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Abstract — To investigate the immunomodulatory roles of cyclic AMP (cAMP) on macrophage- and T lymphocyte-medi-
ated immune responses, cCAMP elevating agents were employed and carefully re-examined under the activation conditions
of the cells. Various inhibitors tested dose-dependently blocked tumor necrosis factor (TNF)-« production with ICs, values
ranged from 0.04 to 300 pM. Of the inhibitors, cAMP-elevating agents showed lower cytotoxicity assessed by lactate dehy-
drogenase (LDH) release, suggesting less toxic and more selective. In particular, co-treatment of dbcAMP with a protein
kinase C inhibitor staurosporine displayed the synergistic inhibition of TNF-a production. The modulatory effect of dbcAMP
on TNF-« and nitric oxide (NO) was significantly affected by treatment time of dbcAMP. Thus, post-treatment of dbcAMP
(three hours before LPS) abrogated dbcAMP’s inhibitory activity, and rather enhanced TNF-a level up to 60%. In contrast,
additional NO production was shown at the co-treatment of dbcAMP with LPS. Unlike simultaneous treatment of phorbol
12-myristate 13-acetate (PMA) and interferon (IFN)-y co-treatment, the combination of dbcAMP with other NO-inducing
stimuli did not show drastic overproduction of NO. cAMP elevating agents also diminished splenocyte proliferation stim-
ulated by concanavalin (Con) A, phytohemaglutinin A (PHA) and lipopolysaccharide (LPS). In addition, dbcAMP but not
rolipram strongly suppressed CD8" T cells (CTLL-2). Finally, cAMP elevating agents were differentially involved in reg-
ulating CD98-mediated cell-cell adhesion. Thus, dbcAMP and rolipram significantly enhanced the cell-cell adhesion,
whereas forskolin blocked. Therefore, our results suggest that cCAMP elevating agents participate in various immune
responses mediated by macrophages and T cells with a different fashion depending on cellular environments and activation

signals.
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IL)-1 $N59] W 247 dfo] e AoE d=A Yupy
w3 B3] 99 A AHE wliske 9gAEy SFAE
oA cAMP & Wsp/} F5lo] Y] miEel] cAMP F=
7 wio] o5 Waldite] X534 T WHeR AAHI Q)
7| sith

AZY cAMP 5%+ adenylyl cyclase /32 §3 cAMP 4
43719} phosphodiesterase(PDEYE ©]-83+ cAMPS] -8liA|]
73] oJaf 4= It dAl ol &LAl A3k o
7R ARt BAEAIEC] o8 T Itk Adenylyl cyclase
o] XS {5317 913 SFEEZE prostaglandin (PGE,Hr
forskolin S°], PDE &4 #alj#|2= v]A=1AQl pentoxifylline
(PTX) ¥ theophylline 5], Z12]3. A¥ 4 PDE A3|AZA
rolipram®|t} RP73401 5o Z}Z} 98] AR5 1 Qlot. 0|5 oF
52 vkl 270lM AlE nISe)F R cAMPY FEE =
o) Aoz AR k. Ty FUS cAMP SV} BTl
ek, ol EES dAdAMRe] Ve 24 Zgo] it o
kst Ao WuH T Sty & PTXE LY Asadyt
B QAo RuHI Qe vbdel, 728 PDE IV A Al
RP73401& 935]8] A2a7}t Qe Aoz FRlEJeh oW =
3 NO X3S fr=she oEel we, olF ¢FE=(isoproterenol
2 3-isobutyl-1-methylxanthine)2] Wh$- HA] w9 tekgh Z o
2 UERL® cAMP elevating agent5-S o843+ ookl s 4
EQ)E wojoky] Ayt HAE] Q7 EH T Qich wepr] 2 AT
o oJ7] 7}A] cAMP elevating agentS-3 ©]-8-3F HIAM|E
CAAZ 2 T M)} ¥8-43(TNF-a E NO 84, #9454
AEEA, AZFREAY 5)S vl FARICH, W7H] o)
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N-Monomethyl-L-arginine@MMA), phorbol 12-myristate 13-
acetate(PMA), concanavalin(Con) A, phytohemaglutinin (PH)
A, dibutylyl cyclic AMP(dbcAMP), PGE,, forskolin, staruros-
porine, herbimycin A, genistein, PTX, TNF-o %@ LPS(E. coli
0111 ; B4Y= Sigma(St. Louis, MO. USA)YZHE] Fullslo] AM&-
319 2.0, rottlerin, rolipram 2 AG126 5 Calbiochem(La
Jolla, CA. USA)IIA T-31313At}. A77,1726(leflunomide -fX=A)
= UgAk FAATAE AT T RS o183k

