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Ubiquitous expression of phosphodiesterase 7A in human
proinflammatory and immune cells
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Smith, Susan J., Steven Brookes-Fazakerley, Louise
E. Donnelly, Peter J. Barnes, Mary S. Barnette, and
Mark A. Giembycz. Ubiquitous expression of phosphodies-
terase 7A in human proinflammatory and immune cells. Am
J Physiol Lung Cell Mol Physiol 284: L279–L289, 2003. First
published October 4, 2002; 10.1152/ajplung.00170.2002.—
We have determined the expression of phosphodiesterase
(PDE) 7A1 and PDE7A2 in human cells that have been
implicated in the pathogenesis of chronic obstructive pulmo-
nary disease and asthma. Messenger RNA transcripts were
detected by RT-PCR in T lymphocytes, monocytes, neutro-
phils, airway and vascular smooth muscle cells, lung fibro-
blasts, epithelial cells, and cardiac myocytes. Human epithe-
lial, T cell, eosinophil, and lung fibroblast cell lines were also
positive for PDE7A1 and PDE7A2 mRNA transcripts. By
Western immunoblot analyses the amount of PDE7A1 was
greatest in T cell lines, peripheral blood T lymphocytes,
epithelial cell lines, airway and vascular smooth muscle cells,
lung fibroblasts, and eosinophils but was not detected in
neutrophils. In contrast, PDE7A2 protein, which was identi-
fied in human cardiac myocytes, was not found in any of the
other cell types investigated. Immunoconfocal analyses
showed that PDE7A was expressed in neutrophils and alve-
olar macrophages. As the expression of PDE7A mirrors the
distribution of PDE4 we speculate that this enzyme could be
a target for novel anti-inflammatory drugs.

inflammation; lung

CYCLIC NUCLEOTIDE PHOSPHODIESTERASES (PDEs) comprise
a large family of enzymes that metabolize the ubiqui-
tous second messengers adenosine 3�,5�-cyclic mono-
phosphate (cAMP) and guanosine 3�,5�-cyclic mono-
phosphate (cGMP) to their respective inactive 5�-
monophosphates. Currently, 11 different PDE families
have been described that differ in tissue distribution
and molecular and physicochemical characteristics in-
cluding primary sequence, substrate specificity, inhib-
itor sensitivity, and cofactor requirements (40). It is
now appreciated that multiple genes within each fam-
ily encode PDEs with additional diversity arising from
mRNA splicing and differential promoter usage (7, 22).
The cAMP-specific PDE4 isoenzyme family is one of the

most extensively studied PDEs. Enzymes within this
family are found in most proinflammatory and immune
cells, where they are important regulators of cAMP
metabolism. Moreover, PDE4 inhibitors abrogate in-
flammation in animal models of respiratory diseases,
which has led to the view that PDE4 may represent a
target amenable to therapeutic intervention with small
molecule inhibitors. Although the use of PDE4 inhibi-
tors for the treatment of airway inflammation is based
on a conceptually robust hypothesis (14, 15, 40, 41),
dose-limiting side effects, of which nausea and vomit-
ing are the most common and worrisome, have ham-
pered their clinical development (14, 40). Moreover,
these adverse effects represent an extension of the
pharmacology of these compounds (8), and improving
the therapeutic ratio of PDE4 inhibitors has proved a
major challenge that is still on-going.

Several strategies have been considered to dissociate
the beneficial and detrimental effects of PDE4 inhibi-
tors (14, 40) with some degree of success (15). However,
compounds with an optimal pharmacophore have not
yet been described. An alternative approach is to target
other cAMP PDE families that are expressed in proin-
flammatory and immune cells in the hope that thera-
peutic activity can be divorced from side effects. One
such candidate is PDE7, which was first isolated at the
gene level in 1993 from a human glioblastoma cDNA
library and expressed in a cAMP-deficient strain of the
yeast Saccharomyces cerevisiae (29). PDE7A encodes a
cAMP-specific PDE that is insensitive to cGMP and
inhibitors of PDE3 and PDE4 and has an amino acid
sequence distinct from other cAMP PDEs (29). In hu-
mans (13, 20, 35) and mice (13, 20), two genes (PDE7A
and PDE7B) have been identified that encode PDE7.
With respect to PDE7A, three isoenzymes (PDE7A1,
PDE7A2, and PDE7A3) can theoretically be derived
from the same gene by alternative mRNA splicing.
PDE7A2 is generated from a 5�-splice variant and,
therefore, differs from PDE7A1 in its NH2-terminal
domain (4, 18). In mice and humans, PDE7A2 mRNA is
expressed abundantly in skeletal muscle, heart, and
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kidney, whereas the testis, lung, and immune system
(thymus, spleen, lymph node, blood leukocytes) are
rich sources of HSPDE7A1, where HS refers to Homo
sapiens (4, 18, 42). In activated, but not naı̈ve, human
T lymphocytes a third, COOH-terminal splice variant,
PDE7A3, was found recently (17). In contrast, PDE7B
exists as a single isoenzyme in humans with �70%
sequence similarity to, and distinct kinetic properties
from, PDE7A (13, 20, 35), whereas in the rat three
splice variants of PDE7B can be derived (34). PDE7B is
expressed predominantly in the brain and in a number
of other tissues including liver, heart, thyroid glands,
and skeletal muscle (13, 20, 35). It is not expressed in
blood leukocytes (13).

