that PKA and Epac may act independently, converge syner-
gistically, or function antagonistically to regulate specific cellular
functions (20–22). A major gap in our understanding of cAMP
signaling as it relates to DC maturation is whether Epac plays

*Department of Microbiology, Immunology, and Parasitology, Louisiana State Uni-
versity Health Science Center, New Orleans, LA 70112; †George R. Harrison Spec-
troscopy Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139;
‡Research Institute for Children, Children’s Hospital and #Department of Pediatrics,
Louisiana State University Health Science Center, New Orleans, LA 70118; xDepart-
ment of Computer Science, University of New Orleans, New Orleans, LA 70148;
{Department of Pathology, Massachusetts General Hospital and ||Division of Gastro-
enterology and Nutrition, Children’s Hospital Boston, Harvard Medical School, Bos-
ton, MA 02115

Received for publication September 17, 2009. Accepted for publication July 14,
2010.

This work was supported by Grant NSF(2008)-PFUND-101 from the Louisiana
Board of Regents (to B.L.D.), a Louisiana State University Health Science Center
Research Enhancement Fund New Project Grant (to B.L.D.), National Institutes of
Health Grant P41-RR02594 awarded to the Massachusetts Institute of Technology
Laser Biomedical Research Center, National Institutes of Health Grant R01AI075037
(to E.F.), and funds from the Research Institute for Children.

Address correspondence and reprint requests to Dr. Bonny L. Dickinson at the current
address: West Virginia School of Osteopathic Medicine, 400 North Lee Street, Lew-
isburg, WV 24901. E-mail address: bdickinson@osteo.wvsom.edu

The online version of this article contains supplemental material.

Abbreviations used in this paper: 6-Bnz-cAMP, N6-benzoyladenosine-39, 59-cyclic
monophosphate; CT, cholera toxin; db-cAMP, dibutyryl cAMP; DC, dendritic cell;
Epac, exchange protein activated by cAMP; IBMX, 3-isobutyl-1-methylxanthine;
MFI, median fluorescence intensity; O-Me-cAMP, 8-(4-chlorophenylthio)-29-O-
methyl-cAMP; PKA, protein kinase A.

Copyright� 2010 by The American Association of Immunologists, Inc. 0022-1767/10/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.0903066

 by guest on A
ugust 16, 2012

http://jim
m

unol.org/
D

ow
nloaded from

 

mailto:bdickinson@osteo.wvsom.edu
http://jimmunol.org/


a role, and if so, whether crosstalk between the PKA and Epac
signaling pathways controls this process.
In this study, we addressed the hypothesis that cAMP activation

of Epac plays a role in regulating the maturation and function of
human monocyte-derived DCs. Because cAMP binds to both PKA
and Epac with the same affinity (23), differentiating between the
roles of PKA and Epac in cAMP-dependent cellular processes has
been difficult. The recent synthesis and characterization of cAMP
analogs that selectively bind and activate either PKA or Epac have
now made it possible to discriminate between the two signaling
pathways (24). We used highly selective cAMP analogs to exam-
ine the effect of PKA and Epac signaling on several hallmarks of
DC maturation including the upregulation of MHC class II and
costimulatory molecules, chemotaxis to lymph node-associated
chemokines, downregulation of endocytosis, changes in cytokine
expression, and T cell activation. We also analyzed the effect of
PKA and Epac signaling on two forms of nondirected DC migra-
tion: migration in the absence of chemical cues (randommigration)
and migration in symmetrical concentrations of chemoattractants
(chemokinesis). Our data reveal a previously unrecognized cross-
talk between the PKA and Epac signaling pathways in DCs. The
results of this study suggest that elucidating the points of interaction
between the PKA and Epac signaling pathways will be critical for
understanding how cAMP signaling is integrated in DCs to affect
the initiation or inhibition of T cell-mediated immune responses
in vivo.

Materials and Methods
Reagents and Abs

CTwas obtained from Calbiochem (San Diego, CA). Escherichia coli 026:
B6 LPS (gamma-irradiated; total impurities ,5% protein) and FITC-
dextran (40,000 Da) were from Sigma-Aldrich (St. Louis, MI). 3-
Isobutyl-1-methylxanthine (IBMX)was obtained fromAlexis Biochemicals
(Farmingdale, NY). N6-benzoyladenosine-39, 59-cyclic monophosphate
(6-Bnz-cAMP; an inefficient Epac activator and a full PKA activator) (25)
was from Sigma-Aldrich, and 8-(4-chlorophenylthio)-29-O-methyl-cAMP
(O-Me-cAMP; the combination of 8-pCPT- and 29-O-methyl substitutions
in this cAMP analog improved the Epac/PKA binding selectivity ∼3 orders
of magnitude) (25) was from Biolog Life Science Institute (Bremen, Ger-
many). 6-Bnz-cAMPwas dissolved in water, andO-Me-cAMPwas dissolved
in DMSO. Dibutyryl cAMP (db-cAMP) was purchased from Sigma-Aldrich.
Recombinant human CXCL12, recombinant human CCL21, mouse anti-
human CXCR4 mAb (clone 12G5), mouse anti-human CCR7 mAb (clone
150503), mouse IgG isotype controls, and recombinant human IL-4 were
purchased from R&D Systems (Minneapolis, MN). Phosphatase inhibitors
were from Sigma-Aldrich. Phospho-CREB (Ser 133) and CREB rabbit Abs
were from Cell Signaling Technology (Danvers, MA). The goat anti-rabbit
IgG Ab conjugated to HRPwas from Sigma-Aldrich, and the goat anti-mouse
IgG conjugated to FITC was from R&D Systems. Recombinant human
GM-CSF (leukine) was from Berlex Laboratories (Montville, NJ). RPMI
1640, FBS, penicillin, streptomycin sulfate, and amphotericin B were from
Invitrogen (Carlsbad, CA). The following FITC-conjugated mouse mAbs
were purchased from BD Pharmingen (San Jose, CA): IgG1k, IgG2a, anti-
CD80, anti-CD83, anti-CD86, anti-CD3, anti-CD19, and anti–HLA-DR.