t}h. CD98 FA= vlU|AEl thEhe] Skubiz YMAFERE FHo}
AR Murine thalA|E59] RAW264.7 AIE, human ©
M AL U937 AE U IL-2 dependent CD8* AL
CTLL-2 M|3= ATCC(Manassas, VA, USA)Z H-¥ Z}z} gy
3lo] AYstolet. 3t AsujedA] ARS-E RPMI 1640 E fetal
bovine serum(FBS)< Life TechnologiesAHGaithersburg, MD,
USAZFE T8t 1 9} A8 BE Aok SigmarlF
£ o) galgtt. 2219 A 24 well plate= NuncAlNorth
Aurora Road, IL, USA) Al&<, interferon (IFN)-y 2 TNF-a
enzyme-linked immnunosorbent assay(ELISA) kit Amersham
Life Science Co(Arlington Heights, UK XFEHE 7310 A2k
o] o]83}53.21 ELISA readerZ:= Spectramax 250 microplate
reader(Molecular Devices, Sunnyvale, CA, US.A)E AR5}
.

In vitro TNF-o 44 3 Mg}

RAW264.7 2 PMA-¥3}8 U937 AILE 10% FAEF
[penicillin(100 TU/ml) % streptomycin(100 pg/mD]= 5%2)
FBSZ $hAaH= RPMI 1640 HiAIS o]-88i4 1x10° cellm/Z
Z43 3, 24 well platecl] E3laL, 5% CO, B 37°CollA] 18
A7b E<t Avjeraiint? o) vz S dlo|ulsla 108 F%
2 ZAE NHER 50 wot 450 Wl LPSEHEFE 1 ugml) T
F HAE FAC w9 welle]l M]ste] Muldat T el
A wjeksldnh, 6413 3 wix|E gholalste] A4EE](12,000
rpm, 3¥7Hta, iR A A¥= FFH7EA -20°C olst
o &} B &}t TNF-a2 %2 mouse 2 human TNF-o
ELISA kitE ©]gste] FZsIsitt. TNF-a8] H@F3l= 5pg/
m/ ©]8}3.91 standard TNF-oo]l thst EF549] ¢ gk &
HhHo] .99 o]ito]3it).

Nitric Oxide2| H&t

ok mR| o)A 2] nitric oxide B Cho 59 #H(2000)°.
2 AASIITEY 242078 B9t vjokE RAW264.7 A E@X 10°
cell/well) Bl wellZH-E] Qoizl =] 100 wet Griessr9H5%
(v/v) phoshophoric acid €9 W 1%(w/v) sulfanilamide 2!
0.1%(w/v) naphthylethylenediamide] 100 WS 233t - Aol
A 108 E¢ WA F, e Y TE 540 nmolA microplate
readerZ o)-&3lo] SA3ISIth BFE FHHAL sodium nitrite
2 A% T2 3X5l] 5 o FHEE A
dstsict.

Lymphocyte £ assay
T 4 B Al 2QZ2] assay= T A3 mitogen! Con A 2

PHAS}, B 4|3 mitogend] LPSE olgslo] the] whioz 4
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A5k Balb/e BFZ HE] Fa2o g s AEsl
Za17]8 o] R3l0] 271 RPMI 1640 WiX|Z HIZAEE £
it 2R uAALE JHNEEE EE ¥ 083%
ammonium chloride-20 mM Tris buffer(pH 7.4)E o]&3}o] &
32 23| ATh Al Hanks' balanced salts solution %
RPMI 1640 HHA2 33] A3 3 10% FBS ¥+ RPMI 1640 Hi
)& o] g3te] MEZ 5%10° cellm! FEZ 96 well platesel]
AEsIAeh. 223 LPS(10 pg/ml), Con A(l pg/m)) <> PHA
(10 pg/mhZ 22Jaka 4877F B2k wieksilck. TE B AIE &
QZA A= MTT assayz 215151

CTLL-2 cell £Y assay

RPMI 1640 8iA2 jord CTLL-2 AI%E 5% 10° celVm! &
T2 233 3 96 well platesell 100 ¥ AEFIACEY oy
Erg ZAE oFES L2560 UmhE 37181 1AI3E el A
glalich. AZEEA =i IL-2 A 484%F Foll MTT assay
Moz ZAsisint.