Compared with PDE4, little is known of the expres-
sion of PDE7A in cells that have been implicated in the
pathogenesis of asthma and chronic obstructive pulmo-
nary disease (COPD). It has been reported that PDE7A
mRNA is present in primary epithelial cells (11, 44)
and human peripheral blood T lymphocytes (16) and B
lymphocytes (12). Protein and message for PDE7A1
and PDE7A3 are also expressed in several T cell lines
(4) and human peripheral blood T lymphocytes (17, 25).
PDE7A1 protein has also been recently found in hu-
man splenic B lymphocytes (24). Moreover, functional
studies, using antisense oligonucleotides, indicate a
role for PDE7A in T cell proliferation and interleukin
(IL)-2 production (25), suggesting that inhibition of
this enzyme may, indeed, represent a potential target
for novel anti-inflammatory drugs. Indeed, CD4� and
CD8� T lymphocytes are elevated in the airways of
patients with asthma and COPD, respectively, where
they may play a major role in orchestrating mucosal
inflammation (23, 33). Several preliminary studies and
anecdotal reports at scientific meetings and in review
articles have indicated that PDE7 mRNA is present in
other proinflammatory and immune cells, but these
observations have not been confirmed.

As a first step to understanding the functional role of
PDE7A, we have performed a systematic study, at the
mRNA and protein level, to determine the expression
of PDE7A1 and PDE7A2 in human cells that have been
implicated in the pathogenesis of airway inflammatory
diseases including COPD and asthma.

MATERIALS AND METHODS

Patients providing blood samples and those who under-
went sputum induction or bronchoalveolar lavage (BAL) gave
written informed consent. The Ethics Committee of the Royal
Brompton Hospital approved this study.

Purification of leukocytes. Blood was collected from normal
healthy individuals by antecubital venepuncture into acid
citrate dextrose (160 mM disodium citrate, 11 mM glucose,
pH 7.4), and leukocytes were purified as described below.

T lymphocytes and monocytes. T lymphocytes (CD4� and
CD8�) and monocytes were purified from the peripheral
blood mononuclear cell (PBMC) fraction, which was obtained
from density gradient centrifugation of anticoagulated blood
on Ficoll-Hypaque (Amersham Pharmacia Biotech, Little
Chalfont, UK). Blood was diluted 1:1 with Hanks’ balanced
salt solution (HBSS), layered onto Ficoll-Hypaque (1.077
g/ml), and centrifuged (400 g, 20 min) at room temperature.

PBMCs were harvested from the plasma/Ficoll-Hypaque in-
terface, washed twice in HBSS, and further purified by
negative immunoselection using the magnetic cell sorting
system (Miltenyi Biotech, Bisley, UK) according to the man-
ufacturer’s instructions to obtain highly purified T lympho-
cyte subsets and monocytes. The cocktail used to isolate the
CD4� T lymphocytes included antibodies against CD8,
CD11b, CD16, CD19, CD36, and CD56. A similar cocktail
was used to prepare the CD8� T lymphocytes, with the
exception that the antihuman CD8 antibody was replaced
with an antihuman CD4 antibody.

Eosinophils. Eosinophils were isolated from peripheral
blood with slight modifications to an established method (19).
Briefly, anticoagulated blood was mixed with Elohaes (Fre-
senius Kabi, Runcorn, UK) and incubated at room tempera-
ture for 60 min to sediment the erythrocytes. The leukocyte-
rich supernatant was layered onto Ficoll-Hypaque and
centrifuged (400 g, 20 min) at room temperature. Granulo-
cytes were harvested from below the Ficoll-Hypaque layer
and washed twice in HBSS, and residual erythrocytes were
removed by ice-cold hypotonic lysis. The granulocytes were
incubated with microbeads coupled to antihuman CD16, ac-
cording to the manufacturer’s instructions (Miltenyi Bio-
tech), and eosinophils were enriched by negative selection.

Neutrophils. Neutrophils were prepared by incubating an-
ticoagulated peripheral blood for 60 min with Elohaes to
sediment the erythrocytes. The leukocyte-rich supernatant
was removed, and the cells were washed with HBSS, layered
over a discontinuous (63% vol/vol and 73% vol/vol) Percoll
gradient (Amersham Pharmacia Biotech), and centrifuged
(450 g, 30 min, at 18°C). Neutrophils were isolated from the
63%/73% Percoll interface and washed twice with HBSS.

Culture of smooth muscle cells, cell lines, and cardiac
myocytes. Human airway (ASM) and vascular smooth muscle
(VSM) cells were cultured from tracheal rings and lung-
derived pulmonary artery, respectively (21, 43). Cells were
routinely used between passages 4 and 9. Jurkat and HUT-78
T cells were cultured at 106 ml�1 in RPMI 1640 (Sigma
Aldrich) supplemented with 10% (vol/vol) heat-inactivated
fetal bovine serum (FBS) and 2 mM L-glutamine (Sigma
Aldrich) and passaged every 2–3 days. Human fibroblasts,
obtained from extracts of lung parenchyma, and the MRC-5
fetal lung fibroblast cell line were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% (vol/vol)
FBS and 2 mM L-glutamine. Cells were used between pas-
sages 5 and 9. A549 and U-937 cells were both cultured in
RPMI 1640 supplemented with 10% (vol/vol) FBS and 2 mM
L-glutamine, whereas AML14.3D10 cells were cultured in the
same medium supplemented with 1 mM sodium pyruvate,
50 �M �-mercaptoethanol, and 50 �g/ml gentamicin (Invitro-
gen Life Technologies, Paisley, UK). BEAS-2B and
16HBE14o� were cultured in keratinocyte medium contain-
ing epithelial growth factor and bovine pituitary extract
(Invitrogen Life Technologies), and minimal essential me-
dium containing 10% FBS, 2 mM L-glutamine, and 1% (vol/
vol) nonessential amino acids (Sigma Aldrich), respectively.
Myocardial biopsies were obtained and treated as previously
described (3).

