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Regulation of IL-15-Stimulated TNF-a Production by
Rolipram*

Chitta S. Kasyapa,*" Carrie L. Stentz,* Michael P. Davey,*" and Daniel W. Carr?*'

Agents that increase intracellular cAMP have been shown to reduce joint inflammation in experimental arthritis, presumably by
lowering the release of proinflammatory cytokines, such as TNFe. Recent studies suggest that, in joints of patients with rheu-
matoid arthritis, TNF- « release from macrophages is triggered by their interaction with IL-15-stimulated T lymphocytes. In this
report, we analyze the effect of rolipram, a cAMP-specific phosphodiesterase inhibitor, on TNle: production in this experimental
system. Cocultures of U937 cells with IL-15-stimulated T cells, but not control T cells, resulted in increased release of TNE-
Pretreatment of T cells with rolipram or cAMP analogues inhibited the IL-15-stimulated increases in proliferation, expression of
cell surface molecules CD69, ICAM-1, and LFA-1, and release of TNl from macrophages. Addition of PMA to T cells dra-
matically increased the expression of cell surface molecules, but had little or no effect on TN&+elease from either T cells or from
cocultures, suggesting that other surface molecules must also be involved in T cell/macrophage contact-mediated production of
TNF-«. Addition of PMA synergistically increased the proliferation of IL-15-stimulated T cells and the secretion of TNFe from
IL-15-stimulated T cell/macrophage cocultures. Rolipram and 8-(4-chlorophenylthio)-cAMP (CPT-cAMP) blocked these in-
creases. Measurement of protein kinase A (PKA) activity and the use of inhibitory cAMP analogues (RpCPT-cAMP) confirmed
that rolipram worked by stimulating PKA. These data suggest that PKA-activating agents, such as rolipram, can block secretion
of TNF-a from macrophages by inhibiting T cell activation and expression of surface molecules.The Journal of Immunology,
1999, 163: 2836—2843.

pathogenesis of rheumatoid arthritis (RAjcluding en-  in RA synovium (14). A product of synovial macrophages and

dothelial activation, angiogenesis, synovial fibroblast pro-fibroblasts, IL-15 acts as a chemoattractant (15) and growth factor :
liferation, and the destruction of cartilage and bone (1-3). In adfor T lymphocytes, resembling IL-2 in many of its biological func-
dition, TNF-« induces the production of other proinflammatory tions (16). Other major effects of IL-15 on T cells include: 1)
cytokines, such as IL-1, IL-6, IL-8, and GM-CSF (4). It has re- inducing adhesion molecule redistribution (17), 2) promoting mi-
cently been shown that blocking TNEwith a “biologic” therapy  gration of T cells into the RA synovium (14, 18), and 3) stimula-
(soluble receptors that bind TNk} is effective treatment for RA  tion of synovial T cells to express various activation and adhesion
(5, 6). Even though monocytes/macrophages are believed to be tmearkers, such as CD69, ICAM-1, and LFA-1 (17, 19).
main cell type responsible for the production of TRR RA (7, It has been proposed that a cognate interaction between IL-15-
8), the association of disease severity with human leukocyte Agtimulated T cells and synovial macrophages results in the in-
HLA-DR (9), the fact that some animal arthritis models are T creased production of TNE-(20). Mclnnes et al. (20) demon-
cell-dependent (10), and clinical success of therapies directedtrated that expression of surface molecules, such as CD69
against T cells in RA support the hypothesis that T cells arelCAM-1, and LFA-1, on IL-15-stimulated T cells plays a critical
equally critical for the onset and perpetuation of RA. In vitro cell role in T cell-mediated production of TN&-by macrophages. In-
contact between activated T cells and macrophages induces therestingly, PMA, a protein kinase C (PKC) activator, also triggers
production of many cytokines, including TNk- IL-13, IL-10, the expression of all these molecules (21). Therefore, one goal of
and IL-12 (11, 12). An in vivo observation of close contact be-these studies was to determine whether PMA-treated T cells were
tween T cells and macrophages in the RA synovial lining supportgapable of inducing TNFe production from macrophages. PMA
this observation (13). has also been shown to induce the expression of IL-&5Rain
(22), suggesting it might augment the activation of T cells by IL-
15. A recent report shows that collagen-induced arthritis can be
prevented by the administration of soluble IL-1BRchain, spe-
*Portland Veterans Affairs Medical Center, afibepartment of Medicine, Oregon cific for only IL-15 binding (23). This observation further supports
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T umor necrosis factos~ mediates several phases of the Recently, IL-15 was found to be present at high concentrations
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actinomycin D. regulated by an i.p. injection of rolipram in animal models (25,
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27). Also, there are reports that in vitro LPS-induced production ofstudies, the cultures were maintained for 72 h, afidjthymidine was

