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Recent studies indicate that cyclic AMP (cAMP) induces cytotoxic
Tlymphocyte antigen (CTLA) 4. CTLA4 is expressed in T cells, and is a
negative regulator of T cell activation. CTLA4 expression is regulated
by T cell receptor plus CD28 (adaptive immune signaling) at both the
transcriptional and post-transcriptional level. Here, we examine the
pathways by which cAMP regulates CTLA4 expression, focusing on
transcriptional activation. Elevating intracellular cAMP levels by cell-
permeable cAMP analogs, the adenylyl cyclase activator, forskolin,
or phosphodiesterase inhibitors increases CTLA4 mRNA expression
in EL4 murine T cells and primary CD4" T cells. Activation of pro-
tein kinase A (using the protein kinase A-selective agonist, N6-
phenyladenosine-cAMP), but not exchange proteins activated by
cAMP (using the exchange proteins activated by cAMP-selective
8-pCPT-2Me-cAMP), increases CTLA4 promoter activity. Mutation
constructs of the CTLA4 promoteruncover an enhancer binding site
located within the —150to —130 bp region relative to the transcrip-
tion start site. Promoter analysis and chromatin immunoprecipitation
assays suggest that CAMP response element-binding is a putative tran-
scription factor induced by cAMP. We have previously shown that
CTLA4 mediates decreased pulmonary inflammation in an LPS-
induced murine model of acute lung injury (ALI). We observed that
LPS can induce CTLA4 transcription via the same cAMP-inducible
promoter region. The immunosuppressant, rapamycin, decreases
cAMP and LPS-induced CTLA4 transcription in vitro. In vivo, LPS
induces cCAMP accumulation in bronchoalveolar lavage fluid, bron-
choalveolar lavage cells, and lung tissues in ALI. We demonstrate
that rapamycin decreases CAMP accumulation and CTLA4 expres-
sionin ALIl. Together, these data suggest that CAMP may negatively
regulate pulmonary inflammatory responses in vivo and in vitro by
altering CTLA4 expression.
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Activated T cells express negative regulators, including cytotoxic
T lymphocyte antigen (CTLA) 4, a negative regulator of T cell
activation (1-3). CTLA4 binds to CD80 or CD86 with greater
affinity than CD28 to block costimulatory signals, leading to
inhibition of cell cycle progression and IL-2 production (4).
The blockade of CTLA4 by antibody prevents the accumulation
of inducible cyclic AMP (cAMP) early repressor and cAMP
response element modulator, and leads to the rescue of IL-2
expression (5, 6). cAMP has a similar inhibitory effect on pro-
liferation and IL-2 production in T cells (7, 8).
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CLINICAL RELEVANCE

These data suggest a potential mechanism by which cyclic
AMP (cAMP) regulates immune suppression and a poten-
tial link between innate and adaptive immune signaling.
cAMP may increase cytotoxic T lymphocyte antigen 4 as
a means of negatively regulating pulmonary inflammatory
responses in vivo and in vitro.

cAMP is an important second messenger in many biological
processes. cCAMP is synthesized from ATP by adenylyl cyclase
and degraded by phosphodiesterase (PDE). In physiological
conditions, a wide range of signaling molecules, such as epi-
nephrine, glucagon, and prostaglandin E2, increase cAMP ac-
cumulation via G protein—coupled receptor. cAMP can also be
activated in response to microbial challenges or LPS (9). The
main targets of cAMP are protein kinase (PK) A and exchange
proteins activated by cAMP (Epac). Elevated cAMP levels are
associated with suppression of innate immune functions, includ-
ing the production of proinflammatory mediators (10, 11), phago-
cytosis (12, 13), and microbial killing (14). In particular, cAMP
inhibits T cell activation and proliferation, likely mediated by
regulatory T cells (Tregs) (7). In primary pulmonary alveolar
macrophages, PKA modulates the inhibition of TNF-a and
IL-12 (15, 16), whereas Epac mediates the inhibition of
phagocytosis (17). Both PKA and Epac mediate the inhibi-
tion of bacterial killing by the generation of reactive oxygen
species (17). Furthermore, in dendritic cells, inflammatory
mediators are modulated by both PKA and Epac pathways,
suggesting that cAMP plays a key role in modulating immune
responses (10).