Sputum induction and processing. Sputum was induced in
normal volunteers by 3 � 5 min inhalations of nebulized
hypertonic saline (3.5% wt/vol). The procedure was stopped if
the forced expiratory volume in one second dropped by �10%
in response to saline or by �20% at any other time during the
induction procedure. The sputum samples were weighed, and
dithiothreitol (Sigma Aldrich), dissolved in 0.1% wt/vol phos-
phate-buffered saline (PBS), was added in a ratio of 4 ml to
1 g of sputum and incubated at room temperature for 15 min
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on a rolling mixer. PBS was added to the sputum and then
filtered through 48-�m nylon gauze. The filtrate was centri-
fuged (250 g, 10 min), and the cells were washed twice with
PBS. The sputum cells were finally resuspended at a concen-
tration of 106/ml, and 100 �l of cell suspension were used to
prepare cytospins. Thus cells were centrifuged (450 rpm, 3
min) onto poly-L-lysine-coated slides (Merck Eurolabs, Lut-
terworth, UK) using a Shandon II cytocentrifuge (Shandon,
Runcorn, UK), air dried for 1 h at room temperature,
wrapped in foil, and stored desiccated at �70°C.

BAL. Subjects were premedicated intramuscularly with
atropine (0.5 mg) and diazepam (10 mg) and orally with
dihydrocodeine (10 mg). The nose and throat were anesthe-
tized topically with 10% (wt/vol) lidocaine. Bronchoscopy was
performed with a flexible fiberoptic bronchoscope (Pentax
FB-18P; Asahi Optical, Tokyo, Japan). Two 60-ml aliquots of
warmed, sterile saline solution were introduced, and re-
turned fluid was collected by gentle machine suction, fol-
lowed by a further 60-ml aliquot. Aspirated fluid was col-
lected into a sterile siliconized glass bottle and cooled
gradually to 4°C. The fluid was filtered through 100-�m
nylon gauze, and the filtrate was centrifuged (250 g, 10 min).
Cells were washed twice with RPMI 1640 supplemented with
10% (vol/vol) FBS and 2 mM L-glutamine and cultured for 4 h
at 37°C in six-well plates at a concentration of 2 � 106/ml.
Nonadherent cells were removed and cytocentrifuged onto
poly-L-lysine-coated slides as described above.

Tissue macrophages. Lung tissue was obtained from pa-
tients undergoing surgical resection for carcinoma. The tis-
sue was lavaged with RPMI supplemented with 10% (vol/vol)
FBS, 2 mM L-glutamine, 100 units/ml penicillin, 100 �g/ml
streptomycin, and 2.5 �g/ml amphotericin. The cells were
washed twice with medium, and macrophages were either
purified on a discontinuous Percoll gradient or cytospins of
the mixed cell preparation were prepared as described in
Sputum induction and processing.

Semiquantitative RT-PCR. Total RNA was extracted from
cells using RNeasy kits according to the manufacturer’s in-
structions (Qiagen, Crawley, UK), and all preparations were
treated with RNase-free DNase (Qiagen) to remove genomic
DNA. RNA was quantified spectrophotometrically, and 0.5
�g was reverse transcribed in a total volume of 20 �l in the
presence of 7.2 units avian myeloblastosis virus RT (Pro-
mega, Southampton, UK), 30 units RNase inhibitor (Pro-
mega), and 0.2 �g random hexanucleotides. RT-generated
cDNAs encoding HSPDE7A1 and HSPDE7A2 were amplified
using the specific primers shown in Table 1. The forward
primers for PDE7A1 and PDE7A2 were described by Miro et
al. (30), and the reverse primers were described by Han et al.
(18). To confirm the integrity of RNA and equal loading of
samples and to gain an estimate of the level of PDE7 expres-
sion, we also performed RT-PCR of the GAPDH gene, using
primers described by Maier et al. (27) (Table 1).

PCR amplification was conducted in a reaction volume of
25 �l using a Hybaid Omnigene thermal cycler (Hybaid,
Teddington, UK) and 0.5 units of Taq polymerase (Bioline,
London, UK). The number of cycles chosen for the PCR
reactions was determined empirically from cDNA pooled
from a mixture of peripheral blood leukocytes and primary
cells. PCR products were analyzed on 1% (wt/vol) agarose
gels, stained with ethidium bromide, and visualized under
ultraviolet light. Quantification of the PCR products was
carried out with Gelworks ID Intermediate software (Ultra-
violet Products, Cambridge, UK). To confirm identity with
published sequences, we sequenced PDE7A amplification
products using a BigDye terminator cycle sequencing kit
(ABI-Prism, Warrington Cheshire, UK) according to manu-
facturer’s instructions, and the samples were run on a 310
Genetic Analyser (ABI-Prism).

