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Agents that increase intracellular cAMP inhibit the activation and
function of T cells and can lead to cell death. Recently, it has been
postulated that cAMP inhibits T cell function in large part by acting
as a brake on the T cell receptor and costimulatory receptor
pathways. Therefore, for full activation of the T cell to occur, this
inhibitory influence must be removed. One likely mechanism for
accomplishing this is by up-regulation and/or activation of specific
cyclic nucleotide phosphodiesterases (PDEs), and such a mechanism
for one phosphodiesterase, PDE7A1, has been reported. In this
paper, we extend this mechanism to another isozyme variant of
the same PDE family, PDE7A3. We also report the full-length
sequence of human PDE8A1 and show that it also is induced in
response to a combination of T cell receptor and costimulatory
receptor pathway activation. However, the time course for induc-
tion of PDE8A1 is slower than that of PDE7A1. The basal level
measured and, therefore, the apparent fold induction of PDE7A1
mRNA and protein depend in large part on the method of isolation
of the T cells. On the other hand, regardless of the isolation
method, the basal levels of PDE7A3 and PDE8A1 are very low and
fold activation is much higher. Constitutively expressed PDESA1
and PDE7A3 also have been isolated from a human T cell line,
Hut78.

Full activation of CD4" T cells requires engagement of both
the TCR-CD3 complex and a costimulatory receptor, such as
CD28 (1). In vitro, costimulation by antibodies against CD3 and
CD28 immobilized on plates can mimic the normal antigen
presenting cell stimulation and lead to full activation of CD4* T
cells (2). In some situations, activation of the TCR-CD3 complex
alone in the absence of CD28 costimulation can result in T cell
anergy or death (3). The detailed mechanism by which this
occurs is not thoroughly understood but may occur in part as a
consequence of unrestrained activity of the cAMP-dependent
protein kinase (PKA) pathway in the absence of costimulation.
For example, activation of PKA is known to block the MAP
kinase-dependent pathways necessary for IL-2 production and T
cell proliferation. Therefore, agents that increase cAMP levels in
T cells will diminish the T cell activation response (4) and,
conversely, agents that reduce cAMP permit optimal activation
of the T cell response (5-7).

The level of cAMP in T cells is controlled in large part by
cAMP-specific phosphodiesterases that catalyze the hydrolysis
of cAMP to 5" AMP, thereby lowering cAMP levels in the cell.
Therefore, it makes sense that cAMP phosphodiesterase (PDE)
protein and activity levels should be regulated in response to
appropriate T cell activation signals. Conversely, inhibition of
the PDEs that are responsible for controlling the levels of cAMP
in the T cell should inhibit IL-2 production and T cell prolifer-
ation. We have shown previously that this appears to be the case
with PDE7A1. PDE7AL1 is up-regulated in CD4* T cells after
CD3 and CD28 stimulation, and inhibition of PDE7A1 leads to
inhibition of proliferation and IL-2 production (8).

Currently, 11 major families of PDEs (PDEs 1-11), subdivided
on the basis of substrate specificity, kinetic properties, inhibitor
profiles, and sequence homology (9-13), have been identified.
PDEs 3B, 4A, 4B, 4D, and 7A1 (14-16) are reported in human
T cells. Many of these PDEs also are expressed in other
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inflammatory cell types. As a result, there has been considerable
interest in the development of specific phosphodiesterase inhib-
itors for the treatment of inflammatory diseases. To date, most
work has centered on PDE4 inhibitors because PDE4 represents
a major isozyme in most T cell preparations (16, 17). However,
in vivo, a major drawback has been the significant side effect of
emesis seen with all PDE4 inhibitors tested so far (18). To design
more efficacious, less toxic inhibitors, it is important to know all
of the PDEs that are present in T cells and also which processes
they control. In this paper, we identify the major form of
PDESAL1 present in human T cells and report its full-length
sequence. We also demonstrate that both PDESA1 and a new
PDE7A variant, PDE7AS3, are up-regulated in CD4" T cells after
stimulation. Both of these PDEs are cAMP-specific and may
provide additional targets for therapeutic intervention.