MTT assay

TNF-a @ NO #8273 A4 Ae 7 =59 AESA
o] o2} 933k 2 splenocyte?} CTLL-2 MIZES] FEAEE
H7}517) 218 MTT assay WS ARG THY ZF 271004 <)
ek A|7to) E89 & thA] 8ok wellell MTTI3-(4,5-dimethyl-
thiazol-2,5-diphenyl-tetrazolium bromide] & (5 mg/ml) 20
2 Hrkskn NS FU1E 08 FY Z7olA] wiekesich 2
AL 30% SDSENS Hrtsle] FEslinh F45E 540 nm
oJA] microplate readerg ©]&3}o] Z3ITh

LDH H&t

vjokgl wix] 150 WE FHskey B8 vialel ¥ Dimension
(Du Pont, Wilmington, DE, USA)S o] &-3to] A 2katgich®
Dimension®]l &3+ LDH2] A&k lactate”} pyruvate= AF3}E]
= ZoF AA E] = nicotinamide adenine dinucleotideNAD) 2]
A AEE HFs 548 Yo R FFAls 0~
6000 U/dio]t},

MZ-MIZ2F B3 S

U937 AIEE 5X10° cell/m! FE2 22 3 U-bottome] 96
well platec] 20 W= 9a1, 10 uld} oFE, 10 We #2Pks A=
| [CDY8 34 (ANH-18, HZE 1 pgm)}E JE A7k 6
AR wiorg v MEE F-A1R §, 20 W F3 hemocyto-
meterdl] A4 Wi, Au)H S clustered cell¥} non-clustered
free cell®] 5 AT & o] 2= AERFAILL 2

A A= oFES ux] oko F7Y AEFAAEES 100%2
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% of aggregation=[(total-unaggregated cells)/total]x 100
% of control=(2F&E/NZ3T)X 100

EAIXz]

7} 2Rk PR EFaE ysich aHte A
Ho]4dS SAS packageS o)83l0 P<0.05 $l4] Duncan®]
Bl 28 24kt
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cAMP elevating agentE2] TNF-o 440l 0[x|= =3}

0o A ATNES AFEY cAMP 5%/} 45E 7% LPS
o o8 fE5i= TNFa 444°] dAlartn Rastgich!o o
A, B AFolE 4 £F2] cAMP elevating agentE
[dbcAMP(cell permeable cAMP), PGE,(adenylyl cyclase 4
3}Al), PTX(pentoxifylline, H]5©]2] PDE inhibitor), rolipram
(A ¥AQ PDE type IV AdAe] LPSel 2&] =52
RAW264.7 A Z 12 TNF-o 4ol of® 9A] ZFE el
L] A o)A BAsRg). Table I 3, cAMP elevating
agent5-S- 40 nMelA 300 uMe) IC,, FXIE Bol= 5 vt
okt &S el widel] tiekEE AME protein kinase
C A3 A staurosporine 23nM 12|31 protein tyrosine
kinase inhibitorQ! genistein 49 uM&] ICyy X5 27} K.
Sk

3hH qhdstn A9zl TNF-a A &f|# /g $isix ARl
TNF-o A3 A2E xpdshe vekst AEA k59 7ol
AER T ek B AT 94 7 AP AEE JAlsk
Q) FEES o] 4319 o] FEEe] v W s
H)a J7ks) Bkt ol $18od, 2+ TNF-a AsiAl7F 2H 50%
o1e] TNF-a At AAIEEE S0 RAW264.7 A AE
goll plAlE A 9L BRIl 53], AE 54 W7k 7t
A Wzhs 54 A E 549 i) LDHY RFelds AdTe

Table I - Inhibitory effects of signaling enzyme inhibitors on LPS-
induced TNF-a production in RAW264.7 cells