Western immunoblot analysis. Cells were lysed in ice-cold
buffer [10 mM Tris �HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% (vol/vol) Nonidet P-40, 0.25% (wt/vol) sodium deoxy-
cholate, 0.1% (wt/vol) SDS, and 0.25% (vol/vol) Triton X-100]
supplemented with 0.1 mg/ml phenylmethylsulfonyl fluoride,
10 �g/ml leupeptin, 25 �g/ml aprotinin, 10 �g/ml pepstatin,
10 �g/ml sodium orthovanadate, 0.1 mg/ml sodium fluoride,
and 0.2 mg/ml sodium pyrophosphate (all Sigma Aldrich) and
were centrifuged (12,000 g, 10 min) to remove insoluble
material. The lysates were diluted (5:1) in sample buffer
[62.5 mM Tris, 10% (vol/vol) glycerol, 1% (wt/vol) SDS, 1%
(vol/vol) �-mercaptoethanol, and 0.01% (wt/vol) bromphenol
blue, pH 6.8] and boiled for 5 min. Denatured proteins (20 �g)
were subsequently separated by electrophoresis on 8% (wt/
vol) or 4–12% (wt/vol) gradient SDS polyacrylamide vertical
gels and transferred to Hybond ECL membranes (Amer-
sham) in 50 mM Tris base, pH 8.3, 192 mM glycine, and 20%
vol/vol methanol. Nonspecific binding sites were blocked by
immersing the membranes in nonfat milk [5% wt/vol in
Tris-buffered saline (TBS)-Tween 20] for 1 h at room temper-
ature. PDE7A expression was detected by either a rabbit or a
goat anti-PDE7A antibody, which is specific for a 15- and
21-amino acid sequence at the COOH-terminal end of the
protein, respectively (Santa Cruz Biotechnology, Santa Cruz,
CA). Primary labeling was performed at room temperature
with 2 �g/ml of the goat anti-PDE7A or 1 �g/ml of the rabbit
anti-PDE7A in nonfat milk (5% wt/vol in TBS-Tween 20) for
1 h at room temperature. After 3 � 5 min washes in TBS-
Tween 20, the membranes were incubated for 60 min with a
peroxidase-conjugated sheep anti-goat Ig antibody or perox-
idase-conjugated goat anti-rabbit antibody (both Dako). The
membranes were washed again (5 � 5 min), and the anti-
body-labeled proteins were visualized by enhanced chemilu-
minescence (Amersham).

To ascertain the specificity of the anti-PDE7A antibody,
the antibody was preadsorbed with the peptide used as the
immunogen, incubated overnight at 4°C with gentle agita-

Table 1. Primers used in RT-PCR experiments

Gene
Product

GenBank
Accession

No. Deoxynucleotide Sequence
Cycle

Number

Coordinates of PCR
Products in Human

cDNA Sequence
Product
Size, bp

Annealing
Temperature,

°C

PDE7A1 L12052 Forward: 5�-GGCAGGGCGGGCGTATTCA-3� 30 32–50 690 60
Reverse: 5�-CATGGCCTGAGTAACATCCGC-3� 722–702

PDE7A2 U67932 Forward: 5�-ATTGATCTGGTGTCTGGCCTTGG-3� 32 168–190 582 61
Reverse: 5�-as for PDE7A1 750–730

GAPDH BC0016001 Forward: 5�-CCACCCATGGCAAATTCCATGGCA-3� 27 206–229 598 58
Reverse: 5�-TCTAGACGGCAGGTCAGGTCCACC-3� 803–780

PDE, phosphodiesterase.
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tion and then diluted to the desired working concentration.
The membranes were stripped and then reprobed with the
“blocked” antibody as described above.

Immunocytochemistry. PDE7A expression was analyzed
using the rabbit antibody described above for Western blot-
ting. Cytospins were allowed to equilibrate to room temper-
ature and then fixed in 4% (wt/vol) paraformaldehyde in PBS
(pH 7.4) for 10 min. After 3 � 5 min washes in PBS, the slides
were incubated with either 1 �g/ml of the rabbit anti-PDE7A
antibody or a rabbit Ig antibody control (Dako, Ely, UK) in
PBS (pH 7.4) containing 10% (vol/vol) normal human serum
(NHS) for 1 h at room temperature. The slides were washed
(3 � 5 min in PBS), and a biotin-conjugated goat anti-rabbit
Ig was used in conjunction with an avidin-biotin-alkaline
phosphatase detection system (Vector Laboratories, Peter-
borough, UK). The reaction was visualized using fast red in
the presence of levamisole (Vector Laboratories), and the
cells were subsequently counterstained with hematoxylin
(Merck Eurolabs) and mounted using glycergel (Dako).

Triple-label immunoconfocal laser microscopy. Mixed cell
populations (from sputum and BAL fluid samples and lung
parenchyma) were first labeled with the rabbit anti-PDE7A
antibody and avidin-biotin alkaline phosphatase detection
kit with fast red substrate (Vector Laboratories) as described
above. Mouse monoclonal antibodies specific for either neu-
trophil elastase (clone NP57) or CD68 (clone EMB11) (both
Dako) were subsequently used to identify neutrophils and
macrophages, respectively. The monoclonal antibodies were
incubated for 1 h in PBS/10% (vol/vol) NHS at room temper-
ature. A Bodipy-conjugated goat anti-mouse IgG antibody
(Molecular Probes, Leiden, Netherlands) was incubated for
1 h in PBS/10% (vol/vol) NHS at room temperature and used
to detect the phenotypic markers in cells from sputum, BAL
fluid, and lung parenchyma. The slides were washed and
subsequently incubated with diaminidino phenylindole
(DAPI) at 10 �M (Sigma Aldrich) in HBSS for 3 min, washed
again, and mounted using PBS/50% (vol/vol) glycerol. Cells
(0.7 �m sections) were analyzed under a Leica TCS 4D
confocal microscope (Leica Microsystems, Milton Keynes,
UK) equipped with argon, krypton, and ultraviolet lasers.
Confocal images were acquired at �40 magnification.

RESULTS

The expression of PDE7A in human proinflamma-
tory and immune cells was determined by RT-PCR,
Western blotting, immunocytochemistry (ICC), and
immunoconfocal laser microscopy. This multidisci-
plinary approach allowed a systematic analysis of
many cells to be performed, including alveolar macro-
phages and airway neutrophils, that are implicated in
the pathogenesis of airway inflammatory diseases such
as asthma and COPD.