Our prior studies indicate that CTLA4 expression is regulated
by adaptive immune signaling at the level of transcription (1, 18).
The pathways by which other signaling modulates CTLA4 ex-
pression remain ill defined. Recent studies indicate that cAMP
induces CTLA4 in human CD4" T lymphocytes (19, 20), and
here we focus on dissecting the pathways by which cAMP reg-
ulates CTLA4 in vitro and in vivo.

MATERIALS AND METHODS

Reagents

Chemicals and cell culture reagents were purchased from Sigma-Aldrich
(St. Louis, MO) and Gibco BRL (Grand Island, NY). cAMP analogs, 8-
chlorophenylthio-cAMP (CPT), N6-Phenyl-cAMP (N6), and 8-pCPT-
2'-O-Me-cAMP (8ME) were purchased from the Biolog Life Science
Institute (Bremen, Germany).

Cell Culture and Quantitative PCR

ELA4 cells were purchased from ATCC (Manassas, VA). Murine primary
CT4" T cells were isolated from lung tissue. Cell suspensions were
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obtained after digestion of lung tissues in collagenase and DNase,
and were then passed through a 70-pm and a 40-pm cell strainer. CD4 ™
T cells were isolated by magnetic-activated cell sorting system (Milte-
nyi Biotec Inc., Auburn, CA). Cells were treated with CPT (100 pM),
forskolin (10 uM), isobutylmethylxanthine (200 wM), rolipram (10 pM),
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Figure 1. Cyclic AMP (cAMP) signaling increases cytotoxic T lympho-
cyte antigen (CTLA) 4 mRNA Levels. (A) T cells (EL4) were incubated
with a cyclic AMP (cAMP) analog, 8-chlorophenylthio-cAMP (CPT;
100 wM), or forskolin (10 wM), with or without a phosphodiesterase
(PDE) 4 inhibitor, rolipram (10 wM), or a nonspecific PDE inhibitor,
isobutylmethylxanthine (IBMX; 200 uM) for 12 hours. (B) Mouse
primary lung CD4" T cells were incubated with CPT (100 wM) for 12
hours. CTLA4 mRNA levels were determined by quantitative PCR (qPCR)
after normalizing with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Data are shown as means (£SD) (n = 3). *P < 0.05, compared
with medium group.

LPS (1 pg/ml), and rapamycin (0.1 pg/ml). Total RNA was isolated
and quantitative PCR (qPCR) was performed. The primer pair for
CTLA4 was described previously (21).

Cloning of the CTLA4 Promoter and Construction of Deletion
and Linker Scanning Mutation Constructs

The murine CTLA4 promoter containing —1221 base pair (bp) from the
transcription start site was cloned into the pXP2 basic vector (p1221) (1).
The p1221 was used as a template for 5’ deletion constructs —343 (p343),
—238 (p238), —167 (p167), and —64 (p64). Series of 20 bp linker scan-
ning mutation (LSM) constructs were generated from —270 to —110 bp.

Transfections and Reporter Gene Assays

Transient transfections were performed using FuGENE 6 (Roche, Indi-
anapolis, IN). After 12 hours of transfection, cAMP analogs and other
stimuli were added at the indicated time, and luciferase activity was
measured (Promega, Sunnyvale, CA).