Human monocyte-derived DCs

Human PBMCs were isolated from normal human buffy coats (purchased
from the Blood Donation Center of Louisiana) by centrifugation on Ficoll-
Paque (GE Healthcare, Uppsala, Sweden). Monocytes were purified from
PBMCs by positive selection using immunomagnetic cell separation (Hu-
man CD14 Microbeads, Miltenyi Biotec, Auburn, CA). To derive DCs,
monocytes (106 cells/ml) were cultured in complete medium (RPMI
1640 supplemented with 10% heat-inactivated FBS, 10 U/ml penicillin,
10 mg/ml streptomycin sulfate, and 25 ng/ml amphotericin B) containing
IL-4 (10 ng/ml; 290 U/ml) and GM-CSF (100 ng/ml; 560 U/ml) for 4 to
5 d in a humidified atmosphere at 37˚C with 5% CO2. Medium containing
fresh cytokines was replenished every other day during culture. Immature
DCs were treated with compounds on day 4 or 5 and cultured for 24 h
preanalysis. DC preparations routinely contained negligible quantities of
CD3+ T cells (0.54 6 0.51%, average 6 SD) and CD19+ B cells (1.44 6

1.71%, average 6 SD). The average percentage of granulocytes (eosino-
phils and neutrophils) in DC preparations from three separate buffy coats
was 10 6 4% (average 6 SD), and the average percentage of DCs was
92 6 3% (average 6 SD) as determined by Wright stain of CytoSpins
(Diff-Quik, Baxter Scientific, Deerfield, IL). The Institutional Review
Boards of Louisiana State University Health Science Center and the Children’s
Hospital of New Orleans (New Orleans, LA) have approved these studies.

Human T cell isolation

CD3+ T cells were isolated from the CD14-negative cell population
obtained following the purification of monocytes from normal human
buffy coats (Pan T Cell Isolation Kit, Miltenyi Biotec).

Immunoblot detection of phospho-CREB and total CREB

DCs were lysed in RIPA buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing phospha-
tase inhibitors (10 mM sodium pyrophosphate, 1 mM Na3VO4, and 50 mM
NaF) and protease inhibitors (Complete Protease Inhibitor Cocktail Tab-
lets; Roche, Nutley, NJ). Lysates were briefly centrifuged to remove in-
soluble material, and the protein content was determined using the Pierce
BCA Protein Assay kit (Thermo Scientific, Rockford, IL). Then, equal
quantities of protein were separated by reducing SDS-PAGE and trans-
ferred to nitrocellulose (Bio-Rad, Hercules, CA). The nitrocellulose was
blocked in PBS containing 5% milk followed by incubation with rabbit
phospho-CREB and total CREBAbs. Rabbit Abs were detected with a goat
anti-rabbit IgG Ab conjugated to HRP. Signals were detected using the
Pierce Thermo Scientific SuperSignal West Femto chemiluminescent sub-
strate system (Thermo Scientific). Band intensities were quantified by
densitometry using a Bio-Rad VersaDoc Imaging System (Bio-Rad).

Endotoxin detection

The endotoxin level in CT was determined using the Limulus assay
(E-toxate; Sigma-Aldrich) following the manufacturer’s instructions. We
found that 0.5 mg/ml CT, a quantity .500 times the amount used in our
assays, contained #0.125 EU/ml endotoxin.

Chemotaxis, random migration, and chemokinesis assays

To measure chemotaxis, DCs (105 cells in 0.1 ml serum-free RPMI 1640
containing 0.5% BSA and 10 mM HEPES [pH 7.4]) were added to the
upper wells of 0.33 cm2 Transwell filters (5.0-mm pore; Corning, Lowell,
MA), and CXCL12 or CCL21 in a 0.6 ml volume in the same medium was
added to the lower well. To measure random migration, 0.6 ml medium
without chemokine was placed into the lower well, and for chemokinesis
studies, CXCL12 was present in the medium of both the upper and lower
wells. DCs were incubated in Transwells for 90 min at 37˚C under 5%
CO2. Following incubation, the filters were carefully removed, and 0.5 ml
medium in the lower well was collected and added to tubes containing
0.5 ml 4% paraformaldehyde in PBS. The number of migrated DCs was
determined by counting cells for 1 min in a flow cytometer (LSR II, Becton
Dickinson, Franklin Lakes, NJ) at a constant flow rate (∼30 ml/min). In
experiments in which we analyzed chemokinesis, the number of migrated
DCs was determined by counting cells for 2 min. The chemotactic index
represents the fold change in the number of cells that migrated in response to
the chemoattractant divided by the basal migration of cells that migrated in
response to control medium. In the chemokinesis assays, the chemotactic
index is the number of DCs that migrated in response to a gradient of
CXCL12 divided by the number of DCs that migrated in symmetrical
concentrations of CXCL12. Data are plotted as the mean 6 SEM of
triplicate measurements from two to four independent experiments. Each
experiment was performed with DCs derived from different donors.

Flow cytometry

Cells were resuspended at 105 cells/0.1 ml flow buffer (PBS containing
0.5% BSA) and incubated with FITC-conjugated primary Abs for 20 min
at 4˚C. Cells were then fixed with 4% paraformaldehyde for 15 min at 4˚C,
washed twice with flow buffer, resuspended in 2% paraformaldehyde, and
analyzed on a Becton Dickinson LSR II flow cytometer (Becton Dick-
inson). For indirect staining of CXCR4 and CCR7, DCs were incubated
with primary Ab for 1 h at 4˚C, washed, and incubated with an FITC-
conjugated secondary Ab for 30 min at 4˚C. Cells were then washed and
fixed as described above. A total of 10,000 cells per sample was analyzed.
Data analysis was performed using FlowJo software (Tree Star, Ashland,
OR). The geometric median fluorescence intensity (MFI) is reported. Gates
showing the percentage of FITC-positive cells were set according to the
isotype controls.
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Endocytosis assay

Endocytosis was measured as the cellular uptake of FITC-dextran and quan-
tified by flow cytometry. DCs (105 cells/sample) were incubated in compete
medium containing FITC-dextran (1 mg/ml) for 30, 60, and 90 min at 4˚C
or 37˚C. Postincubation, cells were washed three times with complete
medium to remove excess dextran, and the uptake of FITC-dextran was
determined by flow cytometry. A total of 10,000 cells per sample was
analyzed. The MFI of the 4˚C controls was ,8 6 1% (average 6 SEM)
of the 37˚C samples (including both treated and nontreated DCs) in three
independent experiments. The MFI of the 4˚C controls was subtracted
from that of the 37˚C samples at each time point, and the data were
normalized to the MFIs of nontreated DCs (= 100%).

mRNA quantification

Individual mRNA transcripts in DCs were quantified using the NanoString
nCounter gene expression system (NanoString Technologies, Seattle, WA)
using an approach similar to that described by Geiss et al. (26). Briefly,
50,000 DCs per condition were lysed in RLT buffer (Qiagen, Valencia,
CA) supplemented with 2-ME. Ten percent of the lysates were hybridized
for 16 h with the CodeSet generated by the manufacturer and loaded into
the nCounter prep station followed by quantification using the nCounter
Digital Analyzer (NanoString Technologies). The nCounter data were nor-
malized in two steps. In the first, we used the positive spiked-in controls
provided by the nCounter instrument as per the manufacturer’s instructions
(NanoString Technologies). Second, we normalized the data to two house-
keeping genes, GAPDH and hypoxanthine phosphoribosyltransferase 1.