TNF-o by macrophages is inhibited by rolipram in a cAMP-de- added at JuCi/well for the last 6 h of th&’2-h culture period. Cells were
pendent manner (28, 29). However, the mechanism of action anaarvested, and rad_loactlve incorporation was measured usi@glate

. . . . reader (Wallac, Gaithersburg, MD).

target cell population of rolipram in the synovium has not been

elucidated. Rolipram is a specific inhibitor of type IV phosphodi-
esterase, an enzyme that catalyzes the breakdown of cAMP. Ther
fore, addition of rolipram to cells causes an increase in intracellulaCoculture experiments were performed as previously described (20).
cAMP, which presumably enhances the activity of cAMP-depen-Brieﬂyr T cells were cultured for 3 days in complete medium in the pres-

L . - ence or absence of T cell activators and cAMP modulators. Cells were then
dent protein kinase A (PKA). Compared with pentoxifylline, an- washed three times and fixed for 1 h with 1% paraformaldehyde in PBS at

other phOSPhOdi?Sterase inhibito.r‘ rolipram is 500-fold more po4°c with gentle agitation. These paraformaldehyde-fixed T cells were
tent at suppressing TN&-synthesis (30) and has been suggestedwashed thrice and then cocultured with U937 cells at a ratio of 7:1 in round

to be a better alternative to pentoxifylline (1). Moreover, rolipram bottom 96-well plates, as reported earlier (33). After 48 h, supernatants
from these cocultures were harvested and used for the measurement of

synergizes with prostanoids both in elevating cAMP concentra- .
tions and in suppressing TN&-synthesis (31, 32). TNF-a by sandwich ELISA.
In the present report, we analyze the role of IL-15- and PMA-
mediated activation of T cells in the production of TNFay T
cell/macrophage cocultures. We also test the hypothesis that rolELISA high-binding plates were coated with 100 mouse anti-human
pram inhibits the production of TNE-by inhibiting the IL-15 ~ TNF-a mAb (as per protocol from R&D Systems), diluted tqug/ml in

L L . o sterile PBS, and incubated overnight at 4°C. The plates were washed four
activation of T lymphocytes, resulting in the inability of T cells to times with TTBS (10 mM TBS, 150 mM NaCl, 0.05% Tween 20) and

interact yvith macrophages. Results demonstrate that PMA_\-i_nduc ocked with BSA (3% wiv in TTBS) fo4 h atroom temperature. After

expression of cell surface molecules on T cells are not sufficient foadditional washes with TTBS, 1Q@ TNF-a standards and unknown sam-
production of TNFe, but PMA does augment the effect of IL-15 ples were added to the plates and incubated overnight at 4°C. The plates
on TNF- production and T cell proliferation. Results also dem- Were washed with TTBS, incubated for 2 h with 1@Dbiotinylated goat

; S oo anti-human polyclonal TNFe Ab (diluted to 200 ng/ml in TTBSt+ 0.1%
onstrate that rolipram inhibits activation of T lymphocytes and theBSA; R&D Systems), washed again, and incubated an additional 30 min at

eXpreSSion of cell surface molecules resulting in the failure of Troom temperature with 100l avidin peroxidase (1:5000 in TTBS). The
cells to induce TNFx production by macrophages. plates were washed again and developed with-phenylenediamine per-
oxidase substrate (Sigma FA®Tphenylenediamine dichloride tablet set),

: according to the manufacturer’s instructions. ThNRvas measured colo-
Mate_rlals and Methods rimetrically at 450 nm and quantified by interpolation from the standard
Materials curve constructed from known concentrations of recombinant human
TNF-a (R&D Systems). The detection limit of this assay is 5 pg/ml.

g_cell-macrophage coculture

TNF-« measurement

0|UMOQ

IL-15, TNF-«, and a matched pair of Abs for ELISA were purchased from
R&D Systems (Minneapolis, MN). FITC-conjugated Abs for CD69,
LFA-1, and ICAM-1 are from Ancell (Bayport, MN), and their isotype FACS analysis of T lymphocytes

controls, as well as anti-human CD3, CD14, and CD20, were obtained ) ) ) )

from Sigma (St. Louis, MO). RPMI 1640, rolipram, kemptide, and PMA T cells, after stimulation with various agents for 72 h, were washed two
were also from S|gma H-89 and 8_(4_Ch|0ropheny|thio)_cAMP (CPT_ tlmes with PBS containing 2% FCS and 0.01% SOd_Ium azide. Incubation
cAMP) were obtained from Calbiochem (San Diego, CA) and RpCPT-With the FITC-labeled Ab was done on ice for 30 min, and the cells were
CAMPS from BIOLOG LifeSciences Institute (Hayward, CA). 7-amino again washed with PBS containing 2% FCS and 0.01% azide and sus-
actinomycin D (7-AAD) is a product of Molecular Probes (Eugene, OR). Pended in PBS containing 3@y/ml of 7-AAD to stain for dead cells. The
The 96-well plates are Falcon (Lincoln Park, NJ) products, and high-bind-stained cells were analyzed on a Becton Dickinson (Mountain View, CA)
ing ELISA plates are from Costar (Cambridge, MAJH][thymidine and FACScan analyzer. Results obtained with various Abs were always com-
[32P]ATP were procured from NEN Life Sciences Products (Boston, MA). pared with their respective isotype control Abs.
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Preparation of cells PKA assay