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation (ChIP) assay was performed using the
Upstate ChIP kit (Billerica, MA). Cells were fixed and nuclei were son-
icated using Bioruptor sonicator (Diagenode Inc., Denville, NJ). Immuno-
precipitations were performed with a cAMP response element-binding
(CREB) antibody (Cell Signaling, Danvers, MA). The DNA complex
was reversed and analyzed by qPCR. Primers specific for CREB binding

Figure 2. CTLA4 promoter ac-
tivity is increased by cAMP sig-
naling through the protein
kinase (PK) A, but not the ex-
change proteins activated by
cAMP (Epac) pathway. Tran-
sient transfections of CTLA4 re-
porter constructs into T cells
(EL4) were performed using
BCPT  FuGENE 6 transfection reagent

NG for 12 hours. cAMP analogs,
CPT (100 pM), N6-Phenyl-
cAMP (N6; 50 pM), or 8-
pCPT-2'-O-Me-cAMP  (8ME;
50 uM) were added into the
medium. After 12 hours of in-
cubation, the cell lysates were
measured for luciferase ac-
tivity. Luciferase activity was
normalized for transfection ef-
ficiency by B-galactosidase ac-

O8ME
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tivity. The CTLA4 reporter constructs are —1,221 bp (p1,221), —343 bp (p343), and —238 bp (p238) relative to the CTLA4 transcription start site.
pXP2 is the promoterless vector. Data are presented as the induction fold of relative luciferase activity (mean + SD; n = 6). *P < 0.01, compared
with N6 and pXP2 group; **P < 0.01, compared with CPT and pXP2 group.
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site are: 5'-CCTCAGAGGTGACTCGAAGCTTCA-3" and 5'-ACGA-
GAAAGGAAGCCGTGGGT-3".

Acute Lung Injury Model

BALB/c mice (8 wk old) were purchased from Harlan Breeders (Indian-
apolis, IN). The mice were maintained according to the guidelines of the
University of California, San Diego Animal Care Program. LPS (100 pg)
in 50 pl PBS was administered intratracheally (22). For the rapamycin
group, mice were injected with rapamycin (50 pg) or vehicle (PBS)
intraperitoneally 3 hours before LPS administration. Lungs were har-
vested at 48 hours after LPS exposure. Bronchoalveolar lavage (BAL)
fluid and BAL cells were collected as previously described (22).

cAMP Accumulation ['%°1] Radioimmunoassay

BAL cells were divided into two tubes: one was treated with forskolin
(10 pM) for 10 minutes to enhance the cCAMP. Lung tissues were
incubated with '*I-cAMP and anti-cAMP antibody. Radioactivity was
counted, and the production of cAMP was normalized to the cell num-
bers or the amount of protein.

CTLA4 reporter constructs

65

Statistical Analysis

ANOVA was performed using GraphPad Prism software (La Jolla,
CA). Statistical analyses of data were performed using paired and un-
paired Student’s ¢ tests or using one-way ANOVA. Statistical signifi-
cance is defined by a P value less than 0.05.

RESULTS

cAMP Signaling Increases CTLA4 mRNA Levels in T Cells

We investigated the impact of cAMP signaling on CTLA4 levels
in T cells (EL4 cells) by analyzing pharmacological reagents that
increase intracellular cAMP levels (Figure 1A). Treatment with
the cAMP analog CPT and forskolin, a direct adenylyl cyclase
activator, with and without the PDE4-specific inhibitor, roli-
pram (because PDE4 is the highest expressed PDE in T cells
[23]), or the nonspecific PDE inhibitor, isobutylmethylxanthine,
all increased CTLA4 mRNA expression (P < 0.05). Similar
results were found in mouse primary lung CD4" T cells treated
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with CPT (Figure 1B). These data indicate that cAMP increases
CTLA4 mRNA levels in T cells.