Quantitative phase microscopy

Immature DCs (day 3) were added to fresh complete medium and mailed
overnight from The Research Institute for Children (New Orleans, LA) to
Massachusetts Institute ofTechnology (Cambridge,MA).Upon receipt,DCs
(day 4) were brought up in fresh complete medium and equilibrated at 37˚C
under 5% CO2 in a humidified incubator for 2 to 3 h. Then, DCs were
treated with compounds and the cells incubated for an additional 3–6 h.
Cells were then collected by centrifugation, washed three times in serum-
free RPMI 1640 containing 10 mM HEPES (pH 7.4), plated on noncoated
glass cover slips, and incubated overnight. The following day, cells were
by imaged by quantitative-phase microscopy (27). Briefly, a diode laser
(l = 532 nm; Coherent, Santa Clara, CA) was used as an illumination
source for an inverted microscope (IX71, Olympus, Center Valley, PA) with
a 203 objective lens (0.5 numerical aperture), which provides a diffraction-
limited transverse resolution of 650 nm. The additional relay optical ele-
ments were used to generate interferograms, which were measured with an
EMCCD camera (Photonmax 512B, Princeton Instruments, Trenton, NJ).
Quantitative-phase microscopy employs the principle of laser interferome-
try and thus measures the full-field optical phase shift induced by the cells
that can be translated to cellular thickness maps (28). The instantaneous
thickness maps were measured every 1 s over 12 min, and the trajectory of
center of mass for each cell was analyzed by custom MatLab Scripts (The
MathWorks, Natick, MA) to retrieve the speed and persistence time. The
speed and persistence time were analyzed by tracking the center of mass of
each cell using techniques described previously (29), and the persistence
time was calculated using the following equation (30):

Æd2ðtÞ〉 ¼ 2ndm
h
t2P

�
12 e2 t=P

�i
þ 2g;

in which nd is the number of dimensions in which the data were analyzed
(= 2), m is the random motility coefficient, P is directional persistence
time, and g is mean square positioning error.

Allogeneic MLR

DCs were treated on day 5 of culture with or without 6-Bnz-cAMP, O-Me-
cAMP, or 6-Bnz-cAMP andO-Me-cAMP. After 24 h, cells were centrifuged
and washed extensively in PBS and medium. DCs (50,000) were cultured
with T cells (100,000/well) in a final volume of 0.2 ml in round-bottom
96-well plates for 5 d at 37˚C under 5% CO2 in a humidified incubator.
During the last 18 h of culture, cultures were spiked with 1 mCi [3H]methyl-
thymidine (20 Ci/mmol; PerkinElmer, Waltham, MA). Cells were then
harvested onto UniFilter plates using a cell harvester (Perkin Elmer Filter-
Mate Harvester, PerkinElmer). Radioactivity was counted on a PerkinElmer
TopCount NXT microplate scintillation counter (PerkinElmer).

Cell viability assay

Immature DCs treated for 24 h with 6-Bnz-cAMP (100 mM), O-Me-cAMP
(100 mM), a combination of 6-Bnz-cAMP and O-Me-cAMP (both 100

mM), or LPS (1 mg/ml) were examined for viability using a Live/Dead cell
viability assay (Invitrogen). None of the treatments resulted in significant
cell death (the average percentage of dead cells in two independent experi-
ments was as follows: nontreated DCs, 3.64 6 0.33%; 6-Bnz-cAMP,
1.10 6 0.28%; O-Me-cAMP, 1.63 6 0.53%; 6-Bnz-cAMP and O-Me-
cAMP, 1.44 6 0.21%; and LPS, 1.34 6 0.34%).

Statistical analysis

For the quantitative phase microscopy studies, differences between the
means of experimental groups were analyzed by two-tailed Mann-Whitney
rank sum test using SigmaPlot software (Systat Software, San Jose, CA).
The two-tailed t test was used to analyze statistical significances between
treatment groups in the CREB-phosphorylation studies, the mRNA analy-
sis, and in studies comparing cell surface-expressed molecules by flow
cytometry. Differences were considered significant when p , 0.05. In
the Transwell cell migration assays, the endocytosis studies and the allo-
geneic MLR differences between the means of experimental groups were
analyzed by single-factor ANOVA. For chemotaxis assays: NS is p. 0.05;
a statistical difference between migration to medium and chemotaxis is
indicated by an asterisk (pp , 0.05; ppp , 0.01); a statistical difference
between migration of nontreated and treated DCs examined under the
same conditions is indicated by the pound symbol (#p , 0.05; ##p ,
0.01). To determine the SE in the chemotactic index, we used the following
equation in whichMed is the number of DCs that migrated tomedium (random
migration), and CC is the number of DCs that migrated to chemokine:

y ¼ xCC=xMed

dy ¼ y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dxCC

xCC

�2

þ
�
dxMed

xMed

�2
s

:

Results
Selective activation of PKA, but not Epac, induces the
phenotypic maturation of DCs

To investigate whether cAMP signaling via PKA is sufficient to
drive the phenotypic maturation of DCs or whether cAMP acti-
vation of Epac also plays a role, we used two highly selective
cAMP analogs to activate PKA or Epac (6-Bnz-cAMP or O-Me-
cAMP, respectively). First, we confirmed that human monocyte-
derived DCs express Epac1 by immunoblot (data not shown).
These data agree with previous reports that Epac1 is expressed in
human primary leukocytes, platelets, and CD34-positive hemato-
poietic cells (31). Next, immature DCs were treated with the PKA
or Epac agonists, and expression of the costimulatory molecules
CD80 and CD86 was examined by flow cytometry. We also exam-
ined the expression of CD83, a marker expressed by mature DCs
(32). We found that PKA, but not Epac, increased DC expression of
all three molecules (Fig. 1). To confirm these results, we showed in
a separate experiment that the PKA agonist increased DC expres-
sion of costimulatory molecules and CD83 to a similar extent as
that observed for DCs treated with the potent cAMP-elevating
stimulus CT, the phosphodiesterase-resistant cAMP analog db-
cAMP, and a phosphodiesterase inhibitor (IBMX) (Supplemental
Fig. 1). These data suggest that cAMP activation of PKA, but not
Epac, induces the phenotypic maturation of DCs.
Toaddresswhether crosstalkbetween thePKAandEpac signaling