Mononuclear cells were isolated from heparinized venous blood of health)ﬁ,KA activity was measured by quantitating the transferS&® from

donors by Ficoll-pague density gradient centrifugation. Cell cultures were ", . ! h .
maintained in RPMI 1640 medium supplemented with 10% FCS, 100 U/mel[y' PIATP to the synthenc peptide substrate, kemptide. I_3r|efly, an ‘equal
number of human peripheral blood T cells was treated with the indicated

penicillin, 100g/ml streptomycin, and 1 mM sodium pyruvate (complete ; ; 0
medium). Monocyte depletion was performed by a 1-h incubation of cells'agents for 10 min. At the end of the incubation timex A cells were
(2 X 10° cells/ml) on plastic petri dishes at 37°C. The resultant nonadherpelleted at 1000< gand the supernatants decanted. The cells were washed

- p : P ojwice in cold PBS. The cells were lysed by the addition of 8®f cold
ent cells were subjected to another 16-h incubation on petri dishes at 37°C _. .
for further depletion of adherent cells. The “T cell-enriched population” Rfle'S buffer (5 mM Tris-HCI (pH 6.8), 5 mM EGTA (pH 8.0), 250 mM

thus obtained was analyzed for purity by flow cytometry, and was observedUcrose: O'l% ‘Trlton X-lQO, 0.1 mM DTT .1. mM PMSF, and Ag/ml )
fo contain>90% CD3-positive cells<3% CD19-positive cells, and 1% each of aprotinin, leupeptin, and trypsin inhibitor), followed by vortexing.

CD14-positive cells. Throughout this report, the T cell-enriched populationThe PKA assay was performed at 30°C in a 96-well plate. Each treatment

will be referred to as “T cells.” To determine whether any of the agentswas performed in duplicate and then assayed plus and minusIAMP

being added to the T cells were toxic, the viability of cells following var- in duplicate, yielding eight wells per treatment. The assay was initiated by

ious treatments was monitored by both visual inspection of trypan bluethe addition of 1Qul reaction mixture to 1! sample extract, for a total

uptake and flow cytometry analysis of 7-AAD uptake. No adverse effect Ofreactlon volume of 2%l. The reaction mixture contained 50 mM MOPS

; : : ) : : H 7.0), 10 mM MgC} 0.25 mg/ml BSA, 20 mM Ng/O,, 0.25 mM
any agent (including 10QM rolipram) was observed during the incubation (P ) . : A
period (data not shown). kemptide, and 10@M ATP supplemented with 0.02 mCi/my>?P]ATP,

(3000 Ci/mmol; DuPont NEN, Boston, MA). Blanks were made by adding
T lymphocyte activation and proliferation assay 1Q ’.*I of reaction mixture Without‘kemptide to 1§I of cell Iysa_te and
MilliQ water. Reactions were terminated after 2 min by quenching al10-
T cells were cultured at X 10° cells/200ul in 96-well tissue culture plates  aliquot of the ongoing reaction in 1@ of 1 M HCI. A total of 20 ul of this
with or without various modulators. IL-15 (100 ng/ml) and PMA (1 nM) quenched reaction was spotted on Whatman (Clifton, NJ) P81 phospho-
were used as T cell stimulants. CPT-cAMP and rolipram were used atellulose paper and allowed to dry completely before washing three times
100-uM final concentrations. A dose response for all the agents was donéor 15 min each in excess 75 mM phosphoric acid. Peptide-bound radio-
before fixing the final concentrations used in all the experiments (thg IC activity was subsequently measured by Cerenkov counting in a Beckman
for inhibition of TNF-« production in T cell/macrophage cocultures are 10 (Fullerton, CA) LS 3801 scintillation counter. Percent activated PKA was
uM and 60 uM for CPT-cAMP and rolipram, respectively. The dose- calculated as: [(cpm (without cCAMP)) (blank)/(cpm (with cAMP))—
response for inhibition of proliferation is shown in Fig. 4). For proliferation (blank)] X 100.
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M No Addition W No Addition
Control Ocpt-cAMP Control Ocpt-cAMP
rolipram Erolipram
P0.02 P0.02
IL-15 P 0.005 IL-15 P 0.005
P 0.04 A P 0.035
PMA PMA
B
0 50 100 150 200 250 0 50 100 150 200 250
TNF-a (pg/ml) TNF-a (pg/ml)