Materials and Methods

Materials. Human white blood cell “buffy coats” were obtained
from the American Red Cross Blood Bank (Portland, OR). The
CD4+ T cell isolation kit (containing antibodies to CD8, CD11b,
CD16, CD19, CD36, and CD56), CD69 microbeads, and goat
anti-mouse IgG microbeads were from Miltenyi Biotec (Auburn,
CA). The anti-CD8 (G10-1), CD16 (FC2), CD20 (2H7), CD25
(7G7), and HLADR (HB10a) mouse mAbs were provided by
E. A. Clark (19), and the anti-CD3 and CD28 mAbs were
purchased from PharMingen. The human T cell line Hut78 was
obtained from American Type Culture Collection. PDE7A1
(P5H7) and PDE8SA1 (P4G7) mAbs were obtained from hybrid-
oma cell lines developed by injecting mice with a glutathione
S-transferase fusion of the C-terminal 100 residues of PDE7A1
or a thioredoxin fusion of the PAS [Per, ARNT, Sim (10)]
domain of PDESALI, respectively. The PDE8A1 peptide anti-
body was a gift from N. Robas at Pfizer Central Research
(Sandwich, U.K.) and was specific for the N terminus (PIL9:
MGCAPSIHTSENRTF) of mouse PDESA1. The PDE7A3 pep-
tide polyclonal antibody was obtained from Genemed Biotech-
nologies (South San Francisco, CA) and is specific for the C
terminus (6976: QIGNYTYLDIAG) of this enzyme.

CD4+ T Cell Preparation. CD4™ T cells were isolated from a human
buffy coat (50 ml) obtained from one donor as described
previously (19). CD4* T cells usually were isolated by using a
mixture of mAbs specific for various white cell marker proteins
(CD8, CD16, CD20, CD25, and HLADR) and goat anti-mouse
IgG conjugated to magnetic beads. In some cases, a CD4" T cell
isolation kit (Miltenyi Biotec) was used in combination with
CD69 microbeads (Miltenyi Biotec) to remove activated T cells.
The antibody-labeled cells were removed by passage through a

Abbreviations: PDE, phosphodiesterase; RACE, rapid amplification of cDNA ends; RT-PCR,
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CS column (Miltenyi Biotec) placed in a magnetic field. The
CD4* T cells passing through the column were at least 95% pure
as determined by FACS analysis. The cells were suspended in
RPMI 1640 medium (GIBCO/BRL) containing 10% FBS, 0.1
units/ml penicillin, 0.1 ug/ml streptomycin sulfate, and 0.29
mg/ml L-glutamine. The cells were stimulated as follows. Plates
(Corning) were precoated with goat anti-mouse IgG (10 pg/ml)
for 2 h at 37°C and then washed with PBS. Cells were added to
the plate together with CD3 (0.01 pg/ml) and CD28 (0.1 pug/ml)
mAbs and were harvested at various time points.

PDE8A1 and PDE7A3 Sequence Determination. The complete N
terminus of human PDESA1 was obtained as follows. The
previously published truncated human PDE8SAL1 sequence (20)
was extended to residue G47 (Fig. 14) by performing 5’ rapid
amplification of cDNA ends (RACE) on a preparation of
mRNA from 16-h-stimulated CD4" T cells. An expressed se-
quence tag clone from human kidney (AI1474074) was purchased
from Genome Systems (St. Louis) and sequenced. This clone
contained a complete N terminus that overlapped with both the
published sequence and the RACE-determined sequence. Ex-
pression in T cells of the C terminus of PDESA was confirmed
by 3" RACE.

The PDE7A3 sequence (Fig. 1B) was obtained by performing
RACE on a preparation of mRNA from 16-h-stimulated CD4~*
T cells. The new sequence information was obtained with 3’
RACE because PDE7A3 is a C-terminal splice variant. Because
we only obtained PDE7A1 N-terminal sequence by using 5’
RACE, we confirmed that this belonged to the PDE7A3 C
terminus by reverse transcription-PCR (RT-PCR), which am-
plified the whole PDE7A3 sequence.

Both 3" and 5" RACE were performed by using the SMART
RACE cDNA amplification kit (CLONTECH) and a pair of
nested gene-specific primers. RACE PCR products were cloned
into a pCRII-TOPO vector (Invitrogen) and sequenced.