pathways regulates DC maturation, DCs were treated simulta-
neously with the PKA and Epac agonists. In addition to increasing
the cell-surface expression of costimulatory molecules and CD83,
PKA increased the expression of MHC class II (Fig. 2A, compare
gray histograms with bold line histograms). When the agonists were
added together, Epac partially reduced the expression ofCD80,CD83,
CD86, andMHC class II (Fig. 2A, compare bold line histograms with
thin line histograms). In contrast, the Epac agonist alone had no effect
on the expression of any of these molecules (data not shown).
We next confirmed these results in 10 independent experiments

using DCs derived from different donors. PKA, but not Epac,

The Journal of Immunology 3229

 by guest on A
ugust 16, 2012

http://jim
m

unol.org/
D

ow
nloaded from

 

http://jimmunol.org/


significantly increased the cell surface expression of MHC class II,
CD80, CD83, and CD86 (Supplemental Fig. 2). When the agonists
were added simultaneously, Epac significantly reduced DC ex-
pression of MHC class II, CD80, and CD86. This trend was also
true for CD83, although these data were not significantly different.
To further validate these results, we use digital mRNA profiling to
quantify transcripts encoding CD80, CD83, and CD86. DCs
treated with the PKA agonist for 6 h showed a significant increase
in transcripts for all three molecules relative to nontreated DCs
(Fig. 2B). In contrast, the Epac agonist had no effect on transcript
levels. When DCs were treated simultaneously with the PKA and
Epac agonists, Epac reduced the number of transcripts for CD80
and CD83 after 6 h of incubation and significantly reduced the
level of CD86 transcripts after 16 h of incubation (Fig. 2B). These
data suggest that PKA–Epac crosstalk regulates the expression of
CD80, CD83, and CD86 at the level of transcription. Taken to-
gether, these data demonstrate that the selective activation of PKA
is sufficient to induce the phenotypic maturation of DCs and that
Epac antagonizes this effect.

Crosstalk between PKA and Epac regulates DC chemotaxis to
the CXCR4 ligand CXCL12

DC maturation and chemotaxis are intimately linked (33, 34).
Therefore, we next tested whether PKA and Epac signaling could
regulate DC chemotaxis to CXCL12. DCs were treated with the
PKA or Epac agonists for 24 h and then examined for chemotaxis
using Transwell cell migration assays. The PKA agonist stimulated
robust chemotaxis to CXCL12 (Fig. 3A, black bars). This effect was
dose-dependent and comparable to that observed for DCs treated
with CT or db-cAMP (Supplemental Fig. 3A, black bars and data
not shown). In contrast, the Epac agonist failed to simulate DC
chemotaxis (Fig. 3A, Supplemental Fig. 3A, black bars). The che-
motactic index, a ratio of the number of DCs that migrated in re-
sponse to chemokine to the number of DCs that migrated to

medium, shows that both the PKA agonist and CT induced a strong
chemotactic response to CXCL12 (Fig. 3B, Supplemental Fig. 3B).
A novel observation was that activation of PKA induced DC mi-
gration in the absence of chemokine (random migration) (Fig. 3A,
white bars, Supplemental Fig. 3A, white bars). Like the PKA ago-
nist, both CT and db-cAMP induced random migration (Supple-
mental Fig. 3A, white bars and data not shown). In contrast, the
Epac agonist failed to stimulate random migration. These results
suggest that cAMP signaling via PKA increases the intrinsic ca-
pacity of DCs to migrate in the absence of a chemical cue.
We next examined whether crosstalk between the PKA and Epac

signaling pathways regulates DC chemotaxis and random migra-
tion. DCs treated with the PKA and Epac agonists at the same time
exhibited significantly reduced chemotaxis to CXCL12 when
compared with DCs treated with the PKA in the presence or ab-
sence of DMSO (vehicle control for the Epac agonist) (Fig. 3A,
black bars). Incubation of DCs with both agonists, however, did
not affect random migration (Fig. 3A, white bars). The chemo-
tactic index clearly demonstrates that Epac interfered with the
ability of PKA to induce DC chemotaxis to CXCL12 (Fig. 3B).
This set of data shows that Epac interferes with the ability of PKA
to stimulate DC chemotaxis to CXCL12 but has no effect on PKA-
mediated random migration.
In addition to random migration in the absence of a chemical

cue, cells may exhibit nondirected migration in a uniform con-
centration of a chemokine, a process termed chemokinesis. We next
compared the effect of PKA and Epac on DC chemokinesis in
uniform concentrations of CXCL12. The PKA agonist stimulated
all three forms of migration: chemokinesis, random migration, and
chemotaxis (Fig. 3C). In contrast, the Epac agonist failed to
stimulate any form of migration. When DCs were coincubated
with the Epac and PKA agonists, Epac reduced chemotaxis to
CXCL12 but failed to inhibit random migration or chemokinesis
(Fig. 3C). DCs incubated with the PKA agonist in the presence of
DMSO exhibited no significant differences in chemotaxis, random
migration, or chemokinesis when compared with DCs treated with
the PKA agonist alone, indicating that the effect of the Epac ag-
onist on PKA-mediated chemotaxis cannot be explained by a non-
specific effect of DMSO. Taken together, these data show that
Epac inhibits PKA-mediated chemotaxis to CXCL12 without af-
fecting random migration or chemokinesis.

PKA weakly stimulates DC chemotaxis to CCL21

We next examined the effect of cAMP signaling on DC chemotaxis
to the CCR7 ligand CCL21. db-cAMP stimulated robust DC che-
motaxis to CCL21 in a manner similar to that observed for LPS,
a cAMP-independent stimulus known to induce migration to
CCL21 (Fig. 4A, 4B). In contrast, the PKA agonist failed to stim-
ulate chemotaxis to CCL21 but induced random migration (Fig.
4A, compare black with white bars). Treatment of DCs with
a 5-fold greater concentration of the PKA agonist also failed to
stimulate significant DC chemotaxis to CCL21 (data not shown).
As shown for CXCL12, the Epac agonist failed to stimulate DC
chemotaxis to CCL21. Furthermore, incubation of DCs with the
PKA and Epac agonists simultaneously had no effect on chemo-
taxis. To test whether the PKA agonist could induce DC chemo-
taxis but with delayed kinetics, DCs were treated the PKA agonist
for 48 h. At the later time point, PKA induced chemotaxis to
CCL21, although the response was much less robust when com-
pared with DCs treated with db-cAMP or LPS for 48 h (Supple-
mental Fig. 4). When DCs were incubated with both agonists
simultaneously, chemotaxis to CCL21 was reduced when com-
pared with DCs incubated with the PKA agonist alone. However,
DMSO also reduced the ability of the PKA agonist to induce DC

FIGURE 1. Selective activation of PKA, but not Epac, increases DC

expression of costimulatory molecules. Immature DCs were treated with 6-

Bnz-cAMP (100 mM) or O-Me-cAMP (100 mM) for 24 h, and the surface

expression of CD80, CD83 and CD86 was determined by flow cytometry.