FIGURE 1. Rolipram and CPT-cAMP inhibit the production of TNF-  FiGURE 2. Rolipram and CPT-cAMP inhibit the production of TNE-

by T cells stimulated with IL-15 and/or PMA. T cells were stimulated with from the cocultures of U937 cells with T cells stimulated with IL-15 and/or
IL-15 (100 ng/ml) and/or PMA (1 nM) for 72 h in presence and absence ofppa. T cells were stimulated with 1L-15 (100 ng/ml) and/or PMA (1 nM)

rolipram (100uM) or CPT-cAMP (100uM), as indicated on thg-axis. At o1 72 h in presence and absence of rolipram (&80 or CPT-cAMP (100
72 h, cell supernatants were analyzed for TMFeleased using ELISA (see | v1) as indicated on thg-axis. The T cells were then fixed with parafor-
Materials and Methods). Values expressed are meaBEM of triplicate maidehyde and cocultured with U937 cells at a 7:1 ratio for 48 h. Super-

samples from four experiments. Statistical analysis was performed usingaants were then collected and assayed for ENWalues expressed are
the Student's test. For this analysis, samples stimulated with IL-15, PMA, mean+ SEM of triplicate samples from five experiments. Statistical anal-
or PMA-IL-15 (filled bars) were compared with the no addition control ysis was similar to Fig. 1.

(also filled bar), and samples with CPT-cCAMP and rolipram (open or
h:?\tghed bars) were c_ompared with the stimulated controls (filled barszhan U937 cells incubated with unstimulated control T cells (Fig.
within the same grouping. Only values< 0.05 are shown. 2A, compare filled bars). Supernatants from cocultures containing
T cells treated for 72 h with IL-15 in presence of either rolipram
Statistical analysis (hatched bars) or CPT-cAMP (open bars) and then incubated with
U937 cells for 48 h showed significantly reduced amounts of
TNF-a. Two additional controls were performed. IL-15-stimulated
and paraformaldehyde-fixed T cells cultured alone for 48 h did not
release any detectable TNF-into the supernatant (data not
shown). Also, U937 cells cultured in the absence of T cells, with
or without IL-15, did not secrete any detectable TNKdata not
shown). These results indicate that activation of the cAMP/PKA
pathway in IL-15-stimulated T cells is sufficient to block TNF-
Initial experiments involved an assessment of the effect of rolipransecretion from both T cells and T cell/macrophage cocultures.
and CPT-cAMP on TNFe production by T cells alone (Fig. 1) or
T cells cocultured with U937 cells (Fig. 2). To determine the effec
of cAMP modulators on IL-15-induced production of TNE-su-
pernatants from T cells cultured for 72 h in the presence of IL-15PMA is an activator of PKC and, when used in combination with
along with CPT-cAMP or rolipram were collected and assayed foreither PHA or calcium ionophores, is a potent activator of T cells.
TNF-a by ELISA and compared with supernatants from control However, addition of PMA alone is known to produce a limited or
cultures with no IL-15 (Fig. A). Since rolipram is a phosphodi- partial activation of T lymphocytes. This partial activation of T
esterase inhibitor that increases intracellular levels of cAMP, allcells produces a phenotype with increased expression of surface
studies were also performed in the presence of exogenous CPTolecules, such as CD69, LFA-1, and ICAM-1 (21, 34), but does
CAMP, a cell-permeable analogue of cAMP. It is expected thatot induce a high rate of proliferation. PMA has also been shown
rolipram and CPT-cAMP-treated cells would behave similarly.to up-regulate the IL-15 receptor (22). Therefore, to determine the
Addition of IL-15 to T cells caused a significant increase in TWF- effect of PMA on the ability of IL-15 to stimulate TNE&-produc-
production ( < 0.05) (Fig. 1A, compare filled bars). Addition of tion, PMA was added to T cells in the presence and absence of
CPT-cAMP (open bars) or rolipram (hatched bars) caused a stdt-15, and the secretion of TNR-was assayed from supernatants
tistically significant reduction in TNFe release. These results of either T cells (Fig. 1B) or T cell/U937 cell cocultures (Fig. 2B).
demonstrate that IL-15-stimulated T lymphocytes produce BNF- Addition of PMA (1 nM) produced no significant change in TNF-
that is sensitive to the action of cAMP analogues or cAMP-ele-production either from T cells or from T cell/U937 cultures (Figs.
vating agents. 1 and 2, compare top filled bar B with top filled bar inA), as
TNF-a production by T cell/U937 cocultures was measured us-compared with unstimulated controls. However, when used in
ing supernatants collected after 48 h of incubation. To ensure thatombination with IL-15, PMA synergistically enhanced the pro-
the production of TNFx in the coculture was solely from U937 duction of TNFe from T cells by 72 h (Fig. B, bottom filled bar).
cells, T cells were fixed with paraformaldehyde before mixing with Also, T cells stimulated with IL-15 and PMA for 72 h, followed by
U937 cells at a ratio of 7:1 (33). Supernatants from U937 cellscoculture with U937 cells, increased secretion of T&dFas com-
incubated with IL-15-stimulated and paraformaldehyde-fixed Tpared with that produced in presence of IL-15 alone (Fig. 2, com-
cells contained significantly higher amounts of TNEp < 0.05) pare bottom filled bar irB with bottom filled bar inA). These

Statistical significance was calculated by Studentsst (Excel;
Microsoft, Redmond, WA).