Northern Blot Analysis. Northern blots (human I and human II)
were purchased from CLONTECH. The probe for PDE7A3 was
synthesized by performing RT-PCR on mRNA isolated from a
16-h-stimulated preparation of CD4" T cells. The 1,200-bp
fragment was used as a template for probe synthesis with
[a-*?P]ATP and exonuclease-free Klenow fragment. The probe
was purified on a Centrisep column (Princeton Separations,
Adelphia, NJ) and hybridized to the membrane according to the
manufacturer’s protocol.

RT-PCR Analysis. RNA was isolated from the cytoplasm of CD4"*
T cells by using the Qiagen RNeasy kit, and cDNA was synthe-
sized by using the Promega reverse transcription system. PCR
was performed by using 1 ul of undiluted or serially diluted
c¢DNA (1:10 and 1:100 dilutions) and gene-specific primers for
35 cycles (94°C, 1 min; 55°C, 1 min; 72°C, 2 min). The primers
used had the following sequences: 7A1, GATATTTGTAAC-
CCATGTCGGACG and GAAAGCTTGGCGGTACTCTAC-
GAT; 7A3, ACGGAGGAATTCTTCCATCAAGGAGAT and
AGCTTCCACATGAGCGAATAATGGATT; 8A1, GTAAT-
GCCTTTCAATTCTGCTGGATTTACA and ACGAGTGT-
CAGACTGAACACATTCGGATAT. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)-specific primers were used
as a control for equivalent cDNA levels.

Western Blot Analysis. CD4 " T cells (5 X 10°) were stimulated and
harvested at various time points by centrifugation. The samples
were run on SDS gels (8% polyacrylamide) and blotted onto
poly(vinylidene difluoride) membrane. Membranes were
blocked with blocking buffer (10 mM Tris, pH 7.5/100 mM
NaCl/0.2% Tween 20/3% nonfat milk). PDE7A and PDESA
primary antibodies and the appropriate secondary antibody each
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was incubated with the blot for 1 h. To avoid problems in
detecting PDE7A1, which migrates in SDS/PAGE very near to
the heavy chains of the stimulating CD3 and CD28 antibodies,
the mAb to PDE7A1, P5SH7, was conjugated to biotin. Bands
were visualized with streptavidin-conjugated horseradish perox-
idase. An alternative procedure was to use the unconjugated
mAD for PDE7AL1 and a goat anti-mouse-«-horseradish perox-
idase secondary antibody. PDESA1 was visualized by the mAb
P4G7 or the polyclonal antibody PIL9. PDE7A3 was visualized
by the polyclonal antibody 6976. Blots were developed by using
SuperSignal Chemiluminescent substrate (Pierce) and by expo-
sure to x-ray film.

Mono Q Chromatography. Hut78 cells (2 X 10%) were resuspended
in 20 mM Tris (pH 7.5) buffer and protease inhibitor mixture
(Complete, Mini, EDTA-free; Boehringer Mannheim) and son-
icated. The supernatant was removed after centrifugation at
15,000 X g for 10 min and applied to a Mono Q column attached
to a Rainin Dynamax HPLC system. The column was developed
with a NaCl gradient (0-0.8 M at 0.5 ml/min), and 250-ul
fractions were collected. The fractions were assayed for activity
as described (21) by using either 1 uM or 0.01 uM cAMP as
substrate and the indicated concentration of inhibitor. Western
blot analysis also was performed (10 ul/well) by using PDE7AL,
PDE7A3, or 8A1 antibodies.

Results

PDE8A1 and PDE7A3 Are Present in CD4* T Cells. To understand the
roles that phosphodiesterases play in CD4™" T cell activation, we
set out to determine whether PDEs that previously have not been
reported were present in T cells and whether or not their levels
were regulated. As an initial approach we performed prelimi-
nary RT-PCR experiments with combinations of primers for all
known phosphodiesterases. Positive results then were followed
up by using RACE techniques. For example, using a preparation
of mRNA from highly enriched CD4* T cells that had been
activated by CD3 and CD28 costimulation, we performed
RACE by using primers designed from known PDESA sequence
(20). Sequence analysis of the RACE product indicated that a
PDESA similar or identical to known PDESA sequence (20)
indeed was present in CD4 " T cells. As a positive control, we also
used RACE techniques to amplify PDE7A1 because this PDE is
known to be expressed in CD4" T cells (16). As expected, we
isolated products corresponding to PDE7A1 but also amplified
what appears to be a previously unknown splice variant of
PDE7A, which we are calling HSPDE7A3.

