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Vasoactive intestinal peptide (VIP) is a neuropeptide synthesized by immune cells that can modulate several immune aspects,
including the function of cells involved in the inflammatory response, such as macrophages and monocytes. The production and
release of cytokines by activated phagocytes are important events in the pathogenesis of ischemia-reperfusion injury. There is
abundant evidence that the proinflammatory cytokine TNF« is an important mediator of shock and organ failure complicating
Gram-negative sepsis. VIP has been shown to attenuate the deleterious consequences of this pathologic phenomenon. In this study
we have investigated the effects of VIP and the structurally related neuropeptide pituitary adenylate cyclase-activating polypeptide
(PACAP38) on the production of TNF-« by endotoxin-activated murine peritoneal macrophages. Both neuropeptides rapidly and
specifically inhibit the LPS-stimulated production of TNF-e, exerting their action through the binding to VPAC1 receptor and the
subsequent activation of the adenylate cyclase system. VIP and PACAP regulate the production of TNFat a transcriptional
level. In vitro results were correlated with an inhibition of both TNF- a expression and release in endotoxemic mice in vivo. The
immunomodulatory role of VIP in vivo is supported by the up-regulation of VIP release in serum and peritoneal fluid by LPS and
proinflammatory cytokines such as TNFe, IL-18, and IL-6. These findings support the idea that under toxicity conditions
associated with high LPS doses, VIP and PACAP could act as protective mediators that regulate the excessive release of GNF-
to reduce inflammation or shock. The Journal of Immunology,1999, 162: 2358-2367.

portant role in the pathogenesis of the inflammatory re-spectrum of biological functions, including actions on natural and

sponses by their ability to produce cytokines such B,-1  acquired immunity (2). Both VIP and PACAP interact with a fam-
IL-6, and TNF«. TNF-« is @ monocyte-macrophage-derived cy- ily of three VIP/PACAP receptors: VIifFreceptor (VPACL), which
tokine that acts as an important mediator in the defense mechanisi® the classical receptor, shows similar affinities for VIP and
of the host in response to bacterial colonization or invasion andPACAP and stimulates almost exclusively the adenylate cyclase
causes immunopathologic disorders when secreted in excess (Bystem. VPAC2 has similar affinities for both peptides, activates
The toxicity caused by Gram-negative bacteria has been ascribetie adenylate cyclase system, and seems to be coupled to a calcium
to LPS, an outer membrane component of bacteria. LPS representbloride channel in transfected cells. The third type of receptor is
one of the most potent inducers of TNFFand in high concentra- the PACAP-preferring receptor (PAC1) that recognizes PACAP
tions causes tissue injury, fever, disseminated vascular coagulaauch more potently than VIP and activates both adenylate cyclase
tion, and septic shock, often resulting in death (1). and phospholipase C. Macrophages have been described to possess

Vasoactive intestinal peptide (VIPand pituitary adenylate cy- VPAC1 (3, 4), and we have recently reported PAC1 receptor gene
clase-activating polypeptide (PACAP) are, respectively, 28- andexpression in rat peritoneal macrophages (5).

Actions on natural and acquired immunity of VIP and PACAP
seem to be mediated through effects on the production and release
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o sevle Scheal of Medcine and Vigen Nacarena Hospa, Seule, P 3°9ang secretion of IL-2, IL-4, and IL-L0 in stimulated peripheral T

cell and thymocytes cultures (6). Moreover, we have recently stud-
- - : ied the effects of VIP and PACAP on the production of the in-
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2,2 -azino-bis-3-ethylbenzthiazoline-6-sulfonic acid. cific receptor as well as the intracellular signal pathways involved,

C urrent evidence indicates that macrophages play an im38-amino acid peptides that have 65% homology and elicit a broad
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and 3) to elucidate the possible existence of a negative feedbaciddition of avidin-peroxidase for 30 min followed by addition of the ABTS
mechanism in the regulation of proinflammatory cytokine produc-S?lt)ﬁtfatebS?lUttionAA?SO(;baélces at 405 nm w:ere :aléen 30 min after (?f](:'mon
; of the substrate. A standard curve was constructed using various dilutions
tion by endogenous VIP/PACAP. of murine rTNF« in PBS containing 10% FCS. The amount of TRA