Gray histograms indicate the isotype controls, and the markers are

depicted as bold line histograms. The MFIs are indicated in the upper

right-hand corners of the histograms in standard type for the isotype

controls and bold type for the markers. Data are representative of two

independent experiments.
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chemotaxis, suggesting that prolonged incubation with DMSO
may have a nonspecific effect on DC migration. This set of data
suggests that PKA signaling differentially regulates DC chemo-
taxis to the CXCR4 and CCR7 ligands.

PKA regulates the speed and persistence time of DC random
migration

Next, we used quantitative-phase microscopy to examine the effect
of PKA activation on DC random migration. Nontreated and CT-
treated DCs were cultured on glass cover slips, and DC migration
in medium was imaged every second over a 12-min interval. The
speed (micrometers per minute) and the persistence time (time in
seconds in which DCs remained on a given course before changing
direction by an angle of $60˚) were analyzed by tracking the
center of mass of individual cells. CT significantly increased the
speed of DC random migration over that of nontreated DCs (∼5

mm/min versus ∼2.5 mm/min; Supplemental Fig. 5A, 5C, Supple-
mental Videos 1–4). CT treatment also increased the persistence
time of DC migration compared with nontreated DCs (∼7.5 s
versus ∼2.5 s; Supplemental Fig. 5B, 5D). Consistent with an
increased speed of random migration, CT induced the dynamic
formation of membrane protrusions, retractions, and membrane
ruffling events in DCs that was not observed in nontreated DCs
(Supplemental Videos 1–4 and data not shown). This set of data
shows that CT-treated DCs migrate faster and remain on a given
path for a longer duration of time before changing direction when
compared with nontreated DCs.
Using the same approach, we next compared the random mi-

gration of DCs treated with the PKA agonist, CT, db-cAMP, IBMX,
or LPS. Consistent with the Transwell cell migration data, the PKA
agonist and CT significantly increased the speed of DC random mi-
gration when compared with nontreated or LPS-treated DCs

FIGURE 2. Epac signaling antagonizes the effect of PKA on DC expression of costimulatory molecules and MHC class II. A, Immature DCs were treated

with 6-Bnz-cAMP (100 mM; bold line histograms) or a combination of 6-Bnz-cAMP and O-Me-cAMP (both 100 mM; thin line histograms) for 24 h, and the

surface expression of CD80, CD83, CD86, and MHC class II was determined by flow cytometry. Gray histograms represent staining of non-treated immature

DCs. MFIs for CD80, CD83, CD86, and MHC class II are indicated in gray type for nontreated immature DCs, bold type for 6-Bnz-cAMP–treated DCs, and

standard type for DCs treated with both 6-Bnz-cAMP and O-Me-cAMP. The MFIs of the IgG1 isotype controls for CD80, CD83, and CD86 are as follows:

101 for nontreated DCs (dotted line), 98.5 for 6-Bnz-cAMP–treated DCs (long dashed line), and 102 for DCs treated with both agonists (dashed line). The

MFIs of the IgG2a isotype controls for MHC class II are as follows: 140 for nontreated DCs (dotted line), 140 for 6-Bnz-cAMP–treated DCs (long dashed

line), and 137 for DCs treated with both agonists (dashed line). Data are representative of two independent experiments. B, Immature DCs were treated with

6-Bnz-cAMP (100 mM), O-Me-cAMP (100 mM), or a combination of 6-Bnz-cAMP and O-Me-cAMP (both 100 mM) for 6 or 16 h, after which RNA was

extracted, and transcripts encoding CD80, CD83, and CD86 were quantified by digital mRNA profiling. The results are expressed as the mean 6 SEM of

duplicate measurements from three independent experiments for the 6-h data and two independent experiments for the 16-h data. #p , 0.05; ##p , 0.01.
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(Supplemental Fig. 5C). This was also true for DCs treated with
db-cAMP or IBMX. In addition, the PKA agonist, CT, db-cAMP,
and IBMX also increased the persistence time of DC random
migration (Supplemental Fig. 5D). Although LPS did not affect
the speed of migration, it did increase the persistence of DC migra-
tion, although less effectively than did the other compounds. Taken
together, these data show that PKA signaling is sufficient to increase
the speed and persistence time of DC random migration.

Crosstalk between the PKA and Epac signaling pathways
regulates DC expression of CXCR4

To determine whether Epac signaling reduced DC chemotaxis to
CXCL12 by downregulating CXCR4 expression, we measured
DC cell surface expression of CXCR4 by flow cytometry. We found
that immature DCs expressed only low levels of CXCR4 on the cell
surface (Fig. 5A, thin line histogram). Consistent with the ability
of PKA to induce DC chemotaxis to CXCL12, the PKA agonist
increased DC expression of CXCR4 (Fig. 5A, bold line histo-
gram). In line with our observation that Epac failed to induce DC
chemotaxis to CXCL12, the Epac agonist had no effect on DC

expression of CXCR4 (Fig. 5A, dotted line histogram). When DCs
were incubated with the agonists simultaneously, the Epac agonist
decreased CXCR4 expression (Fig. 5A, compare the bold line
histogram with the gray histogram). This was also true when DCs
were coincubated with the Epac agonist and CT (data not shown).
None of the treatments had any effect on the staining pattern of the
isotype control Ab (Fig. 5B). To confirm this result, we analyzed
the effect of PKA and Epac on the expression of CXCR4 using
DCs prepared from different donors (Fig. 5C). These data show
that the PKA agonist significantly increased CXCR4 expression
on the DC cell surface relative to nontreated DCs and that the
Epac signaling had no effect on the expression of CXCR4. Epac
did, however, reduce CXCR4 expression in DCs incubated with
both agonists at the same time (Fig. 5C). These data show that
Epac activation interferes with PKA-mediated upregulation of
CXCR4 expression and are in line with the effects of these ago-
nists on DC chemotaxis to CXCL12.
To further validate these data, we quantified RNA transcripts for

the two known isoforms of CXCR4 using digital mRNA profiling.
We also used this technique to examine differences in transcripts

FIGURE 3. Crosstalk between the PKA and

Epac signaling pathways regulates DC chemotaxis

to CXCL12. A and B, Immature DCs were treated

with DMSO (0.25%), 6-Bnz-cAMP (100 mM), O-

Me-cAMP (100 mM), a combination of 6-Bnz-

cAMP and O-Me-cAMP (both 100 mM), or a com-

bination of 6-Bnz-cAMP (100 mM) and DMSO

(0.25%) for 24 h and examined for random migra-

tion and chemotaxis to CXCL12 (100 ng/ml).