Sequence analysis of the 3 RACE product of PDESA con-
firmed that the sequence amplified was the same as contained in
the previously published truncated sequence for human
PDES8AL isolated from human testis and stomach cDNA librar-
ies (20). Although the 5’ end of this cDNA is very GC-rich, we
were able to extend this sequence by 5" RACE to position G47
(Fig. 14). However, we were not able to obtain further sequence
5" of G47 by RACE probably because of the very high GC
content of this region. Fortunately, using a database search, we
noted an expressed sequence tag clone, A1474074, from human
kidney that appeared to contain the complete N terminus of
human PDES8A1 (by analogy to the published mouse sequence).
Moreover, upon sequencing of this expressed sequence tag
clone, we found that the sequence overlapped both the sequence
of the T cell PDESA RACE product and part of the published
human PDESA sequence (i.e., the sequence extends to residue
1147; numbering as shown in Fig. 14). This sequence is highly
homologous to the full-length N terminus of the published
mouse PDESA sequence (10) (Fig. 14) but does contain a
stretch of about 50 residues at which the sequence diverges from
the mouse homolog. This may be a species difference or may
indicate a slightly different splice variant. Because to date no
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Fig. 1.

(A) The complete N-terminal sequence of human PDE8A1 is aligned with the mouse PDE8A1 sequence. (B) Sequence of a new splice variant, PDE7A3.

The Ctermini of PDE7A1 and PDE7AS3 are aligned. The numbering refers to PDE7A1 sequence. The positions of helices 15 and 16 are shown. (C) Comparison of
the splice variants of PDE7A. (D) Northern blot analysis of PDE7A. The Northern blots (CLONTECH human | and Il) were probed with a 1,200-bp PDE7A probe.

alternate PDESA N-terminal sequences have appeared in the
public database nor have they been identified by RACE reac-
tions, we are tentatively calling the cDNA identified in Fig. 14
HSPDESAL. In addition, we have confirmed that this N termi-
nus of PDESAL is present in commercial cDNA isolated from
human testis and human leukocyte cells by sequencing RT-PCR
products from these tissues. Also, Western analysis using an
antibody (PIL9) made to the highly homologous N terminus of
mouse PDESA1 (MGCAPSIHTSENRTF) reacts strongly with a
band of appropriate size in extracts of the human T cell line,
Hut78, and CD4" T cells. The RACE reactions with PDE7A
primers also identified what appeared to be a new splice variant
for this enzyme. Fig. 1B shows a C-terminal alignment between
PDE7ALI and the new splice variant, PDE7A3. The new se-
quence diverges at position G415 (PDE7A1 numbering).
PDE7A3 has a short C-terminal tail that differs from PDE7A1
sequence and is truncated at residue 424. Fig. 1C shows the
relationship of PDE7A3 to the other PDE7A splice variants. To
confirm the 5" end of this isozyme, we amplified the entire
sequence by RT-PCR. A product was obtained that has the same
5’ end as PDE7AL, indicating that the PCR product produced in
T cells has the 3’ sequence of PDE7A3 and N-terminal sequence
common to PDE7A1 and PDE7A3. Fig. 1D shows the results of
a Northern blot by using a PDE7A probe. This probe is able to
react with all splice variants of PDE7A because of the large
amount of common sequence that they share. As expected, using
the PDE7A probe, the relatively abundant mRNA for PDE7A1
with a transcript size of 4.2 kb was seen in most tissues. The other
previously known form of PDE7A, PDE7AZ2, is highly expressed
in skeletal muscle and heart and has a transcript size of 3.8 kb
(22). It is likely that the fainter band at 3.0 kb seen in heart and
skeletal muscle mRNA corresponds to the PDE7A3 transcript.
Faint bands at 3.0 kb are also seen in spleen, thymus, testis, and
peripheral blood leukocytes. We have been unable to do North-
ern analysis specific only for PDE7A3. Probes specific for the
unique C terminus of PDE7A3 gave no signal because of their
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short length, and probes designed against the 3’ untranslated
region gave a very unclean signal. To confirm that PDE7A3
mRNA indeed is present in the cells containing the 3.0-kb band,
we sequenced RT-PCR products from testis, skeletal muscle,
and leukocytes and obtained PDE7A3 sequence.