. the culture supernatants was determined by extrapolation of absorbances to
Materials and Methods the standard curve. The ELISA was specific for murine TaNEdid not
Animals cross-react with human or rat TNror with other murine cytokines, such

. L as IL-10, IL-6, IL-2, IL-3, IL-4, IL-5, IL-1«, IL-1B, and IFN+). The sen-

Female BALB/c mice, 6-10 wk of age (welghlng 19-20 g), Were pur- sjtivity of the assay was 10 pg of TN&ml.
chased from Iffa Credo (France). Mice were kept in the animal house for
atleast 1 wk before use in a temperature-controlled room with a 12-h lightRNA isolation and Northern blot analysis
12-h dark cycle and were allowed free access to standard laboratory cho

and water. Worthern blot analysis was performed according to standard methods. Peri-

toneal macrophage monolayers X2 10° cells/ml) were stimulated with

Abs and reagents LPS (10 ng/ml) in the absence or the presence of VIP or PACAP38

] (1078 M) for 3 h at37°C, and total RNA was isolated using the Ultraspec
Synthetic VIP, PACAP38, PACAP27, VIP,, and VIR, ,gWere pur-  RNA Isolation System (Biotecx, Houston, TX) according to the manufac-
chased from Novabiochem (Laufelfingen, Switzerland). The VPACL an-urer's instructions. Briefly, macrophage monolayerX210” cells) was
tagonist [Ac-His,D-Phé,K**R™L?"|VIP; GRF,;_,; and the VPACL  |ysed in Ultraspec RNA reagent, followed by chloroform extraction and
agonist [K%R*L*VIP, ~GRF,_,, were donated by Dr. Robberecht isopropanol precipitation. The RNA was resuspended in diethylpyrocar-
(Universite Libre de Bruxelles, Brussels, Belgium). The VIP antagonist honate-treated water and quantitated spectrophotometrically at 260/280
[N-Ac-Tyr",D-Phé]-GRF,_,, amide was obtained from Cambridge Re- nm. Twenty micrograms of total RNA from each sample was electropho-
search BioChemicals (Wilmington, DE), and PACAR; secretin, gluca-  resed on 1.2% agarose-formaldehyde gels, transferred to Nytran mem-
gon, and biotinylated VIP were obtained from Peninsula Laboratories (Belpranes (Schleicher & Schuell, Keene, NJ), and cross-linked to the nylon
mont, CA). Oligonucleotides were synthesized by Pharmacia Biotechmembrane using UV light (Linus, Cultek SL, Spain).
(Uppsala, Sweden). The blocking reagent, digoxigenin oligonucleotide The probe for TNFe was an oligonucleotide (STTGACCT
tailing kit, anti-digoxigenin-AP (Fab), and the chemiluminescent substrateCAGCGCTGAGTTGGTCCCCCTTCTCAGCTGGAAGACTB designed
for alkaline phosphatase (CSPD) were obtained from Boehringer Mannfrom the murine TNFe mRNA (10). The probe for the murine 18S ribosomal
heim (Mannheim, Germany). Murine recombinant (mr) IB-InrTNF, RNA, as a quantity control for RNA, was an oligonucleotide GCAATTA
mrlL-6, and capture and biotinylated monoclonal anti-murine T&FKbs CAGGGCCTCGAAAGAGTCCTGTA-3) derived from the published se-
were purchased from PharMingen (San Diego, CA). LPS (figsshe-  quence. Oligonucleotides weré labeled with digoxigenin-dUTP/dATP mix
richia coli 0111:B4,E. coli 0127:B8, andS. enteridi}, FITC-0111:B4  ysing terminal transferase according to manufacturer's instructions. After UV
LPS, calphostin C, 2;2azino-bis-3-ethylbenzthiazoline-6-sulfonic acid cross-linking the blots were washed twice for 5 min each time in diethylpy-
(ABTS substrate) N-laurylsarcosyl, malic acid, forskolin, PMA, SDS, rocarbonate-water and prehybridized at 68°C3f in prehybridization buffer
EDTA, EGTA, and avidin-peroxidase were purchased from Sigma (St.containing 5< SSC, 1% blocking reagent (w/v), 0.186laurylsarcosyl (w/v),
Louis, MO), and N-[2-(p-bromocinnamyl-amino)ethyl]-5-iso-quinoline-  and 0.02% SDS (w/v). Hybridization was performed at 60°C for 16 h in the