cAMP Analogs Increase CTLA4 Promoter Activity through
the PKA Pathway

To determine whether the cAMP-mediated increase in
CTLA4 mRNA levels is regulated at the transcriptional level,
we analyzed CTLA4 luciferase reporter constructs. We tested
the effects of pathway-specific cCAMP analogs on the regula-
tion of CTLA4 transcription by analysis with cAMP analogs
that display different specificities toward cAMP downstream
effectors. We examined the impact of CPT (which activates
both PKA and Epac), N6 (PKA specific), and 8ME (Epac spe-
cific) on CTLA4 promoter activity. We tested three CTLA4
luciferase reporter constructs, 1,221 bp, 343 bp, and 238 bp,
relative to the CTLA4 transcription start site (Figure 2). Both
CPT and N6 increased the promoter activities of all three
CTLA4 reporter constructs; however, this increase was not
observed with SME treatment. These data suggest that cAMP
increases CTLA4 promoter activity through the PKA, but not
the Epac, pathway. As CPT induced greater CTLA4 pro-
moter activity, we focused on analysis with CPT as the cAMP
analog.

Localization of a cCAMP-Responsive Region
in the CTLA4 Promoter

We further analyzed the promoter activities to localize cAMP-
responsive regions. T cells were stimulated with CPT after
transfection of CTLA4 luciferase reporter constructs (including
—1221, —343, —238, —167, and —63 bp relative to the CTLA4
transcription start site) (Figure 3A). The largest construct
(p1221) showed significant CTLA4 promoter activity, which
decreased with the smaller (p343 and p238) constructs. Anal-
ysis of a new construct, p167 (=167 bp), indicated a more than
200-fold increase in promoter activity (P < 0.01; Figure 3A,
p167), suggesting the presence of an enhancer binding site in
this region. The p238 CTLA4 promoter construct exhibits a sig-
nificant decrease relative to the p167 construct (P < 0.05; Fig-
ure 3A, p238), suggesting a putative inhibitor binding site
located between —238 and —167 bp. Next, we further defined
cAMP-responsive regions through LSM from position —270 to
—110 bp (Figure 3B, left panel). Multiple constructs consisting
of 20-bp tandem mutations were analyzed. LSM 170-190, with
mutations between —190 bp and —170 bp relative to the tran-
scription start site, had high promoter activity similar to p167
(Figure 3B, right panel, LSM 170-190), indicating that a puta-
tive inhibitor binding site is located in the —190 to —170 bp
region. In contrast, LSM 130-150 construct, with mutations
between —150 and —130 bp, exhibited the lowest promoter
activity (Figure 3B, right panel; LSM, 130-150), indicating that
a putative enhancer binding site is located within the —150 to
—130 bp region.

CTLA4 Promoter cis-Regulatory Element Analysis
and ChIP Assay

Computer analysis of the CTLA4 promoter region (—238 to
—62 bp) revealed potential DNA binding sites (Figure 4A).
The promoter region from —150 to —130 bp contains a putative
CREB binding site, a well known downstream transcription
factor of cAMP signaling. To define whether the putative
CREB binding site (=150 to —143 bp) is responsive to cAMP,
we performed ChIP assay with CREB antibody in T cells, with
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Figure 4. CTLA4 promoter analysis and chromatin immunoprecipita-
tion (ChIP) assay. (A) Response elements in the CTLA4 promoter region
from —238 to +1 bp relative to the transcription start site. ATG (bold
with heavy underline) is the transcription start site. CREB (bold with
heavy underline) is a putative cCAMP response element-binding (CREB)
binding site, located at —150 to —143 bp relative to transcription start
site. (B) ChlIP assay using an anti-CREB antibody. Nuclei from T cells
(EL4) were prepared and sonicated, and immunoprecipitations were
performed using an anti-CREB antibody. Immunoprecipitated DNA
was purified and analyzed by gPCR. Folds of CREB binding site DNA
enrichment were analyzed with primers specific for CREB binding site
after normalizing with the proximal promoter region as an internal
control. Data are presented as means (+SD) (n = 6). *P < 0.05, com-
pared with IgG control group.

or without CPT treatment. The DNA region flanking the pu-
tative CREB binding site and a proximal DNA region (as
internal control) were amplified by qPCR. There was a sixfold
enrichment of the CREB binding site in the CPT treatment
group in T cells (Figure 4B). These data suggest that CREB is
present and binds to the CTLA4 promoter after increases in
cAMP.