Up-Regulation of PDE7A1 and PDESA1 mRNA and Protein. We have
reported previously that PDE7AL1 is induced when CD4™* T cells
are activated with plate-bound CD3 and CD28 antibodies.
Activation of T cells causes them to proliferate and produce IL-2.
Moreover, inhibition of PDE7A1 expression with an antisense
oligonucleotide inhibited proliferation and IL-2 production (8).
We now find by using a larger number of different donors that
a variable basal level of PDE7A1 can be present in unstimulated
CD4* T cells but that this basal level depends greatly on the
donor as well as the method of preparation of CD4* T cells. Fig.
2A compares two methods used to prepare CD4* T cells. A
commonly used method is negative selection by using a com-
mercial CD4" T cell isolation kit (Miltenyi Biotec) in combina-
tion with CD69 microbeads to remove activated cells (method a,
Fig. 2A4). Cells isolated in this manner show little induction of
PDE7A1, as a high basal level of PDE7A1 is present in the
unstimulated cells. This result did not agree with our earlier
studies in which we used a different set of mAbs, also in a
negative selection protocol. As shown in Fig. 24, when this
earlier method that utilizes a mixture of anti-CD8, CD16, CD20,
CD25, and HLADR antibodies is used (method b) along with
mouse magnetic beads, a much lower basal value for PDE7AL1 is
found.

Using method b, we wanted to compare the regulation of
PDE7AL1 with the newly discovered PDESAL. The time course
data shown in Fig. 2B indicate that PDE7AL1 is up-regulated
relatively quickly, with a distinct difference in levels detectable
as early as 1 h after stimulation. PDE8AT1, conversely, initially is
absent and does not reach a maximum until at least 8 h. The
amounts of PCR product shown in the time course of Fig. 2B are
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Fig. 2. Up-regulation of PDE7A1, PDE7A3, and PDEBAT mRNA in CD4" T cells. CD4™" T cells were stimulated with CD3 and CD28 antibodies and harvested at
the indicated time points (hours). RT-PCR analysis was performed as described in Materials and Methods. (A) Comparison of methods of preparation of CD4*
T cells. Cells were prepared as described in Materials and Methods by using either the CD4* T cell isolation kit in combination with the CD69 microbeads (a) or
a mixture of mAbs and goat anti-mouse magnetic beads (b). (B) Time course of the induction of PDE7A1, PDE7A3, and PDE8A1 mRNA compared with a GAPDH
control. The bands were scanned and quantified by using NIH IMAGE. Within each image, the maximum intensity of the band was set to a value of 1 and other
bands were calculated as a fraction of the maximum. The values were normalized to the GAPDH signal. The results of the densitometry are graphed. (C) Time
course of induction of PDE7A1, PDE7A3, and PDE8A1 by using serially diluted cDNA as described in Materials and Methods. (D) RT-PCR was performed for PDE8A1
from cells harvested at 1 and 16 h after stimulation by using either CD3, CD28, or a combination of the antibodies (Left). Cells were harvested 16 h after stimulation

and analyzed by Western blotting by using a PDE8A1 polyclonal antibody (PIL9) (Right).

probably good, quantitative estimates of the mRNA levels
because, as shown in Fig. 2C, differing dilutions of cDNA
demonstrate that the signal is not saturated under the conditions
used. Also, the PCR products in Fig. 2B were quantified and
normalized to the GAPDH signal. The results shown in Fig. 2B
Right confirm that there is an increase in intensity of the PCR
products. Because it has been shown previously that costimula-
tion of CD4* T cells is required to achieve maximal mRNA and
protein levels of PDE7A1 (8), we analyzed the effect of anti-
bodies to CD3 alone and CD28 alone and both in combination
on PDE8AT1 expression. Fig. 2D shows that PDESAT1 induction
also requires both CD3 stimulation and CD28 costimulation for
maximal expression of mRNA and protein.