sulfonam_lde (H-89) was obtained from _ICN Pharmaceuticals (_Cost_a Mesasame prehybridization buffer plus 25 ng/ml of TNF3'-labeled oligonucle-
CA). Anti-VIP mAb was a generous gift from Dr. Wong (University of ofide. Thereafter, the blots were washed twice for 5 min each timexin 2
California School of Medicine, Los Angeles, CA). SSC/0.1% SDS (wiv) at room temperature, followed by washing twice for 5
min each time to a final stringency of &1SSC/0.1% SDS (w/v) at 60°C. To
detect the hybridization signal, the blots were blocked for 30—45 min in 0.1
Thioglycolate-elicited macrophages were prepared as reported previousfpalic acid (pH 7.5), 0.15 M NaCl, and 1% blocking reagent; further incubated
(8). Briefly, 2 ml of 4% Brewer’s thioglycolate medium (Difco, Detroit, With 1/5000 anti-digoxigenin Ab conjugated with alkaline phosphatase for 30
MI) was injected i.p. into mice, and peritoneal exudate cells were collectedMin in the same buffer; and developed by chemiluminescence in 0.1 M Tris-
on day 4 by flushing peritoneal cavity with ice-cold RPMI 1640 medium HCl (pH 9.5), 0.1 M NaCl, and 0.25 mM CSPD. The chemiluminescent sig-
(Life Technologies, Grand Island, NY). Peritoneal exudate cells containing?als were obtained using Kodak X-OMAT AR film (Sigma) at room temper-
lymphocytes and macrophages were washed twice and resuspended in icdUre. The membranes were stripped twice for 30 min each time in 50 mM
cold RPMI 1640 medium supplemented with 2% heat-inactivated FCSTis-HCI (pH 8.0) containing 5%,N-dimethyl-formamide (v/v) and 1% SDS
(Life Technologies) containing 0.01 M HEPES buffer, 1 mM pyruvate, 0.1 (W/\_/) at 68°C and were rehybridized with the 18S ribosomal RNA-labeled
M nonessential amino acids, 2 mMglutamine, 50uM 2-ME, 100 U/ml  antisense oligonucleotide at 55°C.
penicillin, and 100ug/ml streptomycin (RPMI 1640 complete medium). ; o
Cells were plated in 24-well tissue culture plates (Corning Glass, Corning,In vivo quantitation of TNFe levels
NY) at 5 X 10° cells/well in a final volume of 1 ml. The cells were incu- Female mice (6—10 wk old) were randomized to receive a single i.p. dose
bated at 37°C fo2 h sothey would adhere to plastic, and nonadherent cellsof LPS (25 wg/mouse), LPS plus VIP (5 nmol/mouse), or LPS plus
were removed by repeated washing with RPMI 1640 medium. At least 96%PACAP38 (5 nmol/mouse). After 2 h, blood was removed through cardiac
of the adherent cells were macrophages as judged by morphologic ansuncture, and peritoneal exudate was obtained as described above. The
phagocytic criteria and by flow cytometry using MAC-3 Ab (clone M3/84, blood samples were allowed to clotfb h atroom temperature, and serum
CD107b). Macrophage monolayers were incubated in RPMI 1640 comwas obtained and kept frozen until TNFELISA analysis. The peritoneal
plete medium and stimulated with different concentrations of LPS (from 10suspension was centrifuged for 5 min at 180@Q, and cell-free superna-
pg/ml to 10 ug/ml) in the presence or the absence of VIP or PACAP38 tant was harvested and assayed for TRELISA. The peritoneal cells
(from 10 **to 10" 7 M) at 37°C in a humidified incubator with 5% GO  were subjected to Northern blot analyses as described above.
In some experiments, macrophages were stimulated withgILI00 .
U/ml). Cell-free supernatants were harvested at the designated time poinf8€teérmination of VIP levels
and kept frozen{20°C) until assayed for TNk-production by ELISA.
When indicated, to determine the effect of calphostin C, H-89, forskolin
PMA, and the VIP and PACAP antagonists, cells were incubated with