Results

Activation of cAMP/PKA pathway in T cells is sufficient to block
IL-15 stimulation of TNFe production from both T cells and T
cell/macrophage cocultures

tPMA enhances the ability of IL-15 to induce TNHproduction
either from T cells or from T cell/U937 cocultures
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FIGURE 3. The effect of rolipram on TNFe secretion is blocked by 800°J;
inhibitors of PKA. T cells were simultaneously treated for 72 h with roli- . 7000
pram and RpCPT-cAMP (50@M) in presence or absence of PMA E ~Control
IL-15. As described irMaterials and MethodsT cells were washed and g eo0e

cocultured with U937 cells for 48 h. The cocultures do not contain either d
RpCPT-cAMP or rolipram. Open bars are control cultures with no addition s
of PMA + IL-15, while filled bars indicate cultures stimulated with PMA ®
+ IL-15. Values expressed are meanSEM of triplicate cultures from E 3000
three experiments. -

5

1000

results show that PMA enhances the ability of IL-15 to induce g - .
TNF-a production either from T cells or from T cell/lU937 cocul- 0 20 40 60 80 100 120
tures and suggests that maximal expression of TNEguires the Rolipram (jM)

combined activation of signaling pathways induced by both PMA
and IL-15. Addition of either rolipram (hatched bars) or CPT- FIGURE 4. IL-15-stimulated T cell proliferation is inhibited by roli-

cAMP (open bars) to T cells stimulated with PMA and IL-15 Pram and CPT-cAMP in a dose-dependent manner. Proliferative response

blocked the production of TNE; demonstrating that these PKA- was measured by?ifi]thymidine incorporation of Control () or IL-15
activating reagents are potent inhibitors of IL-15-induced TdNF-

production, even in the presence of PMA of either CPT-cAMP A) or rolipram B). Values expressed are mean

SEM of triplicate samples from two different experiments.

Inhibitors of PKA block the effects of rolipram

If the effect of rolipram on TNFa secretion is mediated via the cpT-cAMP can effectively suppress IL-15-induced T cell
activation of PKA, then PKA inhibitors should block the effect of pjiferation.

rolipram. To test this hypothesis, Rp-CPT-cAMP (5a®), an We next tested the additive effect of IL-15 plus PMA on T cell
analogue of cCAMP that blocks the activation of PKA, was addedpygliferation. PMA (1 nM) by itself did not enhance T cell prolif-
to T cells that were either unstimulated or stimulated with PMA gration (Fig. 5, compare stippled bar with open bar in Control
plus IL-15. These T cells were then cocultured for 72 h with U937

cells. When T cells were cultured with rolipram and RpCPT-

cAMP and then cocultured with U937 cells, the inhibition in

TNF-a secretion caused by rolipram was eliminated (Fig. 3, com-

pare bottom two open and closed bars). These data suggest thakentror
activation of PKA is required for rolipram to inhibit TNEk-

production.

IL-15 and PMA-induced T cell proliferation is inhibited by CPT-cAMP

rolipram and CPT-cAMP h TControl
BPMA

Incubation of human T cells with IL-15 activates T cells and en- NIL-15
HIL15+PMA

ables them to interact with and stimulate macrophages to produce
TNF-a. Rolipram and CPT-cAMP block this activation of T cells Relipram

(Fig. 2). To determine which parameters of IL-15 induced activa- h
tion of T cells are being blocked by rolipram and CPT-cAMP, 0 10000 20000 30000 40000
changes in proliferation (measured by thymidine incorporation) Proliferation (CPM)

and cell surface molecules (measured by flow cytometry) were ) o

monitored in the presence and absence of IL-15 (Figs. 4-6). T Cellgl_GURE 5 Rollpram ar_1d CPT-cAMP inhibit PMA and PMA/IL-lS-
cultured for 72 h with 100 ng/ml IL-15 incorporated20 fold stimulated T cell proliferation. T cell cultures were incubated with PMA (1

L h . nM), IL-15 (100 ng/ml), or PMA+ IL-15 (as indicated in legend) for 72 h
more PH]-thymidine than unstimulated control cells (Fig.Atand in the presence or absence of CPT-cAMP (108) or rolipram (100uM)

B). Addition of either CPT-cAMP or rolipram inhibited T cell (55 indicated ony-axis). PH]thymidine was added 4 h before the termina-
proliferation in a dose-dependent manner (Figh4ndB). Roli-  tjon of cultures. Radioactive incorporation was measured usifgpkate
pram was less potent than CPT-cCAMP withg}@f 10 uM and 5 reader. Values expressed are mearSEM of triplicate cultures. One of
uM, respectively. These results indicate that both rolipram andhree independent experiments is presented.