Expression of HSPDE7A1 and HSPDE7A2 mRNA.
Messenger RNA transcripts for HSPDE7A1 and
HSPDE7A2 were detected by RT-PCR using primers
that recognize unique sequences in the human PDE7A
gene (29). Figure 1 shows ethidium bromide-stained
agarose gels of representative experiments. In five in-
dependent determinations using cells from different
donors, PCR products corresponding to the predicted
sizes of HSPDE7A1 (690 bp) and HSPDE7A2 (582 bp)
were detected in CD4� T lymphocytes, CD8� T lym-
phocytes, neutrophils, monocytes, ASM cells, VSM
cells, and lung fibroblasts. The abundance of these

PDE7A splice variants did not vary significantly be-
tween donors when related to the housekeeping gene
GAPDH (Fig. 2). Human T lymphocytic (HUT-78,
Jurkat), epithelial (16-HBE14, BEAS-2B), monocytic
(U-937), eosinophilic (AML14.3D10) (2), and fetal lung
fibroblast (MRC-5) cell lines also expressed both splice
variants of PDE7A (Table 2) with PDE7A1 represent-
ing the primary transcript. The identity of the PCR
products was confirmed by sequencing (data not
shown).

In all cell types studied, mRNA for PDE7A1 was
generally more abundant than PDE7A2. Indeed, 30
and 32 cycles of amplification were required to produce
similar amounts of PDE7A1 and PDE7A2 PCR prod-
uct, respectively (Fig. 1). In contrast, the PDE7A2
transcript predominated in human ventricular cardiac
myocytes. Moreover, of the primary cells studied,
PDE7A1 and PDE7A2 PCR products, generated from
0.5 �g of total RNA, were more abundantly expressed
in lymphocytes and monocytes than in neutrophils,
lung fibroblasts, and ASM and VSM cells (Fig. 1).

Expression of PDE7A1 and PDE7A2 protein by West-
ern immunoblot analysis. In cells that could be ob-
tained in reasonable numbers and of high purity,
PDE7A isoform expression was determined by Western
blotting using a goat polyclonal antibody raised
against a 21-amino acid sequence in the COOH-termi-
nal portion of PDE7A, which is common to both
PDE7A1 and PDE7A2 (it does not recognize PDE7A3).
In these experiments, the T cell line HUT-78 and

Fig. 1. Qualitative RT-PCR analysis of phosphodiesterase (PDE) 7
mRNA isoforms in highly purified human peripheral blood leuko-
cytes, smooth muscle cells, and lung fibroblasts. Representative
ethidium bromide-stained agarose gels of sample cDNA processed in
the absence (�) and presence (�) of RT (to control for genomic
contamination), respectively, are shown. RT-PCR product sizes for
HSPDE7A1 (A) and HSPDE7A2 (B) were 690 bp (30 cycles) and 582
bp (32 cycles), respectively, where HS refers to Homo sapiens. Lanes
H2O and M in each gel are negative control (sterile water) and
molecular weight markers (0.25 �g of 100-bp ladder; Invitrogen, Life
Technologies), respectively. The figure shows CD4� T lymphocytes
(a), CD8� T lymphocytes (b), monocytes (c), neutrophils (d), airway
smooth muscle (ASM) cells (e), vascular smooth (VSM) cells ( f ) and
lung fibroblasts (g). The gels are representative of 5 independent
experiments. See MATERIALS AND METHODS for further details.
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human ventricular cardiac myocytes were used as pos-
itive controls for PDE7A1 (4) and PDE7A2 (18), respec-
tively. As shown in Fig. 3A, the anti-PDE7A antibody
detected a protein from CD4� and CD8� T lympho-
cytes that migrated as a 57-kDa band on SDS poly-
acrylamide gels. This immunoreactive protein was
identical in size to PDE7A1 expressed by HUT-78 cells
and of a molecular mass consistent with human recom-
binant PDE7A1 expressed in Sf9 insect cells (4).
PDE7A1 was most highly expressed in T lymphocyte
subsets and, normally, human ASM cells (but see be-
low) with a relatively lower level of expression in mono-
cytes and eosinophils (Fig. 4). PDE7A1 was not de-
tected in neutrophils by Western blotting (Fig. 4). A
consistent finding of this study was the variable ex-
pression of PDE7A1 in human cultured ASM cells (see
Fig. 4), which might relate to passage number, intrin-
sic differences in expression between donors, or medi-
cation.

Several cell lines of the immune system also ex-
pressed a 57-kDa PDE7A variant that had the charac-
teristics of PDE7A1 and included BEAS-2B and
16HBE14o� epithelial cells and the Jurkat T cell line,
as well as MRC-5 fibroblasts (Fig. 4) and eosinophil-
like AML14.3D10 cells (not shown). U-937 monocytes
were also positive for HSPDE7A1, but expression was
relatively low. In some experiments, the goat anti-
PDE7A antibody labeled a doublet in BEAS-2B and
16HBE14o� cell lysates that migrated at 57 and �59
kDa (Fig. 4B). To determine whether the higher-mo-
lecular-weight species could be a phosphorylated form
of PDE7A1, we pretreated cells with okadaic acid (50
nM, 30 min), an inhibitor of type 1 and type 2A protein
phosphatases, before Western blotting. However, the
intensity of the higher-molecular-weight species was
not increased by okadaic acid, suggesting that it is
unlikely to be phospho-PDE7A1. This conclusion is
supported by the failure of another PDE7A antibody
(raised in rabbits) to detected the �59-kDa peptide
(Fig. 4C).

The specificity of the rabbit anti-PDE7A antibody,
which was used for ICC and confocal microscopy (see
below), is shown in Fig. 4C. For all samples except the
neutrophil (which was PDE7A�), the major immuno-
reactive peptide migrated at 57 kDa on SDS polyacryl-
amide gels. However, proteins migrating at �200 kDa
(e.g., HUT-78, CD4�-T cells, BEAS-2B, human cul-
tured ASM) and 10 kDa (e.g., macrophages) were some-
times labeled by the antibody, although expression was
always weak relative to PDE7A.