Preparation of macrophages and cell cultures

VIP production was determined using a competitive ELISA. Total perito-
'neal cell suspension (8 10° cells) was incubated with various stimuli as
) o . VI 8 dicated inResults After different times, the supernatants (1 ml) were
concentration range of these agents as indicated in the text and simultgyjected and lyophilized. A capture anti-VIP mAb (clone CURE.V55) was
neously incubated with VIP/PACAP and LPS as described above. used to coat microtiter plates (Corning ELISA plates) at2gml at 4°C
Cytokine determination: ELISA assay for TNF- for 16 h. After washing and blocking with PBS containing 3% BSA, ly-
ophilized culture supernatants resuspended in 40BBS/10% FCS con-
The amount of TNFx present in supernatants was determined using ataining 0.5 ng/ml biotinylated-VIP were added to each well for 12 h at 4°C.
murine TNF« capture ELISA assay essentially as described previouslyBound biotinylated VIP was detected by addition of avidin-peroxidase for
(9). Briefly, a capture monoclonal anti-murine TNFAb (clone MP6- 30 min followed by addition of the ABTS substrate solution. Absorbances
XT22) was used to coat microtiter plates (Corning ELISA plates) at 2at 405 nm were determined 30 min after addition of the substrate. A stan-
ng/ml at 4°C for 16 h. After washing and blocking with PBS containing dard curve was constructed using various dilutions of VIP in PBS contain-
3% BSA, culture supernatants were added to each well for 12 h at 4°Cing 10% FCS. The amount of VIP in the culture supernatants was deter-
Unbound material was washed off, and a biotinylated rabbit anti-mousenined by extrapolation of absorbances to the standard curve. The ELISA
TNF-a mAb was added at 2g/ml for 2 h. Bound Ab was detected by was specific for VIP (did not cross-react with secretin, glucagon,
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PACAP27, PACAP38, VIR, or VIP,,_,9. The sensitivity of the assay
was 20 pg of VIP/ml. 2000 F A

Statistical analysis 1500 f v VP

All values are expressed as the mearsD of the number of experiments
performed in duplicate, as indicated in the corresponding tables and fig-
ures. Comparisons between groups were made using Studeessfol-
lowed by Scheffe’s F test, with < 0.05 as the minimum significant level.
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VIP and PACAP inhibit LPS-induced TN&production ot L
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To determine the effects of VIP and PACAP on Thfproduction, [LPS] (ng/ml)
macrophages were stimulated with LPS, and supernatants were

harvested at different time points and assayed for TN#roduc- 1600
tion by ELISA. Stimulation of macrophages with LPS for 6 h
resulted in a dose-dependent release of TNFg. 1A). The ad-
dition of VIP or PACAP to LPS-stimulated cultures resulted in an
inhibition of TNF-« production by macrophages (Fig.AandB).

The dose-response curves were similar for VIP and PACAP (Fig.
1B), showing maximal effects at I6-10"° M. During stimula- 400
tion with 1-10 ng/ml LPS, the inhibitory activity of VIP and

PACAP was the most pronounced, with maximum values of 57%, 0 (': 1'3 1'2 il 10 ;s '7
showing an IG, (i.e., the concentration of neuropeptide producing [Neuropeptide] (-log M)
50% of maximal inhibition) of 80 pM (Table I). The time curves
indicate that the TNFe release was significantly inhibited by VIP
and PACAP as early as 3 h, with the maximum inhibitory effect
after 6 h of culture (Fig. ). In addition, to determine whether the
effect of VIP and PACAP was sustained over a longer period of
time, macrophages were stimulated with LPS in the presence of
these neuropeptides during a 24-h incubation period. The reduction
of TNF-a release was maintained throughout the 24-h incubation
period, indicating that VIP and PACAP do not delay but, rather,
attenuate TNFe release (Fig. €). Neither VIP nor PACAP 0
merely alters the time course of TNF{production by macro-

phages stimulated with LPS.