(100 ng/ml)-stimulated (O) T cells in presence of increasing concentrations
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FIGURE 6. Expression of CD69, ICAM-1, and LFA-1 on IL-15, PMA, or PMA/IL-15-stimulated T cells is sensitive to the action of rolipram and CPT-cAMP. FACS
analysis of T cells treated with vehicle, IL-15 (100 ng/ml), PMA (1 nM) (B), or PMA/IL-15 (C) plus or minus CPT-cAMP (10@M) or rolipram (100uM) (as indicated

attop of panel) was performed after 72 h of incubation. Cells were treated with FITC-conjugated Ab against CD69, ICAM-1, LFA-1, or CD3 for 30 min on ice (as described
in Materials and Methogsand were analyzed on a Becton Dickinson FACS&aBlack lines represent untreated control cultures, while blue lines represent T cells treated

with IL-15 (the blue and black lines are also repeated in all three panels to allow for easy comparison with cells treated with CPT-cAMP and rolipram). CPT-cAMP or
rolipram treatments (middle and right columns, respectively) are indicated by red lines. The isotype-matched controls (green line, left column) did not change with
treatmentsB andC, Light solid lines represent control cultures without any agent, while dark solid lines are for T cells treated with IL-15 (left column and repeated in middle
and right column). CPT-cAMP or rolipram treatments (middle and right columns, respectively) are indicated by closely spaced dotted lines. The loosely spaced dotted line
are isotype controls (left column). A representative of four experiments is shown. A summary of data from all four experiments isBhdhe lrars represent the

means+ SEM of the geometric means from all four experiments. The numbers above the bargaraltfes calculated from Student'test analysis, comparing the

samples treated with either CPT-cAMP or rolipram with the stimulated control from the same group.
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grouping), but PMA in combination with IL-15 synergistically en-
hanced fH]thymidine incorporation into T cells, as compared with

that observed in presence of IL-15 alone (Fig. 5, compare filled bar p=0.0006
to hatched bar in Control grouping). Both rolipram and CPT- Control -
cAMP inhibited the proliferation induced by IL-15 and PMA. =g B No addition
These results indicate that cAMP analogues and cAMP-elevating | p=0.02 C1CPT-cAMP
agents, such as rolipram, can suppress T cell activation induced by ERolipram

IL-15 either in presence or absence of PMA.

IL-15 |—4 .

Expression of CD69, LFA-1, and ICAM-1 on IL-15- and PMA-

stimulated T cells is sensitive to the action of rolipram and p*:O.OZ pro-oe

CPT-cAMP

Cell contact between macrophages and IL-15-treated T cells leads 0 2 40 0 80 100 130 140
A . . [y H

to TNF-a production by macrophages. Previous studies have % Activated PKA

shown that IL-15 increases expression of T cell surface moleculesIGURE 7. Rolipram and CPT-cAMP enhance PKA activity in T cells
such as CD69, LFA-1, and ICAM-1 (19), and that these moleculestimulated with IL-15. PKA activity of T cells, either control or stimulated
facilitate T cell/macrophage interaction (20). To determineWwith IL-15, were treated with no addition (filled bars), CPT-cAMP (100
whether rolipram and CPT-cAMP effect the expression of thesg*M, open bars), or rolipram (10QM, striped bars) for 10 min at 37°C.

molecules on IL-15-stimulated T cells, the surface concentration of KA activity was measured with and without CAMP, and the ratio is re-
orted as percent activated PKA (ddaterials and Methodsor details).

tk;g sel n;o(ljec.LilﬁlsLﬁzs :[gc())nltolre(lj ]P y ggvr\: cyijorr:e-try. dT Ftte1”|§I'\I{v g_re{)/alues expressed are meanSEM from two experiments. Asterisks in-
stimuiated wi ( ng/mi) for and stained wi dicate significance difference from control (no addition)te< 0.05.

conjugated Abs, as described Materials and Methods. IL-15
dramatically enhanced the expression of CD69 and ICAM-1 (com-
pare blue lines with black lines in FigAg Control column). The
IL-15-induced increase in LFA-1 was modest compared with
CD69 or ICAM-1, possibly because basal levels of LFA-1 were
already quite high (compare black line with green line in Control
column). Addition of CPT-cAMP (10Q+M) inhibited the IL-15-
induced expression of CD69, ICAM-1, and LFA-1 (compare red
line with blue line in Fig. 6, middle column). Likewise, rolipram
inhibited the expression of CD69, ICAM-1, and LFA-1 (compare
red line with blue line in Fig. B, right column), although the

sence of CAMP in the reaction mixture to determine the percent
activation level (Fig. 7). Addition of rolipram increased PKA ac-
tivity by ~50% in both control and IL-15-stimulated cells (com-
pare striped bars with filled bars). Addition of CPT-cCAMP maxi-
mally increased PKA activity (~5-fold, compare open bars with
filled bars) in both control and IL-15-stimulated cells. Addition of
RpCPT-cAMP to the cells completely blocked the activation of