Means 6 SEM of triplicate measurements from

one of three independent experiments are shown

in A, and the chemotactic index is displayed in B.

C, Immature DCs were treated as described above

and examined for chemotaxis to CXCL12, random

migration, and chemokinesis. Means 6 SEM of

triplicate measurements from one of three indepen-

dent experiments are shown. pp , 0.05; ppp ,
0.01; #p , 0.05; ##p , 0.01.

FIGURE 4. PKA–Epac crosstalk does not

regulate DC chemotaxis to CCL21. A and B,

Immature DCs were treated with db-cAMP (100

mM), 6-Bnz-cAMP (100 mM), O-Me-cAMP (100

mM), a combination of 6-Bnz-cAMP and O-Me-

cAMP (both 100 mM), a combination of 6-Bnz-

cAMP (100 mM) and DMSO (0.25%), or LPS

(1 mg/ml) for 24 h and examined for random

migration and chemotaxis to CCL21 (100 ng/ml).

Means 6 SEM of triplicate measurements from

one of three independent experiments are shown

in A, and the chemotactic index is displayed in B.

ppp , 0.01; #p , 0.05; ##p , 0.01.
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FIGURE 5. PKA–Epac crosstalk regulates DC expression of CXCR4. A and B, Immature DCs were treated with 6-Bnz-cAMP (100 mM), O-Me-cAMP

(100 mM), or a combination of 6-Bnz-cAMP and O-Me-cAMP (both 100 mM) for 24 h, and CXCR4 expression was quantified by flow cytometry. Staining

for CXCR4 is shown in A, and the IgG2a isotype control Ab is shown in B. Data are representative of three independent experiments. C, Immature DCs

were treated with 6-Bnz-cAMP (100 mM), O-Me-cAMP (100 mM), a combination of 6-Bnz-cAMP and O-Me-cAMP (both 100 mM), or a combination of 6-

Bnz-cAMP (100 mM) and DMSO (0.25%) for 24 h, and CXCR4 expression was quantified by flow cytometry. The MFI (means 6 SEM) from three

independent experiments is shown. D–F, Immature DCs were treated with 6-Bnz-cAMP (100 mM), O-Me-cAMP (100 mM), or a combination of 6-Bnz-

cAMP and O-Me-cAMP (both 100 mM) for 6 and 16 h, after which RNAwas extracted, and transcripts encoding CXCR4 isoform 1 (D) and isoform 2 (E)

and CXCR7 (F) were quantified by digital mRNA profiling. The results are expressed as the mean 6 SEM of duplicate measurements from three

independent experiments for the 6-h data and two independent experiments for the 16-h data. pp , 0.05; ppp , 0.01; #p , 0.05; ##p , 0.01.
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encoding CXCR7, a newly identified second chemokine receptor
for CXCL12 (35, 36). Incubation of DCs with the PKA agonist
induced an increase in CXCR4 mRNA (both isoforms 1 and 2) at
6 and 16 h (Fig. 5D, 5E). In contrast, the Epac agonist had no
effect on CXCR4 transcription. Importantly, Epac significantly
reduced CXCR4 mRNA levels in DCs incubated with both ago-
nists for 6 or 16 h. We also found that PKA, but not Epac, in-
creased the abundance of CXCR7 transcripts at both time points
and that Epac reduced the PKA-dependent increase in CXCR7
mRNA levels (Fig. 5F). Taken together, this set of data shows
that PKA signaling is sufficient to induce CXCR4 and CXCR7
mRNA transcription and that Epac suppresses this effect.
We also examined the effect of PKA and Epac activation on DC

expression of CCR7. Immature DCs expressed low levels of CCR7,
and the PKA and Epac agonists added separately or together had no
effect on CCR7 expression levels (Supplemental Fig. 6). These data
are consistent with the inability of PKA to induce DC chemotaxis to
CCL21. In contrast, LPS significantly increased CCR7 expression,
and this is in line with our observation that LPS stimulated DC
chemotaxis to CCL21. Treatment of DCs with the PKA agonist for
a 48-h interval induced only a small increase in CCR7, and this was
not affected by incubation of DCs with the Epac agonist (data not
shown). These data suggest that PKA regulates DC expression of
CXCR4 but has a minimal effect on expression of the CCL21 li-
gand CCR7.

Epac signaling reduces PKA-mediated phosphorylation of
CREB

To test the possibility that Epac signaling interferes with PKA
phosphorylation of the transcription factor CREB, a known down-
stream target of PKA, we incubated DCs with the PKA agonist or
LPS for 30 min and detected phosphorylated CREB and total

CREB by immunoblot. Both the PKA agonist and LPS induced
CREB phosphorylation, and the extent of phosphorylation was de-
pendent on the dose of the PKA agonist (Fig. 6A, 6B). Next, DCs
were incubated with LPS, the PKA or Epac agonists, or both
agonists together, and cells were analyzed for CREB phosphory-
lation. Both the PKA agonist and LPS induced CREB phosphor-
ylation, whereas the Epac agonist had no effect on CREB
phosphorylation (Fig. 6C, 6D). However, Epac significantly re-
duced PKA-mediated phosphorylation of CREB. Data from four
separate experiments show that Epac reduced the phospho-CREB
signal by 20 6 5% (average 6 SEM; Fig. 6E). The CXCR4 gene
promoter contains a cAMP-responsive element, and it has been
shown that PKA upregulates CXCR4 expression in DCs (37).
Thus, this set of data provides a molecular basis for the reduced
expression of CXCR4 and impaired chemotaxis to CXCL12 ob-
served after simultaneous activation of PKA and Epac in DCs.

PKA–Epac crosstalk regulates DC endocytosis

Another hallmark of mature DCs is decreased Ag uptake via en-
docytosis. Thus, we examined whether cAMP signaling through
PKA could downregulate DC uptake of FITC-dextran over a time
course of 90 min. Immature DCs actively took up dextran at each
time point, and uptakewas significantly reduced whenDCswere in-
duced tomature by incubationwith LPS for 24 h (Fig. 7A). The PKA
agonist also reduced DC uptake of dextran at each time point,
whereas the Epac agonist had no significant effect on endocytosis
(Fig. 7A). When DCs were incubated with the PKA and Epac ago-
nists at the same time, Epac interfered with the ability of the
PKA agonist to reduce endocytosis, and this effect could not be
explained by the presence of DMSO (Fig. 7A). When data from all
three time points were compiled, LPS-treated DCs took up ∼61%
less dextran when compared with nontreated immature DCs

FIGURE 6. Epac reduces PKA phosphorylation

of CREB. A and B, Immature DCs were treated with

6-Bnz-cAMP (50–500 mM) for 30 min at 37˚C,

after which phospho-CREB and total CREB were

detected in lysates by immunoblot (A). Band inten-

sities were determined by densitometry, and the phos-

pho-CREB signal was normalized to total CREB (B).