Since the highest inhibition of TNE-production was obtained FIGURE 1. VIP and PACAP inhibit TNFe production by LPS-stimu-
with macrophages stimulated with 10 ng/ml LPS at a neuropeptidéated murine macrophage&, Peritoneal macrophages ¥ 10° cells/ml)
concentration of 10% M after 6 h of culture, we used these con- Wwere stimulated with a range of LPS concentrations (10 pg/ml tegitl)
ditions in the rest of the experiments. in the absence or the presence of 40 VIP or PACAP38. After a 6-h

The inhibitory effects were not the result of a decrease in thé'nctubat_iondpsricéjtlgz;ugematams were Co”ecfte‘jt’ha”,dgz‘feaseﬁwaf .

; : etermined by , Dose-response curve for the inhibitory effect o
number of peritoneal macrophages, as neither VIP nor PACAI{\,i/IP and PACAP on LPS-stimulated TNéproduction. Macrophages (%

affected cell num_ber_s_ Qr viability for stimulated ma(_:rophag(_es after105 cells/ml) were incubated with LPS (10 ng/ml) and a range of concen-
8 h of culture (viabilities ranged from 87-96% with or without

) trations of either VIP or PACAP for 6 h. Control cultures (C) were incu-
peptides). bated with LPS alone. The supernatants were collected, anddli¢fease

In addition, to determine whether contaminating lymphocyteswas determined by ELISAC, Time course for the inhibitory effect of
might have contributed to the observed cytokine production, PS-stimulated TNRx production by VIP and PACAP. Peritoneal mac-
freshly isolated peritoneal suspensions were stimulated with LP$ophages (5< 10° cells/ml) were stimulated with LPS (10 ng/ml) in the
in the presence or the absence of VIP or PACAP. Similar TNF- absence or the presence of M VIP or PACAP; supernatants collected
values were obtained in supernatants collectegifafrom freshly ~ at different times were assayed for TNFproduction by ELISA. Each
isolated peritoneal exudate cultures (50—60% macrophages, 3d'gsult is the meart SD of 10 separate experiments performed |n_dup||cate.
40% lymphocytes) and from monolayer cell preparations containfk'I P < 0.05;#%, p < 0.01;#+*, p < 0.001 (vs control cultures with LPS
ing about 96% macrophages, suggesting that the role of Iymphoe-l one).

cytes in this system is marginal (data not shown).
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Inhlbmor? of LPS_—stlmuIated TNie-production by VIP and and 10-28 and the PACAP fragment 6—-38 do not act as agonists
PACAP is specific in the inhibition of IL-2, IL-6, and IL-10 (7, 13, 14). We first
After having established that VIP and PACAP inhibited TNF- investigated the specificity of the inhibitory effect of VIP and
production by LPS-stimulated macrophages, we investigated®ACAP on LPS-induced TNEk-release by comparing the effects
whether these effects could be related to the occupancy of specifief PACAP27, secretin, glucagon, and the VIP and PACAP frag-
receptors. Previous reports showed that VIP and both PACAPsnents. TNFe production by macrophages was inhibited by VIP,
PACAP38 and PACAP27, bind with similar affinities to VIP/ PACAP27, and PACAP38 to similar levels at all concentrations
PACAP receptors on different immune cells, including macro-assayed (10°—10"** M; Fig. 2A), whereas secretin, glucagon,
phages (5, 11, 12). In contrast, the structurally related peptideBACAP;_55 and the two VIP fragments failed to inhibit TN&-
secretin and glucagon bind to the VIP/PACAP receptors poorly oproduction (Fig. 2). These results confirm the specificity of the
not at all. Also, it has been established that VIP fragments 1-1%/IP and PACAP inhibitory activity, and the lack of effect of the
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Table I.
peritoneal macrophages stimulated with LPS