PDE7A2 protein was not detected in any of the
immune or proinflammatory cells studied despite the
unambiguous identification of PCR products corre-
sponding to HSPDE7A2 mRNA (Figs. 1 and 2). How-
ever, initial studies detected a 50-kDa PDE7A-immu-
noreactive protein in CD4� and CD8� T lymphocytes
(Fig. 3A). When the same samples were resolved using
4–12% (wt/vol) gradient gels, the bands migrated at a
different mobility to the PDE7A2 in cardiac myocytes
(Fig. 3B) and are, therefore, unlikely to represent the
same protein. In contrast, the anti-PDE7A antibody

Fig. 2. Semiquantitative RT-PCR analysis of PDE7 mRNA isoforms
in highly purified human peripheral blood leukocytes, smooth muscle
cells, and lung fibroblasts relative to the expression of GAPDH. The
figure shows ethidium bromide-stained agarose gels of cDNA from
CD4� T lymphocytes (A), CD8� T lymphocytes (B), monocytes (C),
neutrophils (D), ASM cells (E), VSM cells (F), and lung fibroblasts
(G). Data are representative of 3 or 4 determinations and are ex-
pressed relative to GAPDH. See MATERIALS AND METHODS for further
details.
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labeled a protein from ventricular cardiac myocytes
that migrated as a 50-kDa peptide on SDS polyacryl-
amide gels, which is in agreement with the reported
molecular mass of PDE7A2 expressed in the yeast
plasmid ADHSM7 (18).

Detection of HSPDE7A by ICC and immunoconfocal
laser microscopy. ICC was used to investigate PDE7A
expression in purified cells, and immunoconfocal laser
microscopy was used to determine PDE7A expression
in proinflammatory and immune cells in sputum and
BAL fluid and in cells where PDE7A expression was
not detected by either ICC or Western blotting. In the
ICC experiments, PDE7A� cells stained red. Cell nu-
clei stained a dark blue, and cell cytoplasm stained a
lighter blue with hematoxylin. As shown in Fig. 5,
HUT-78 T cells (Fig. 5B), CD4� (Fig. 5D) and CD8�

(Fig. 5F) T lymphocytes, as well as monocytes (Fig.
5H), ASM cells (Fig. 5J), VSM cells (Fig. 5L), and lung
fibroblasts (Fig. 5N) stained positive for PDE7A,
whereas negligible and nonspecific staining was de-
tected with the rabbit Ig control antibody (Fig. 5, A, C,
E, G, I, K, and M). Neutrophils were also PDE7A�, but
expression was weak (Fig. 6B). The presence of PDE7A
in human eosinophils could not be established due to
nonspecific reactivity of one or more components of the
avidin-biotin alkaline phosphatase system with these
cells.

To verify the expression of PDE7A in neutrophils, we
employed immunoconfocal laser microscopy. Evalua-
tion of the fluorescence emission of the fast red sub-
strate after excitation at 568 nm demonstrated that

Table 2. Expression of mRNA and protein for HSPDE7A in human proinflammatory and immune cells

Cell Type

mRNA Protein

HSPDE7A1 HSPDE7A2 HSPDE7A1 HSPDE7A2

Human Primary Cells

CD4� T lymphocyte � � � �
CD8� T lymphocyte � � � �
B lymphocyte (12, 24) �* � ND
Neutrophil � � �*
Alveolar macrophage � � �*
Monocyte � � � �
Eosinophil ND ND � �
Bronchial epithelial cell (11, 44) �* ND
Lung mast cell (32) �* �
Lung basophil (32) �* �
Airway smooth muscle cell � � � �
Vascular smooth muscle cell � � � �
Vascular endothelial cell (30) � � ND ND
Cardiac myocyte � � � �

Human Cell Lines

HUT-78 (T cell) � � � �
Jurkat (T cell) � � � �
16-HBE14 (epithelial cell) � � � �
NCIH292 (36) (epithelial cell) �* ND ND
BEAS-2B (epithelial cell) � � � �
U-937 (monocyte) � � � �
MRC-5 (fibroblast) � � � �
AML14.3D10 (eosinophil) � � � �
Jiyoye (4) (B cell) � ND � ND

�, Enzyme detected; �, enzyme not detected; ND, not determined; *, isoenzyme not determined; HSPDE, Homo sapiens phosphodiesterase.
Numbers in parentheses refer to references.

Fig. 3. Western blot analysis of PDE7A expression in human periph-
eral blood CD4� and CD8� T lymphocytes, HUT-78 T cells, and cardiac
myocytes. Highly purified cells were lysed, insoluble proteins were
removed, and 20 �g of soluble extract were denatured and subjected to
electrophoresis on 8% (wt/vol) SDS polyacrylamide gels (A) or 4–12%
(wt/vol) gradient gels (B). Proteins were transferred to nitrocellulose
and probed with anti-PDE7A antibody at 2 �g/ml. The nitrocellulose
was subsequently incubated with a peroxidase-conjugated sheep anti-
goat antibody, and labeled proteins were detected by enhanced chemi-
luminescence. These data are representative of 4 identical experiments.
See MATERIALS AND METHODS for further details.
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neutrophils expressed PDE7A, which was distributed
throughout the cytoplasm (Fig. 6D). Cell nuclei were
stained with DAPI and appeared blue, which corre-
sponds to the emission of the dye after excitation with
the ultraviolet laser. Negligible nonspecific staining
was detected with the rabbit Ig control antibody when
viewed under the confocal microscope (Fig. 6C).