Rapamycin Decreases LPS- or cAMP-Induced
CTLA4 Transcription

cAMP is activated by multiple stimuli, including response to mi-
crobial challenges or LPS. We previously showed that CTLA4
expression is increased in an LPS-induced model of acute lung
injury (ALI), then tested whether LPS modifies CTLA4 at the
level of transcription (22). We analyzed LPS stimulation of
the CTLA4 promoters at different time points. At 6 hours after
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Figure 5. LPS increases CTLA4 transcrip-
tion similar to cAMP and rapamycin
decreases LPS- or cAMP-induced CTLA4
transcription in T cells. (A) After transient
transfection of CTLA4 reporter construct
(p167) into T cells (EL4), LPS (1 ng/ml)
was added into medium. After 1, 2, 6,
12, and 24 hours of incubation, cell
lysates were measured for luciferase activ-
ity. *P < 0.01, compared with p167 + LPS
and pXP2 group. (B) After transient trans-
fection of the CTLA4 reporter construct
(p167), cAMP analog, CPT (100 wM), with
or without rapamycin (0.1 pg/ml), was
added into the medium. After 12 hours
of incubation, cell lysates were measured
for luciferase activity. Data are presented as
the induction fold of relative luciferase ac-
tivity (mean = SD; n = 6). *P < 0.01,
compared with pXP2 group; **P < 0.01,
compared with p167 + CPT group.

LPS administration, the promoter activity of p167 construct was we tested whether rapamycin modified LPS- or cAMP-induced
significantly induced, albeit not as robustly as with cAMP stim- CTLA4 transcription in T cells. Rapamycin decreases LPS-
ulation (data not shown and Figure SA). We have previously induced CTLA4 promoter activity from 8-fold to 4-fold (Figure
shown that the immunosuppressant, rapamycin, decreases adap- 5B), and cAMP-induced CTLA4 promoter activity from above
tive immune signaling-induced CTLA4 transcription (1). Here, 200-fold to 40-fold (Figure 5C).
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Figure 6. Rapamycin decreases the elevated cAMP activity in LPS-induced acute lung injury (ALI). Rapamycin (100 w.g) or vehicle was administered
intraperitoneally 3 hours before LPS exposure. LPS (100 .g) or PBS was administered intratracheally to mice (BALB/c). Bronchoalveolar lavage (BAL)
fluid was harvested 48 hours after LPS exposure. (A) BAL albumin levels were determined by ELISA. Data are shown as means (+=SD) (n = 3). *P <
0.05, compare with PBS group; **P < 0.05, compared with vehicle group. (B) Total BAL cells were incubated with or without forskolin (10 wM) for

10 minutes. cAMP levels were measured by ['#°1] radioimmunoassay. (C) BAL fluid and (D) lung tissue cAMP levels were analyzed by [

125|]

radioimmunoassay. Data are shown as means (£SD) (n = 3). *P < 0.05, compared with PBS group; **P < 0.05, compared with LPS + vehicle group.

Rapamycin Decreases Elevated cAMP in a Model of Acute
Lung Injury

We have previously shown that CTLA4 levels are increased
in vivo in a model of ALI (24); therefore, we tested whether
cAMP levels are changed in a model of ALI. LPS induced ALI
with increased inflammatory parameters (Figure 6A) (22). In
addition, cAMP accumulation in BAL cells, BAL fluid, and
lung tissues were increased (Figures 6B-6D). Rapamycin ad-
ministration decreased inflammation and cAMP accumulation in
ALI (Figures 6A-6D).