Inhibitory effects of VIP and PACAP38 on TNFrelease by

2361

experiments using receptor antagonists were performed. We in-

vestigated the ability of PACAPR ;5 a PACAP antagonist with

Treatment Maximum Inhibition (98) ICso(pM)°©
VIP 57.0£71 79.5+ 3.28
PACAP 56.6*+ 5.2 81.1*+ 2.65

a Peritoneal macrophages ¥L10° cells/ml) were stimulated with LPS (10 ng/ml)
in the absence (control) or presence of VIP or PACAP (£10 3 M). The super-
natants were collected after an incubation period of 6 h, and &Né&vels were
determined by ELISA. Control TNle-levels were 1430 97 pg/ml. Data are exp-
resgd as meat SD of six experiments performed in duplicate.

Percentage inhibition was calculated by comparing each experimental cultur(iration was 10°

with its control.

specificity for PAC1, and VPAC2 (15), and of [Ac-Tyb-
Ph&GRF, ,,amide, a VPAC1 antagonist (16), to reverse the ef-
fects of VIP and PACAP on TN production by incubating in-
creasing concentrations of these VIP/PACAP antagonists®d.0
10 8 M) in the presence of a fixed concentration of VIP or PACAP
(108 M). The inhibitory effect of VIP and PACAP on TNE-
production was reversed by the VPAC1 antagonist in a dose-de-
pendent manner (Fig.B). The most effective antagonist concen-
M, which almost completely abolished the in-

©|Cq, Which is the concentration of neuropeptide producing 50% of maximal hibitory effect of VIP and PACAP (Fig.B). A second, recently

inhibition, was determined by extrapolation from the dose-response curves obtaineeevek)ped

in six separate experiments.

ecules are required for their inhibitory effect.

sible for the inhibition of TNFe production by VIP and PACAP,

FIGURE 2. Inhibition of TNF-« production
by VIP and PACAP is specificA, Comparative
effects of VIP, PACAP38, VIP-related peptides,
and VIP and PACAP fragments on TNEpro-
duction by LPS-stimulated macrophages. Cells
(5 X 1° cells/ml) were stimulated with LPS (10
ng/ml) in the presence or the absence of three
different concentrations of VIP, PACAP38, secre-
tin, glucagon, VIR_;, VIP,,_,5 PACAP27, and
PACAP;_35 (1077, 10°°, and 10** M). Super-
natants were collecte6 h later and were assayed
for TNF-a production by ELISA#, p < 0.05;#:,

p < 0.01; ##%, p < 0.001 (vs control cultures
with LPS alone).B and C, Effects of PAC1 and
VPAC1 antagonists on the inhibitory activity of
VIP and PACAP on LPS-induced TN&produc-
tion. Peritoneal macrophages ¥5 10° cells/ml)
were stimulated with LPS (10 ng/ml) and were
treated simultaneously with VIP or PACAP
(10" M) and different concentrations of two
VPACL1 antagonists, GRF analogusg) @nd [Ac-
His',D-Phé& KR L2"|VIP;_~GRF;_,(C), or

a PAC1l-antagonist (PACAP;9. Supernatants
were collectd 6 h later and assayed for TNE-
production. TNFe production by unstimulated
and LPS-stimulated macrophages was, respec-
tively, 69 + 4 and 1479+ 132 for 10> M GRF
analogue, 66 5 and 1468+ 98 pg/ml for 10°°

M VPAC1 antagonist, and 65 7 and 1482+
103 pg/ml for 10> M PACAP,_¢ The solid hor-
izontal line C) represents control values from
cultures incubated with LPS alone (1621122

pg TNF-w/ml). Each result is the mean SD of
four to six experiments performed in duplicate.

p < 0.001 (vs samples treated with neuropeptides
and without antagonistsp, Effect of a VPAC1
agonist on TNFe production by macrophages.
Macrophages (5% 10° cells/ml) were stimulated
with LPS (10 ng/ml) and treated with different
concentrations of a newly synthesized VPAC1
agonist, [K¥5 R L?"VIP, ~GRF;_,, Superna-
tants were collectt 6 h later and assayed for
TNF-a production. Results are the meanSD of
six experiments performed in duplicate. p <
0.001 (vs controls (LPS alone).