S . ; . _PKA by either rolipram or CPT-cAMP (data not shown). These
inhibition caused by rolipram is less potent compared with CPT results show that, while both rolipram and CPT-CAMP signifi-

;ﬁdec;lgfa?ncg:tgg?y iii?l gﬁﬁr‘:égegq;l: csr;e%to?fkﬁopv-\l; ncﬁ)Mtl)D ecantly increase PKA a_ctivity inT ceI_Is, CPT-cAMP is a signifi-
affected by IL-15. Neither agent had any effect on CD3 expression(,:"’mtIy more potent activator than rolipram.
suggesting the these agents selectively inhibit the expression onles. .
of cell surface markers that are up-regulated during activation. IScussion

PMA also enhanced the expression CD69, ICAM-1, and LFA-1The present paper demonstrates that rolipram inhibits IL-15-me-
on T cells (compare dark solid lines with light solid lines in Figs. diated T cell activation and, consequently, the ability of T cells to
6B). In fact, PMA was more potent than IL-15 at increasing thetrigger production of TNFx by macrophages in T cell-macro-
expression of CD69 (compare blue lines in left column of Fi§y. 6 phage cocultures. TNE-has been shown to be a critical proin-
with dark lines in left column of Fig. B). Both CPT-cAMP and flammatory cytokine found in the synovium of patients with RA
rolipram inhibited the PMA stimulation of expression of these (35—-38). The principal source of TN&-n the rheumatoid syno-
molecules (compare dotted line with dark solid line in Fig, 6 vium is macrophages (7, 8). However, recent reports have sug-
middle and right columns). A combination of IL-15 and PMA gested that synovial T cells may play a critical role in the patho-
induced a further enhancement in the expression of ICAM-1, agenesis of RA by stimulating macrophages to secrete &NE9,
compared with that in presence of either agent alone (compare le89). Rolipram, a phosphodiesterase inhibitor, has been shown to
columns in Fig. 6B andC). Even under these conditions, rolipram ameliorate collagen-induced arthritis in mice (25, 26). One aim of
and CPT-cAMP effectively inhibited the expression of all three the present report was to determine whether rolipram was capable
molecules (compare dotted line with dark solid line in Fig,6 of inhibiting this T cell-mediated production of TN&-by macro-
middle and right columns). A summary of the inhibition of ex- phages. To accomplish this, we developed a model system that
pression of CD69, ICAM-1, and LFA-1 by CPT-cAMP and roli- allowed us to analyze the contribution of each partner in the T
pram from four separate experiments is shown in F. hese  cell/macrophage coculture. Normal human healthy PBL were used
results clearly show that PKA-activating agents, such as rolipranas a T cell source, and U937 cells as a macrophage source. U937
and CPT-cAMP, effectively inhibit the expression of cell surface cells are a macrophage-derived cell line that produces &Npen
molecules known to participate in T cell/macrophage interaction stimulation with PMA and LPS. U937 cells were selected for these

o ) ) studies instead of PBMC because U937 cells do not respond to

PKA activity of IL-15-stimulated T cells is enhanced by IL-15 by producing TNFe, whereas PBMC have been reported to
rolipram or CPT-cAMP show autocrine activation by IL-15, resulting in the production of
To determine the effect of CPT-cAMP and rolipram on PKA ac- TNF-« (40). Thus, the U937 cells can be cocultured with IL-15-
tivity in IL-15-stimulated T cells, T cells, either control or IL-15- stimulated T cells without the possibility that the macrophages will
stimulated, were treated with no addition, CPT-cAMP, or roliprambe affected by IL-15. Furthermore, because the T cells stimulated
for 10 min. PKA activity was then measured in presence or abwith IL-15 were fixed with paraformaldehyde before coculturing
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with U937 cells, the production of TNE-can be attributed only to
the U937 cells.

ROLIPRAM INHIBITS IL-15-STIMULATED TNF-a PRODUCTION

coculture (20). Both rolipram and CPT-cAMP inhibit the IL-15-
stimulated up-regulation of these key surface molecules. The de-

IL-15-activated T cells produced a 3-fold enhancement increased expression of these molecules on T cells treated with ro-
TNF-« secretion, as compared with T cells cultured without anylipram or CPT-cAMP likely accounts for the inability of the T cells
stimulant. The optimal concentration of IL-15 required for the pro- to interact with and stimulate the production of TN&rom U937
duction of TNF« was observed to be 100 ng/ml. IL-15-activated cells.