Data from one representative experiment is shown. C

andD, Immature DCswere treated with 6-Bnz-cAMP

(250 mM), O-Me-cAMP (250 mM), a combination of

6-Bnz-cAMP and O-Me-cAMP (both 250 mM), or

LPS (1 mg/ml) for 30 min at 37˚C. Cells were then

lysed, and phospho-CREB and total CREB were

detected in lysate by immunoblot (C). Band intensi-

ties were determined by densitometry, and the phos-

pho-CREB signal was normalized to total CREB (D).

One representative experiment of four independent

experiments is shown. E, Immature DCs were treated

as described in C. Data are from four independent

experiments in which the phospho-CREB to total

CREB signals were normalized to that of the LPS-

treated DCs (1.0). pp , 0.05.
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(Fig. 7B), demonstrating that LPS-induced DC maturation corre-
lated with a decrease in endocytic activity. The PKA agonist also
inducedDCmaturation as evidenced by a∼50%decrease in dextran
uptake when compared with immature DCs. Finally, treatment of
DCs with both agonists reduced endocytosis by ∼26%, whereas
treatment with the Epac agonist alone only slightly reduced endo-
cytosis (∼11%). These data show that Epac interferes with the abil-
ity of the PKA to induce DC maturation.

PKA–Epac crosstalk regulates DC cytokine production

To further examine PKA–Epac regulation of DC function, we used
mRNA profiling to quantify the effect of PKA and Epac signaling
on cytokine production. When compared with nontreated imma-
ture DCs, DCs treated with the PKA agonist exhibited reduced
levels of mRNA transcripts encoding TNF-a, TGF-b, IL-18, and
IL-10 (Fig. 8A–G). The Epac agonist alone had no effect on the
level of transcripts encoding these cytokines. When DCs were
incubated with both agonists, Epac had no effect on TNF-a and
TGF-b mRNA levels, but partially reversed the inhibitory effect of
PKA on IL-18 and IL-10 mRNA levels following 6 h of incuba-
tion. None of the treatments had any effect on the already low
levels of IL-12 mRNA in immature DCs (data not shown). Taken
together, these data suggest that PKA suppresses cytokine pro-
duction by DCs and that Epac partially reverses this effect.

PKA–Epac crosstalk regulates DC activation of T cells

Finally, we tested whether PKA–Epac crosstalk could regulate DC
activation of allogeneic T cells. DCs were treated with the PKA or
Epac agonists added separately or together and incubated with
allogeneic T cells. The PKA agonist enhanced the ability of DCs
to stimulate T cell proliferation, whereas the Epac agonist had no
effect on T cell proliferation (Fig. 9). When DCs were cultured
with both agonists, T cell proliferation was reduced when com-
pared with DCs activated with the PKA agonist alone. This set of
data shows that PKA enhances DC activation of T cells and that
Epac signaling interferes with this effect.

Discussion
The cAMP-dependent signaling pathways that regulate DC matu-
ration remain to be completely defined. This led us to investigate
whether cAMP signaling via PKA is sufficient to drive maturation

FIGURE 7. Crosstalk between PKA and Epac regulates DC endocy-

tosis. A and B, Immature DCs were treated with 6-Bnz-cAMP (100 mM),

O-Me-cAMP (100 mM), LPS (1 mg/ml), a combination of 6-Bnz-cAMP

and O-Me-cAMP (both 100 mM), or a combination of 6-Bnz-cAMP (100

mM) and DMSO (0.25%) for 24 h. Then, cells were incubated with FITC-

dextran (1 mg/ml) for 30, 60, and 90 min at 4˚C or 37˚C. FITC-dextran

uptake was measured by flow cytometry. In each experiment, the MFI of

the 4˚C controls was subtracted from the MFI of the 37˚C samples. A,

MFIs for treated DCs were normalized to the MFI of nontreated DCs

incubated with FITC-dextran for 90 min (= 100%). Means 6 SEM of

single measurements for each time point from three independent experi-

ments are shown. B, MFIs for treated DCs were normalized to the MFI

of nontreated DCs at each time point. The results are expressed as the

mean 6 SEM of all three time points (30, 60, and 90 min) from three

independent experiments. Statistical significance between PKA agonist-

treated DCs and DCs treated with the Epac agonist, the PKA and Epac

agonists in combination, LPS, or the PKA agonist in combination with

DMSO is denoted by the pound symbol. ##p , 0.01.

FIGURE 8. PKA–Epac crosstalk regulates DC cytokine expression.

A–H, Immature DCs were treated with 6-Bnz-cAMP (100 mM), O-Me-

cAMP (100 mM), or a combination of 6-Bnz-cAMP and O-Me-cAMP

(both 100 mM) for 6 and 16 h, after which RNA was extracted, and tran-

scripts encoding TNF-a, TGF-b, IL-18, and IL-10 were quantified by

digital mRNA profiling. The results are expressed as the mean 6 SEM

of duplicate measurements from three independent experiments for the 6 h

data and two independent experiments for the 16 h data. pp , 0.05; #p ,
0.05; ##p , 0.01.
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or whether cAMP activation of Epac is also involved. To address
this question, we used cAMP analogs specific for PKA or Epac to
discriminate the effect of these signaling pathways on the matura-
tion of human monocyte-derived DCs. The experiments presented
in this study show that selective activation of PKA stimulates DC
maturation. Epac signaling has no effect on maturation. However,
when both pathways are activated simultaneously, Epac antago-
nizes the effect of PKA on the phenotypic maturation and function
of DCs. Specifically, we found that the cell surface expression of
MHC class II, costimulatory molecules, the maturation marker
CD83, and the chemokine receptor CXCR4 was reduced when
DCs were treated with the PKA and Epac agonists at the same time.
Epac also interfered with PKA activation of CREB, suggesting that
PKA–Epac crosstalk may converge at the level of transcription
to regulate DC maturation. Further, Epac antagonized the effect of
PKA on DC function. Epac partially reversed the effect of PKA
on endocytosis, chemotaxis to CXCL12, cytokine production, and
T cell activation. These findings suggest that the net effect of
cAMP signaling is not simply dictated by the action of PKA or
Epac alone, but involves a complex integration of the two signal-
ing pathways.
A novel finding of this study was that in addition to upregulating