To determine whether the amount of PDE protein expressed
also was increased concomitant with the mRNA, Western blot
analysis of T cell extracts was performed before and after
stimulation. The results of these experiments confirmed the
up-regulation of PDE7A1 protein and showed that PDESA1
protein was increased after stimulation (Fig. 3). Similar to the
PCR results, PDE7A1 protein is present in the unstimulated cells
and becomes up-regulated, reaching a maximum at about 8 h
(Fig. 3, top level). PDE8A1 protein initially is absent and reaches
amaximum at about 16 h. The PDE7A1 band migrates at 55 kDa,
and the PDE8SA1 band migrates at ~100 kDa, similar to the
predicted molecular mass of 93 kDa.

PDE7A3 Is Up-Regulated in CD4+ T Cells. We also compared the
regulation of PDE7A1 expression with the expression of the new
splice variant of PDE7A, PDE7A3. Like PDE7AI1, both
PDE7A3 mRNA (Fig. 2) and protein (Fig. 3) are up-regulated
in CD4% T cells after stimulation, although, like PDE8AI,
PDE7A3 initially is absent and only reaches a maximum at about
24-48 h. The band reacting with a PDE7A3-specific polyclonal
antibody (Fig. 3) migrates at ~50 kDa. This is close to the
predicted molecular mass of 48.8 kDa. Western blot analysis also
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was performed with a PDE7Al mAb directed toward the
C-terminal 100 residues of the protein. This antibody was able to
react with both splice variants, indicating that they share a
common epitope. To avoid interference with the antibody heavy
chains originating from the stimulating CD3 and CD28 antibod-
ies, the PDE7A1 mAb was either biotin-conjugated and visual-
ized with streptavidin-conjugated horseradish peroxidase or was
left unconjugated and visualized with an anti-k light chain
secondary antibody. Using the latter method, the bands were
very faint because of the lower level of amplification of the
antibody signal and showed up substantially only in the 24-h lane.
The PDE7AL1 blot (bottom level of Fig. 3) showed that two bands
were up-regulated. The top band migrates at the position of

0 2 4 8h
biotin-7A1 Sy W
£y Bl —
0 2 4 8 16h
8A1 [ — W — ——
mAb
0 1 2 8 24 48h
TA3 . t & -
pAb _
0 1 2 8 24 48h
7A1 p—
2
+anti-k w -
Fig.3. Western blot analysis of CD4* T cells shows up-regulation of PDE7A1,

PDE7A3, and PDE8A1 proteins. Cells were harvested at various time points and
analyzed by Western blotting as described in Materials and Methods. The
bottom blot is developed with PDE7A1 mAb and goat anti-mouse-k-
horseradish peroxidase secondary antibody and shows both PDE7A1 (upper
band) and PDE7A3 (lower band).
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Fig. 4. Mono Q HPLC profile of the Hut78 cell extract. (A) PDE activity of a
Hut78 cell extract by using 1 M cAMP as a substrate. (B) PDE activity profile
by using 0.01 M cAMP as substrate in the absence (®) or presence of 10 uM
rolipram (A). (C) The PDE activity profile (0.01 uM cAMP, ®) overlaid with the
band intensities (in arbitrary units) of PDE7A1 (A) or 8A1(m) from the Western
blots in the Inset below. The PDE7A3 band eluted in a region with low activity.

PDE7A1, 55 kDa, whereas the bottom band migrates at the
position of PDE7A3, 50 kDa. The biotin-7A1 blot (top level of
Fig. 3) shows that at earlier time points there is up-regulation of
PDE7A1 protein, although PDE7A3 is absent.