IC;, values
Compound Target enzyme (M)
dbcAMP Cell-permeable cAMP 36.4+2.2
PGE, Adenylyl cyclase (activator) 0.0464+2.2
Pentoxifylline Non-selective PDE (inhibitor) 278.4+13.7
Rolipram PDE IV (inhibitor) 0.049+0.0051
RP73401 PDE IV (inhibitor) 0.0064=0.0013
Genistein Protein tyrosine kinase (inhibitor)  48.8+3.6
Staurosporin ~ Protein kinase C (inhibitor) 0.02310.004




38 ol - ZAY

A = 500 1 —@— Staurosporin B 100 1
bl c
b= v— dbcAMP X=] dbcAMP Rolipram
Q 4 —m— PCE, o
o 400 . *x S = 80 *k
— —— Rolipram T 5 I
°° —A— Genistein gE
& 300{ -0~ PTX == 60 '
3 Lz
$ 2004 ES 4]
— 2 1 |
e 5§ *
E s E N [_LI ﬂ
-
0-+— ; 0 ALl ﬁ AL
%0 € n 8 % 100 25 50 100 10 25 &0
TNF-a modulation (% of inhibition) Concentration (uM)
C
100
100 - I
* %k
. e 80 i
=1 80 1 8=
s v 5 N
s C Ss]
O 0 IS 60
J = 60 4 * % jogre]
O =
=L ac
tls N LII. o]
L oo B ] Z §
0 T v 0 T
dbcAMP (15 uM) + - - + + dbcAMP (25 uM) - - - + o+ 4+
Staurosporin (25 nM) - + - + - PGE, (25 nM) -+ - - + - -
Herbimycin A (500 nM) — - + - + PTX (200 uM) - - o+ - -+ -
Rolipram (56 nM) - - - + - - 4+
D 6h 24 h
125
100
S 75
Post-treatment £ 5
a
(-3h) £ ﬂ ﬂ ﬂ
= M
u— 0 -
: 4
2 -25
= 50
2
T 80
3
Same time S ¢
treatment Q. " *¥
0h) 3 w0
( L
P4
= 20 ﬁ ﬂ
0 uls
Herbimycin A (500 nM)  + - - - + - - -
AG126 (50 uM) -t - - -+ = -
Staurosporin (25 nM) - -+ - - - 4 -
dbcAMP (25 puM) - - -+ - - - %

Fig. 1 - Effects of cAMP elevating agents on LDH release and TNF-a production in LPS-activated macrophages. (A) LDH release effect :
RAW?264.7 cells (1x10° cell/mf) were simultaneously treated with LPS (1 pg/ml) and various inhibitors at concentrations, displaying
more than 50% inhibition of TNF-a. production. LDH level in culture supernatants was determined by Dimension. (B) Effect on human
TNF-o production: PMA-differentiated U937 cells (1% 10° cell/mi) were stimulated with LPS (1 pg/ml) in the presence of dbcAMP and
rolipram. (C) Synergistic signal : RAW264.7 cells (1x10° cell/m/) were simultaneously stimulated with LPS (1 ug/ml) in the presence
or absence of staurosporine or herbimycin A (left panel), or cAMP elevating drugs (right panel). (D) Treatment time effect : RAW264.7
cells (1x10° cel/m/) were stimulated with LPS (1 ug/ml) in the presence or absence of various inhibitors. Supernatants were then
collected after 6 or 24 h and TNF-a levels were determined by murine (C, D) or human (B) ELISA kits as described in Materials
and methods. Data represent mean+SEM of 3 independent observations performed in triplicates. *: p<0.05 and **: p<0.01 compared
to control (A and B), single treatment (C) or post-treatment (D).
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dbcAMP ¥ rolipram®] A1%5-S AT Fig. 1BolA A4
rolipram[Z2] 3t cAMP 21&4] PDE(type IV) A4 50 uM
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murine MEF(RAW264.7)°14 AR Aol fALSHAl A2
3 et