CXCR4, PKA activation increased DC transcription of CXCR7.
Whereas CXCR4 and CXCL12 were once thought to form a mo-
nogamous pair, CXCR7 was recently identified as a second che-
mokine receptor for CXCL12 (35, 36, 38–44). Unlike other
chemokine receptors, CXCR7 does not stimulate chemotaxis (36).
Rather, CXCR7 is thought to belong to the atypical chemokine
receptor family that plays a role in scavenging or altering the lo-
calization of chemokines via binding and/or internalizing the
chemokines without inducing signal transduction (45). A prevailing
theory is that CXCR7 may function to scavenge CXCL12 at the
trailing edge of migrating cells, thus creating a local chemokine
gradient around the cell to maintain the directionality of migra-
tion (46–50). Interestingly, we also found that PKA increased the
transcription of two isoforms of CXCR4 and that Epac partially
antagonized this effect. The significance of PKA-mediated up-

regulation of both CXCR4 isoforms and CXCR7 for DC chemo-
taxis to CXCL12 remains to be elucidated.
An unexpected finding of this study was that DCs treated with the

PKA agonist migrated strongly to CXCL12 but poorly to CCL21.
In humans, it is currently not known whether CCR7 is the dominant
chemokine receptor for directing DC migration to lymph nodes or
whether CXCR4 also plays a role. In murine DCs, both CCR7 and
CXCR4 direct migration to lymphoid tissues (38, 41, 42, 51–59).
CCR7-deficient mice and plt/plt mutant mice (which lack both
CCR7 ligands CCL19 and CCL21) exhibit a severe defect in
DC migration from the skin to the draining lymph nodes. The
observed defect is still incomplete, suggesting the involvement
of another chemokine receptor. Indeed, CXCR4 is required for
the migration of murine DCs (both Langerhans cells and dermal
DCs) to the skin-draining lymph nodes (60). In humans, CXCR4
is required for the chemotaxis of DCs from the epidermis to the
dermis (54). CXCR4 also functions synergistically with CXCR3
to induce the migration of human plasmacytoid DCs to lymph
nodes (61). In addition to regulating chemotaxis, CXCL12 pro-
motes murine DC survival and maturation (62). Our preliminary
results show that CXCL12 increases human DC expression of
MHC class II and costimulatorymolecules (J. Garay and B.L. Dick-
inson, unpublished observation). Thus, PKA-dependent upregula-
tion of CXCR4 may augment both DC maturation and homing to
lymphoid tissues.
DCs exhibit nondirectional migration in the absence of chemical

cues (random migration) and in symmetrical concentrations of
chemoattractants (chemokinesis). We found that PKA activation
induced both forms of migration. It is thought that random mi-
gration may function to prime DC chemotaxis by sensitizing the
chemotaxis machinery (63, 64). For example, PKA signaling has
been shown to lower the threshold for chemokine receptor de-
tection of chemokines and facilitate cell migration in response to
distant or suboptimal chemokine signals (65). Another role for
nondirectional migration may be to increase the frequency of DC
contacts with T cells within the crowded confines of lymphoid
tissues, where chemokine gradients may play a less important
role in directing cell migration (66, 67). Our data show that al-
though both the PKA agonist and CT induced DC random mi-
gration, only the PKA agonist stimulated chemokinesis. One
possibility to explain this result is that the PKA agonist may
activate PKA more potently than CT. We also found that Epac
signaling failed to stimulate DC random migration and chemo-
kinesis. And, although Epac partially inhibited the chemotaxis
of PKA-treated DCs, Epac had no effect on the ability of PKA
to induce DC random migration or chemokinesis. These results
suggest that the cAMP-dependent mechanisms that direct che-
motaxis, random migration, and chemokinesis may be differen-
tially regulated in DCs.
In most cases, the ultimate consequence of DCmaturation for the

immune response is T cell activation. T cell differentiation into
Th1, Th2, Th17, or T regulatory effectors is strongly influenced by
the pattern of cytokines released by DCs during Ag presentation.
We found that transcription of TNF-a, TGF-b, IL-18, and IL-10
was suppressed in DCs treated with the PKA agonist. This result is
in line with the observation that cAMP-elevating bacterial toxins,
such as CT, the E. coli heat-labile enterotoxin, pertussis toxin, and
adenylate cyclase toxin activate human monocyte-derived DCs
and inhibit cytokine production (68, 69). CT and heat-labile en-
terotoxin are potent mucosal adjuvants that act on DCs to promote
T cell responses to codelivered protein Ags (18, 70–74). Despite
the inhibitory effect of PKA on cytokine expression, we found
that PKA-treated DCs stimulated allogeneic T cell proliferation
in vitro. Although Epac had no effect on cytokine transcript levels,
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FIGURE 9. PKA–Epac crosstalk regulates DC activation of T cells.

Immature DCs were treated with 6-Bnz-cAMP (100 mM), O-Me-cAMP

(100 mM), or a combination of 6-Bnz-cAMP and O-Me-cAMP (both

100 mM) for 24 h, after which cells were washed and incubated with

allogeneic T cells for 5 d. During the last 18 h of incubation, cultures

were spiked with 1 mCi [3H]methyl-thymidine, and thymidine incorpora-

tion into proliferating T cells was quantified by scintillation counting. The

results are expressed as the mean 6 SEM of triplicate measurements from

two independent experiments performed with cells from different do-

nors. ppp , 0.01; #p , 0.05; ##p , 0.01.
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it partially reversed the inhibitory effect of PKA on the transcrip-
tion of IL-18 and IL-10. Epac also diminished the capacity of
PKA-activated DCs to stimulate T cell proliferation. Thus, Epac
may function as a molecular break to attenuate the magnitude
of PKA signaling to prevent excessive T cell activation. Our data
suggest that PKA–Epac crosstalk may converge at the level of
transcription to regulate DC maturation and function. In support
of this idea, we show that Epac interferes with PKA phosphory-
lation of CREB, and others have shown that Epac regulates the
activity of the C/EBP family of transcription factors (75, 76).
How cAMP signaling regulates transcription may depend on the
strength, duration, and timing of PKA and Epac activation. These
signals also must be integrated with signaling events initiated by
DC interaction with pathogen-associated molecules, such as TLR
ligands, as well as with signaling molecules that originate from
neighboring cells (77).
In summary, the results of this study have important implications

for DC-based cancer vaccines. A current focus is on the develop-
ment of novel stimuli for the ex vivo conditioning of DCs to pro-
mote their maturation and migration to lymph nodes for T cell
priming. Future studies will be required to determine whether stim-
uli that activate PKA generate mature, immunogenic DCs capable
of activating T cells in vivo and, conversely, whether stimuli that
target Epac generate tolerogenic DCs capable of attenuating aller-
gic and autoimmune disease (6, 78).
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