DISCUSSION

Increased cAMP levels are associated with inhibition of the ac-
tivation and proliferation of lymphocytes (25, 26). CTLA4 is
a negative regulator of T cells modified by adaptive immune
signaling (1). Tregs, a subset of T cells with potent immuno-
regulatory properties, express high levels of cAMP and trans-
fer cAMP into activated target cells via gap junctions (7, 27),
suggesting that cAMP is crucial for naturally occurring Treg-
mediated suppression. Tregs can express CTLA4 constitutively

(27, 28) to inhibit the development of autoreactive T cells (29).
The pathways by which non—-antigen-dependent signals modify
CTLA4 are not well defined. In a previous study, we demonstrated
that CD4™" T cells and the T cell pathways involving CTLA4 are
involved in an LPS-induced model of ALI (22).

In this study, we define a cAMP inducible region located
within the —167 bp region relative to the CTLA4 transcription
start site. A putative inhibitor binding site was located in the
region between —190 and —170 bp, which merits further
investigation. Previously, we identified an adaptive signaling-
responsive region on the CTLA4 promoter, located in the —335
bp region (1, 18), containing a nuclear factor of activated T cells
binding site (21). The same nuclear factor of activated T cells
binding site is functional in the human CTLA4 promoter as well
(30). Interestingly, the cAMP-responsive region differs from the
adaptive signaling-responsive region. In contrast, LPS increases
CTLAA4 promoter activity via the same region as that induced by
cAMP, supporting the concept that immune signaling may be
mediated through different pathways.

Because cAMP activates the downstream mediators, PKA
and Epac, we tested their roles in cAMP-induced CTLA4
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expression. Using analogs specific for each downstream media-
tor, together with analysis of CTLA4 promoter constructs con-
taining the cAMP response regions, our data suggest that cAMP
induction of CTLA4 is mediated through the PKA pathway, but
not the Epac pathway. Further analysis of the DNA sequence of
the cAMP-responsive region revealed a potential CREB transcrip-
tion factor binding site. ChIP assay results indicate binding of CREB
with the CTLA4 promoter. CREB is a transcription factor
downstream of the PKA pathway. Taken together, our data
suggest that cCAMP induces CTLA4 expression via a PKA/
CREB-dependent pathway. Because CREB is also important
in the regulation of cytokine genes (reviewed in Ref. 31),
cAMP induction of CTLAA4 transcription suggests alternative path-
ways modulating immune suppression in the absence of adaptive
signaling and full T cell activation. Other examples of cAMP/
PKA-mediated pathways include modulation of LPS-induced ex-
pression of TNF-a, granulocyte colony-stimulating factor, and
IL-10 (15). Similarly, Toll-like receptor 4 LPS-mediated expulsion
of bacteria is mediated by the cAMP/PKA pathway (32-35).

We have previously shown that rapamycin decreases adap-
tive immune signaling—induced CTLA4 transcription (1). In
the current study, rapamycin decreased both LPS- and cAMP-
induced CTLA4 promoter activity via the same promoter region,
indicating the potential cross-talk between the TLR and mamma-
lian target of rapamycin pathways mediated by CTLA4.

We have previously shown that CTLA4 plays a role in de-
creasing inflammatory responses in allergy and ALI (22, 24).
In LPS-induced ALI models, increased cAMP levels in BAL
cells, BAL fluid, and lung tissues are found at 48 hours after LPS
exposure, the same time point as the elevated CTLA4 levels and
inflammatory parameters. Rapamycin decreases LPS-induced
elevation of cAMP accumulation, in parallel with a decrease in
inflammatory parameters.

Our data indicate that cAMP/PKA/CREB increases CTLA4
transcription in T cells via the same promoter region of LPS-
induced CTLA4 transcription. These data suggest a potential
mechanism by which cAMP regulates immune suppression and
a potential link between innate and adaptive immune signaling.
Rapamycin decreases LPS-induced elevation of cAMP accumula-
tion in ALI Together, these data suggest that cAMP may increase
CTLA4 as a means of negatively regulating pulmonary inflamma-
tory responses in vivo and in vitro.

Author disclosures are available with the text of this article at www.atsjournals.org.
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