T cells, when cocultured with U937 cells, triggered a 4- to 5-fold

Increased expression of CD69, LFA-1, and ICAM-1 was also

enhancement in TNE-production, as compared with controls in observed when T cells were treated with either PMA alone or
which U937 cells are cocultured with unstimulated T cells. High PMA plus IL-15. CPT-cAMP, and, to a lesser extent, rolipram,

levels of both IL-15 and TNFe are characteristic of RA synovial

were capable of reducing the increased expression of these surface

fluid (2, 14). Taken together, these data suggest that T cells mamolecules (Fig. 6); however, there were clear differences in the

contribute to the production of TN&-in RA synovium in two
ways: 1) by directly secreting TNE; and 2) by activating mac-
rophages to secrete TNk-

response of each surface molecule to the activating agents and
subsequent inhibition. Interestingly, even though PMA treatment
increased expression of CD69, LFA-1, and ICAM-1 at least as

Both rolipram and CPT-cAMP are effective in blocking the pro- well as IL-15, it failed to induce TNFe production either from T
duction of TNFe« by T lymphocytes, as well as U937 that have cells or from U937 cells cocultured with PMA-stimulated T cells.
been cocultured with IL-15-stimulated T cells (Fig. 1). The obser-This observation clearly indicates that increased expression of
vation that T cells incubated with IL-15 in presence of rolipram or these three molecules on T cells is critical but not sufficient to
CPT-cAMP fail to induce the production of TN&by U937 cells  increase production of TNE-in T cell/macrophage coculture.
clearly demonstrates that the effect of rolipram is on the T cellsThese data suggest that IL-15, but not PMA, induces a surface
Further, we have shown that T cells treated with a combination omolecule or molecules in addition to CD69, LFA-1, and ICAM-1
PMA plus IL-15 produce a synergistic increase in TMfproduc-  that is critical for T cell/macrophage interaction leading to secre-
tion by both T cells alone and T cell/macrophage cocultures. Thesgon of TNF-«. This critical factor is probably not IL-15R, as PMA

results suggest that optimal secretion of ThFequires the acti-
vation of several signaling pathways. An inhibition of PMA

alone can enhance the expression of IL-15R (22). Further work is
in progress to identify this critical factor that is associated with T

IL-15-stimulated TNFe secretion by rolipram and CPT-cAMP cell/macrophage contact-mediated production of T&F-

shows that cAMP signaling can down-regulate many of the path-
ways that lead to the secretion of TNE-Rolipram is known to

function by inhibiting cAMP-specific phosphodiesterase, which
enhances the intracellular cAMP, and thus increases PKA activity.

The observation that RpCPT-cAMPS, an analogue of cAMP that 2.

inhibits PKA activation, blocked the effect of rolipram on TN-
production in cocultures, confirms that rolipram is indeed working
via the cAMP/PKA pathway. Further, PKA activity of IL-15-

treated T cells was enhanced in presence of rolipram showing &
direct evidence that the inhibition of TNé&-secretion by rolipram 5.

is due to its ability to enhance intracellular PKA activity.
The inhibitory effect of CPT-cAMP is consistently more potent ¢
than rolipram in blocking T cell activation, as measured by T&NF-
production, proliferation, or expression of cell surface markers.
The reason for this could be that CPT-cAMP is a membrane-per-

meable, stable analogue of cCAMP, while rolipram increases intra-s.

cellular cAMP by inhibiting phosphodiesterase, an enzyme that

breaks down cAMP but has no effect on adenylyl cyclase, the g

enzyme that produces cAMP. Thus, the intracellular concentration
of cAMP s likely to be higher following addition of CPT-cAMP
than rolipram. This hypothesis is supported by the observation that

addition of CPT-cAMP to T cells produces a significantly greater1.

increase in PKA activity than rolipram (Fig. 7).

To understand the mechanism of action of rolipram on T lym-12.

phocytes, we have measured the effect of rolipram on T cell pro-
liferation and expression of various cell surface molecules that argg
known to play a role in IL-15-induced production of TNE-Pre-
incubation of T cells with either rolipram or CPT-cAMP inhibited

the proliferation of T cells stimulated with IL-15. Inhibition of T 14

cell proliferation by cAMP analogues in vitro is well known (41).
The present data show IL-15-stimulated T cell proliferation is sen-
sitive to CAMP.

Previous studies have shown that IL-15 treatment of T cellsl6.

results in an increase in several surface molecules, including,
CD69, LFA-1, and ICAM-1 (19). The up-regulation of these mol-

ecules has been shown to facilitate the T cell/macrophage interaés-

tion that results in the production of TN&<20). mAbs against
these molecules are known to decrease the production ofd MF-
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