Fig. 4. Western analysis of PDE7A expression in human leukocytes,
primary cells, and cell lines. Highly purified cells were lysed, insol-
uble proteins were removed, and 20 �g of soluble extract were
denatured and subjected to electrophoresis on 8% (wt/vol) SDS poly-
acrylamide gels. Proteins were transferred onto nitrocellulose and
incubated with either a goat anti-PDE7A antibody (A and B) or a
rabbit anti-PDE7A antibody (C). The nitrocellulose was subse-
quently incubated with either a peroxidase-conjugated, sheep anti-
goat antibody (A and B) or a sheep anti-rabbit antibody (C). Labeled
proteins were subsequently detected by enhanced chemilumines-
cence. M	, human lung macrophages; FB, human fibroblasts; Neuts,
neutrophils. These gels are representative of 4 identical experi-
ments. See MATERIALS AND METHODS for further details.

Fig. 5. Immunocytochemical identification of PDE7A. HUT-78 cells
(A and B), CD4� T lymphocytes (C and D), CD8� T lymphocytes (E
and F), monocytes (G and H), ASM cells (I and J), VSM cells (K and
L), and lung fibroblasts (M and N) were labeled with either a rabbit
Ig control (A, C, E, G, I, K, and M) or anti-PDE7A antibody (B, D, F,
H, J, L, and N). PDE7A� cells stain red. Magnification �40. This
figure is representative of 3 identical experiments.
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Triple-label immunoconfocal fluorescence analysis
was performed on cells present in induced sputum and
BAL fluid of normal individuals and from lung paren-
chyma. Cells that expressed elastase or CD68, which
are specific phenotypic markers of neutrophils and
macrophages, respectively, appear green after excita-
tion of the Bodipy label at 488 nm. The red and blue
coloration in the confocal images represents PDE7A�

and nuclei, respectively. With the use of this method,
sputum-derived neutrophils (Fig. 7B) and macro-
phages (Fig. 7D) were PDE7A�. There was no signifi-
cant staining of either neutrophils (Fig. 7A) or macro-
phages (Fig. 7C) in the sputum (or BAL fluid and lung
parenchyma, data not shown) when the control rabbit
Ig was used.

DISCUSSION

This paper describes the distribution of PDE7A
across human proinflammatory and immune cells that
are implicated in the pathogenesis of asthma and
COPD. Consistent with the results of previous investi-
gations (14, 16, 17, 25, 37), PDE7A was detected un-
equivocally in human CD4� and CD8� T lymphocytes
and the T cell lines HUT-78 and Jurkat (4). However,
mRNA transcripts and protein for PDE7A were not
restricted to T cells. Indeed, this enzyme was distrib-
uted across almost all cells studied (Table 2), suggest-
ing that PDE7A may be involved in regulating many
cAMP-dependent responses.

PDE7A mRNA expression. In all cells studied,
PDE7A1 and PDE7A2 mRNA was detected, although,
with semiquantitative RT-PCR, the latter transcript
was approximately fourfold less abundant. These re-

sults contrast with the distribution of PDE7A mRNAs
in other human peripheral tissues such as skeletal
muscle, where the PDE7A2 transcript predominates
(18), although they agree with expression data in hu-
man fetal tissues (18). PDE7A2 mRNA encodes an
enzyme with a novel 20-amino acid hydrophobic NH2
terminus, which is thought to be responsible for teth-
ering the enzyme to cell membranes. In contrast,
PDE7A1, which lacks this hydrophobic domain, can be
either cytosolic or particulate (18). Thus it seems
highly likely that PDE7A splice variants regulate dif-
ferent functional responses and are, themselves, sub-
ject to distinct modes of regulation. Moreover, the pre-
dominance of PDE7A1 mRNA is consistent with the
cytosolic distribution of PDE7A1 protein in proinflam-
matory and immune cells.

PDE7A protein expression. In cells that could be
obtained in high numbers and purity, Western blotting
was used to determine the expression of PDE7A pro-
tein using an antibody that recognizes PDE7A1 and
PDE7A2. In these experiments, HUT-78 T cells (4) and
human cardiac myocytes (29) were used as positive
controls for PDE7A1 and PDE7A2, respectively. In
contrast to a previous report (25), freshly isolated pe-
ripheral blood-derived T lymphocytes expressed a
PDE7A variant that comigrated, with a HUT-78 cell
extract, as a 57-kDa protein on SDS polyacrylamide
gels indicative of PDE7A1. A likely reason for this
discrepancy may be attributed to the method of purifi-

Fig. 7. Immunoconfocal identification of PDE7A in cells in human
sputum. Cell preparations were stained with a rabbit Ig control
antibody (A and C) or an anti-PDE7A antibody (B and D). Neutro-
phils and macrophages were labeled with an antielastase antibody
(A and B) and an anti-CD68 antibody (C and D) respectively.
PDE7A� cells stain red. Phenotypic markers for cells stain green.
Blue staining indicates nuclei. White arrowhead in A and C: an
elastase� neutrophil and CD68� macrophage, respectively. White
arrows in B and D: a PDE7A� elastase� neutrophil and PDE7A�

CD68� macrophage, respectively. Enlarged images of the elastase�

neutrophils and PDE7A� elastase� neutrophils are also shown in A
and B, respectively. This figure is representative of 6 experiments.