Activity of PDE8A1 and PDE7A3 in T Cells. Because we were able to
obtain only a limited number of pure CD4™" T cells from a single
donor, a human CD4* T cell line, Hut78, was used to study the
activities of PDESA1 and PDE7A3. Hut78 cells are thought to
be analogous to activated CD4* T cells because they proliferate
and produce IL-2. Moreover, PDE7AL1 is known to be expressed
constitutively in these cells (23). Hut78 cell extract was fraction-
ated by passage through a Mono Q column attached to a Rainin
HPLC system. Fig. 44 shows that two main peaks of PDE activity
are resolved with 1 uM cAMP as substrate. It has been shown
previously that these two peaks contain PDE7 and PDE4
activity, respectively (23, 24). Fig. 4B shows the results from an
assay using 0.01 uM cAMP. Under these conditions, only a single
peak is seen. At this low concentration, there is negligible
contribution to activity by PDE4 and only PDEs having very low
K levels are detected. As expected from the fact that this peak
should contain PDE?7, the activity of the fractions was resistant
to the PDE4-specific inhibitor rolipram. However, Western blot
analysis across the peak showed that a PDESA1-immunoreactive
band of the predicted size eluted in the front part of the peak and
PDE7ALI eluted in the back part of the peak (Fig. 4C). Therefore,
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the activity in this peak is contributed by at least two phosphodi-
esterases, PDE7A1 and PDESAI.

Western blot analysis also showed that PDE7A3 eluted in a
part of the HPLC profile that had very low activity (Fig. 4C). A
band at about 50 kDa centered at fraction 27 was detected with
both the PDE7A mAb and with the PDE7A3 peptide antibody.
However, these fractions show very little cAMP PDE activity.
We also have expressed large amounts of soluble recombinant
PDE7A3 protein in Sf9 cells but still are able to detect little or
no activity above basal in extracts from these cells.

Discussion

To understand the role(s) played by cyclic nucleotide phosphodi-
esterases in T cell regulation, it is clearly essential to know which
ones are expressed in the T cells under different physiological
conditions. This paper describes the full-length sequence of
human PDESA1 and also the full sequence of a new splice
variant of PDE7A, PDE7A3. Importantly, both are shown to be
present only in activated T cells. The PDE8A1 sequence re-
ported appears to be full-length because there is an in-frame stop
codon upstream from the start methionine (accession number
AF332653). Although we have not been able to find an in-frame
upstream stop codon for PDE7A3, we believe that the sequence
also is likely to be full-length because the protein bands for both
PDE7A1 and PDE7A3 detected by Western blot analysis are the
same size as predicted by the cDNA sequence. Confirmation of
the new sequence information was obtained from the results of
a BLAST search of the genomic database. The gene for human
PDET7A is known to be on chromosome 8q13 (25), and the new
PDE7A3 C-terminal and 3’ untranslated regions map to se-
quence AC055822 on chromosome 8. The sequence from resi-
dues G388 to G424 and the entire 3’ untranslated sequence are
found on a single exon. Currently, there is no genomic sequence
available for the 5’ end of PDE7A1 or PDE7A3; therefore, we
do not know whether they share a single promoter. It is possible
that the apparent difference in time course for the induction of
the two transcripts may be a matter of different RNA stabilities
or of RNA splicing. Similarly, we found that the N terminus of
PDESA1 maps to sequence AC018732 and is found on chromo-
some 15. The 5" untranslated sequence and the sequence from
residues M1 to V63 are found on a single exon.

The existence of another splice variant for PDE7A in CD4*
T cells had not been reported previously and was not anticipated
because Northern blot analysis of total leukocyte mRNA had
shown a signal only at 4.2 kb, the size of PDE7A1 (8). A similar
result using a PDE7A3 probe is shown in Fig. 1D. In retrospect,
it is likely that the commercial blots used for these experiments
were made from RNA that was isolated from unstimulated cells
and, therefore, the PDE7A3 mRNA levels were below the limits
of detection by Northern analysis. Presumably, PDESA1 had
not been identified previously in CD4* T cells for similar
reasons (20).

We have shown previously that PDE7AL1 is up-regulated in
human CD4* T cells (8) and now show that PDESA1 and
PDE7A3 also are up-regulated in a similar manner. However, we
also find that the method of isolation of the T cells can affect this
result, at least for PDE7AL1. Clearly, from the data in Fig. 24, the
second method of preparation (method b) shows a higher fold
induction of PDE7A1. However, for either method, a strong
induction of PDE7A3 and PDESA1 is seen. It is possible that the
latter method removes a subset of activated T cells that contains
PDE7AL. This method utilizes an antibody to HLADR that is
thought to remove most cells containing MHCII, a marker of
activation. Similarly, the antibody to CD25 removes cells ex-
pressing IL-2 receptor, another marker of activation. Presum-
ably, therefore, PDE7A1 is low only in the resulting resting T cell
population. In fact, a commercial kit for separation of resting
CD4* T cells has become available recently that contains
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antibodies to CD25 and HLADR just for the purpose of
removing a greater percentage of activated cells (26).