Murine?} humanoll A At TNF-a 94 &% el
dbcAMPS}, 71&¢] 42X TNF-o AdASTe) HEAE &
& AlUR] 92 UehlE TNFa A8 225 @43150t Fg.
1CoI A A ¥, dbcAMP2} protein tyrosine kinase inhibitorQl
herbimycin A & cAMP elevating agent531 PGE,, PTX ¥
rolipram 2] WEFAE Wesh A5 ad vhs fEsigich vt
Hol|, Tu)FAE, protein kinase C Q! staurosporineTH=
TNF-o 2JAlA] F31% AUA &3t vepd 2102 ERIFrh
Eoz, dbcAMPS] A 7te] T2 TNF-a A A G-
ZAEE7] 18, dbcAMPS] XARES 2elste] TNF-a 374l
u)x)= 28NS BETE dbcAMPSE LPSS] A1 M4l
ole AFEoE TNF-a #H1E 9A(40% F=)eIirkFig. 1D).
a8y, FuBAIE dbcAMPE LPSET} 3717 Ao A2 E 7
S0, dbcAMP]| 23t TNF-a A&7 3] A=,
232} TNF-o #H]5 30~50% F= ] frejr)7le 2e= 1}
ERgitt meba 2 ARz B o cAMP o]t TNFod] #8|=%
AL U A yld A= v ol dezo]dA kst
Al TNF-o /38 AlH: 202 fagn). Tt ojd HE 9
ofel Zzlel &% cAMP ¥ & “d5olubel we} thekst TNF-a
ZAENE 7= Zez Az

cAMP elevating agentS2] NO 440f| njxl= &2

cAMP elevating agent5-2 tHJ5t TNFo ZE2E-& YeR)
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B3 24 5HE F7HH o7 AL Fig. 24004 29
dbcAMP2] FA] 2 4A|7F WA 2o whE NO A4 852
TNF-a 4] Zaoh= the Aoz Yepidth & FAAE Al
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Fig. 2 - Effect of dbcAMP on NO production and cytoprotection in
LPS-activated macrophages. (A) Treatment time effect :
RAW264.7 cells (1x10° cell/ml) were stimulated with LPS
(1 pg/ml) in the presence or absence of dbcAMP (B)
Cytoprotective effect : RAW264.7 cells (1x10° cely/m))
were stimulated with LPS (1 pg/mf) in the presence or
absence of dbcAMP. MTT solution was then added after 24
h incubation. (C) Combination treatment ;: RAW264.7 cells
(1x10° celVml) were stimulated with LPS (1 pg/mi) in the
presence or absence of various stimuli as well as dbcAMP.
Supernatants were then collected after 24 h and NO levels
were determined by Griess assay (A, B) as described in
Materials and methods. Data represent mean+SEM of 3
independent observations performed in triplicates. *: p<
0.05 and **: p<0.01 compared to control.
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Fig. 3 — Effect of cAMP elevating agents on mitogenic responses of
murine splenocytes and IL-2 dependent CTLL-2 cells. (A)
Con A-induced splenocyte proliferation : Splenocytes (5%
10° cell/ml) were stimulated with Con A (1 pg/ml) in the
presence or absence of various inhibitors. (B) Mitogenic
responses : Splenocytes (5x10° cell/ml) were stimulated
with Con A (1 pg/m/), PHA (10 pg/ml) or LPS (10 pg/ml) in
the presence or absence of dbcAMP or rolipram. (C)
CTLL-2 cell proliferation : CTLL-2 cells (5x10° cell/ml)
were treated with IL-2 (50 U/m)) in the presence or
absence of dbcAMP or rolipram. Cell proliferation was
determined by MTT assay as described in Materials and
methods. Data represent mean+SEM of 3 independent
observations performed in triplicates. *: p<0.05 and **:
p<0.01 compared to control.
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Fig. 4 - Effect of cCAMP elevating agents on CD98-induced cell-cell
adhesion. U937 cells (1x10° cell/ml) were stimulated with
anti-CD98 antibody (ANH-18, 1 pg/m/) in the presence or
absence of various compounds [dbcAMP (100 uM),
forskolin (50 uM), rolipram (10 pM), pentoxifylline (PTX,
500 uM) and rottlerin (20 pM)] for 6 h. The extent of cell-
cell adhesion was determined by quantitative homotypic
aggregation assay as described in Materials and methods.
Data represent mean=SEM of 3 independent observations
performed in triplicates. *: p<0.05 and **: p<0.01
compared to control.
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