Fig. 6. Immunocytochemical and immunoconfocal identification of
PDE7A in human peripheral blood neutrophils. Highly purified pe-
ripheral blood neutrophils were stained with a rabbit Ig control (A
and C) or anti-PDE7A antibody (B and D). The neutrophils were
visualized by either light microscopy (A and B) or confocal fluores-
cence microscopy (C and D) where PDE7A� cells stain red. Blue
staining indicates nuclei. This figure is representative of 5
experiments.
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cation (25). In the present study, T lymphocytes were
isolated from other leukocytes by negative immunos-
election by a mixture of antibodies against CD11b,
CD16, CD19, CD36, CD56, and either CD4 (for CD8�

cells) or CD8 (for CD4� cells). However, in the experi-
ments where PDE7A1 was not detected, antibodies
against CD25 and HLA-DR were also used (17), which
will remove all activated and proliferating T cells.
Collectively, these data suggest that naı̈ve T lympho-
cytes express significantly less PDE7A1 than circulat-
ing blood T lymphocytes, many of which will be under-
going cell division.

PDE7A1 was also detected in monocytes and ASM
and VSM cells, although on a protein basis expression
was lower than that found in T lymphocytes. A number
of cell lines (Table 2) were PDE7A1� with the highest
expression found in epithelial cell lines and the lowest
in U-937 monocytic cells. In none of the immune or
proinflammatory cells examined did either of the anti-
PDE7A antibodies detect the 50-kDa PDE7A2 variant
(cf. cardiac myocytes) despite the unambiguous identi-
fication of PCR products corresponding to PDE7A2
mRNA at an abundance only approximately fourfold
lower than that of PDE7A1 (see above). Similar results
have been reported in murine skeletal muscle and the
Jiyoye human B cell line where mRNA but little, if any,
protein for PDE7A1 was detected (4). These findings
are not peculiar to PDE7A. In human mononuclear
cells and T lymphocytes, several of the HSPDE4D
splice variants are expressed at the mRNA level only
(31, 38). The reason(s) for these discrepancies is un-
clear. It is plausible that the amount of PDE7A2 pro-
tein expressed in leukocytes is below the detection
limit of the techniques applied in the present study.
This interpretation would be consistent with the rela-
tively low abundance of PDE7A2 mRNA transcripts
relative to PDE7A1. Instability of the active enzyme
and/or a low translation rate of PDE7A2 mRNA are
other possibilities, which could suggest that the stabil-
ity and translation of PDE7A protein are highly regu-
lated processes in these cells.

Western blotting failed to detect PDE7A in neutro-
phils. To establish whether this enzyme was, indeed,
absent from these cells or merely below the detection
limit of this method, ICC and immunoconfocal laser
microscopy were employed. These techniques were also
used to determine the expression of PDE7A in cells
present in sputum and BAL fluid with emphasis on
alveolar macrophages and neutrophils. Using these
more sensitive methods, we found PDE7A in periph-
eral blood and airway neutrophils, as well as alveolar
macrophages. PDE7A was also detected by ICC in
these cells from patients with asthma and COPD. How-
ever, the lack of bands on Western blots suggests that
the concentration of PDE7A in these cells is lower that
that found in the other cell types examined. Although
ICC and immunoconfocal laser microscopy could not
distinguish the PDE7A splice variants, much of the
staining was cytosolic, indicating that PDE7A1 may be
the most abundant isoform expressed.

Until relatively recently, cAMP PDE activity in
Ca2�-free cell and tissue lysates that persists in the
presence of a maximally effective concentration of a
PDE2, PDE3, and PDE4 inhibitor has been attributed
to PDE7 (11). Indeed, this approach has lead investi-
gators to propose that PDE7 activity is present in a
number of cells, including T lymphocytes (16, 39),
BEAS-2B cells, and human airway epithelial cells (11).
However, identification of PDE7 by this method is no
longer valid, as additional cAMP PDE families also
resistant to PDE2, PDE3, and PDE4 inhibitors have
been described, including PDE8 (10), PDE10 (26), and
PDE11 (9). Thus until selective inhibitors become
available, the contribution of PDE7 to the regulation of
cAMP hydrolysis in cells and tissues cannot easily be
determined.

Therapeutic potential of PDE7 inhibitors. An intrigu-
ing finding of these studies was that the distribution of
PDE7A1 mirrors the expression pattern of PDE4. Thus
PDE7A1 has been identified in cells thought to be
central to the pathogenesis of asthma and COPD, in-
cluding CD4� and CD8� T lymphocytes, monocytes,
neutrophils, and alveolar macrophages together with
ASM and VSM. Although PDE7A inhibitors have be-
come available (1, 5, 24, 28), they are not selective for
in vitro or in vivo use. However, it is tempting to
speculate that they may suppress a myriad of proin-
flammatory responses similar to those effected by
PDE4 inhibitors such as rolipram. Indeed, stimulation
of human naı̈ve peripheral blood-derived T lympho-
cytes with anti-CD3 and anti-CD28 antibodies has
been shown to promote IL-2 production and prolifera-
tion (25). These effects were associated with induction
of PDE7A1 and prevented by antisense oligonucleo-
tides directed against PDE7A (17). Thus PDE7A could
represent a target for novel anti-inflammatory drugs,
particularly for use in airway inflammatory diseases.
This is an important consideration as the clinical effi-
cacy of current PDE4 inhibitors (e.g., cilomilast) for the
treatment of asthma and COPD, although demonstra-
ble (6, 15), is compromised by dose-limiting side effects
(14, 15, 40, 41).

In conclusion, in this study we have found by West-
ern analysis, ICC, and immunoconfocal microscopy
that PDE7A is distributed ubiquitously across a vari-
ety of cells that have been implicated in the inflamma-
tion that characterizes asthma and COPD. As PDE7A
inhibitors become available, it is certain that a major
research effort will begin to determine the functional
role of PDE7A in these cells and whether such com-
pounds have anti-inflammatory activity similar to ro-
lipram without the associated gastrointestinal, cardio-
vascular, and central nervous system side effects.
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