In CD4" T cells, mRNA levels for PDE7A3 and PDE8SA1
become maximally up-regulated by about 8 h after CD3 and
CD28 stimulation (Fig. 2B). As predicted from the increased
mRNA, the protein levels of PDE7A3 and PDESA1 also were
up-regulated (Fig. 3).

Because of the difficulty in obtaining large numbers of pure
CD4" T cells, the human T cell line, Hut78, was used to
characterize the activities of these new PDEs. Because PDE7A1
is known to be constitutively expressed in these cells (23), we
assayed Mono-Q-fractionated HPLC fractions with a low con-
centration of substrate to look for activities that might corre-
spond to PDE7A3 and PDESAL. PDE7A1 and PDE8A1 have
been shown previously to have a K, of 0.2 uM (27) and 55 nM
(20). Therefore, by using a very low substrate level, we were able
to minimize the contribution of PDE4 activity, which also is
known to be expressed in Hut78 cells but has a much higher K.
In confirmation of previous studies (23, 24), two peaks of activity
are found when assayed at 1.0 uM cAMP (Fig. 44). However,
the data from assays conducted at 0.01 uM cAMP (Fig. 4B)
indicate that only one peak of activity is present that corresponds
in position to the first peak as assayed with 1 uM cAMP (Fig.
4A). Further analysis of the HPLC profiles with antibodies to
each of the PDEs indicates that this peak actually is composed
of a combination of the activities of two PDEs, PDESA1 and
PDE7AL1 (Fig. 4C).

Because PDE7A3 has a nearly identical sequence in the
catalytic domain, it was expected to have similar activity and
affinity for substrate as PDE7A1L. Unexpectedly, the PDE7A3-
reactive band from Hut78 cells eluted in a part of the HPLC
profile that had low activity (Fig. 4C). Similarly, when expressed
in Sf9 cells, only PDE7AL1 but not PDE7A3 showed measurable
activity. Like the Hut78 fractions, the recombinant PDE7A3 had
essentially no activity compared with PDE7AL. It is possible that
a specific activator for PDE7A3 is missing in our assays. How-
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ever, it is also possible that a required sequence in that catalytic
domain is missing. Because a high-resolution structure for
PDE4B2B has been solved (28), we aligned the sequence of
PDEA4B2B with the PDE7A sequences. We noted that PDE7A1
contains all of the homologous helices found in the catalytic
domain crystal structure, whereas PDE7A3 is missing half of
helix 15 and all of helix 16 (Fig. 1B). Although this region does
not contain residues previously believed to be important for
catalysis (based on conserved residues in comparative sequence
alignments), this missing sequence may well be important struc-
turally. We currently are investigating the role of these helices in
phosphodiesterase function as well as the role of PDE7A3 in T
cell function. If this is so and PDE7A3 is intrinsically inactive,
then clearly more attention needs to be given to the reason why
this polypeptide is induced in response to T cell activation.

Finally, we have shown previously that inhibition of PDE7A1
induction with an antisense oligonucleotide specific for the N
terminus of PDE7A inhibits T cell proliferation and IL-2 ex-
pression. In these studies, the mRNA and protein levels of
PDE7AL1 were reduced by the oligonucleotide (8). Because the
N termini of PDE7A1 and PDE7A3 are identical, we would
expect that the mRNA levels of PDE7A3 also would be reduced
after treatment with the antisense oligonucleotide, and, indeed,
this appears to be the case (data not shown). Therefore, it is
possible that part of the inhibition of proliferation and IL-2
production seen in earlier studies was a result of inhibition of not
only PDE7A1 but also PDE7A3 message.

Because there are a number of PDEs known to be expressed
in T cells, it is possible that each PDE controls a separate pool
of cAMP and, thereby, a separate pathway. An important area
of further study will be to inhibit the various phosphodiesterases
present in T cells either by specific inhibitors or antisense
oligonucleotides and analyze the effect on cellular function.
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