7),

VPAC1 antagonist

[Ac-HiB-Phé& K*S,

R'6,L?VIP, ~GRF,_,-,had a similar effect (Fig.Q). In contrast,
the PAC1 antagonist did not reverse the inhibitory effect of VIP

neuropeptide fragments suggests that intact VIP and PACAP moRnd PACAP (Fig. B). Neither the VPAC1 antagonists nor
PACAP;_gsignificantly affected cell number or viability (data not

To determine which class of VIP/PACAP receptors is respon-shown) or TNFa levels (Fig. 2). In addition, a newly described

(18) VPACL1 agonist [R>R*L?"|VIP,_~GRF,_,,inhibited in a
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FIGURE 3. Time course for the VIP and PACAP inhibitory activity on LPS-activated Td&Nproduction.A, Effects of treating macrophages with VIP

or PACAP before or after LPS stimulatidreft, Macrophages (% 10° cells/ml) were incubated with LPS (10 ng/ml) at time zero. VIP or PACAP £1a)

was added at various times relative to LPS as indicaéght VIP or PACAP (108 M) was added to macrophages X510° cells/ml) 24 h before LPS

(20 ng/ml), with LPS (time zero), or at both time points. Supernatants were call@ttéater after the initiation of the cultures (time zero) and were assayed

for TNF-« production as described Materials and MethodsB, Peritoneal macrophages 5 10° cells/ml) were stimulated with LPS (10 ng/ml) in the
presence or the absence of VIP or PACAP(B1). Both neuropeptides were removed a different times by washing (three times with serum-free medium),
and the cells were then resuspended in complete medium containing LPS (10 ng/ml; without neuropeptides) and cultured for an additional 6 h. Conti
cultures containing only LPS were washed and recultured under the same conditions. Supernatants were collected, ardchetdmivas determined

by ELISA. The percent inhibition was calculated by comparing each experimental culture with its control. Each result is theSDeafrfour experiments
performed in duplicater, p < 0.001 (vs LPS-stimulated controls without neuropeptides).

dose-dependent manner TNF production by macrophages, similar To determine the minimum time required for the inhibitory ef-

to VIP and PACAP (Fig. B). These results confirm the specificity fect of VIP and PACAP, peritoneal macrophages were cultured

of the VIP and PACAP inhibitory activity and suggest that both with LPS in the presence or the absence of &0 VIP or

neuropeptides exert their actions through binding to VPAC1.  PACAP. Neuropeptides were removed by extensive washing at
. A different times (from 5-120 min), and cells were cultured in me-

Tlme_course for the |nh|b|tqry effect of VIP and PACAP on dium containing LPS without neuropeptides. A 15-min incubation

LPS-induced TNFe production with VIP or PACAP was enough to achieve maximum inhibition,

In the experiments described above, VIP and PACAP were addegithough incubations of 5 min still resulted in significant inhibitory

to cells at the same time as LPS. We next investigated the effect afffects (Fig. &).

exposing macrophages to VIP or PACAP before and after LPS

stimulation. We stimulated peritoneal macrophages with LPS

(10 ng/ml) and added I6¢ M VIP or PACAP at different times  Effects of VIP and PACAP on ILgtinduced TNF release

before (24 and 2 h) and after (from 0—4 h) |n_|t|§_t|o_n of the cul- Next, to investigate whether the observed inhibition by VIP and
tures. Supernatants were collet® h after the initiation of cul- )\ ~\p e specific for endotoxin-induced TNF release or
gjnrgsping Av;e[]e :sls iyaef?efrorL;S St??ndulf;;grr:';23;?;205? c;lfif\i/clznt whether these neuropeptides might also act as inhibitors of &NF-

AT Up - I, g - release by cytokine-activated macrophages, the effects of VIP and
levels of inhibition (57—-60%; Fig.A). Later additions resulted in PACAP on IL-18-induced TNFe production were determined

. . G . - - & .
progressively lower degrees of inhibition (FigA)3 On the con- VIP and PACAP attenuated the reFI)ease of T:By macrophages
trary, preincubation with VIP or PACAP for 24 h did not inhibit i ) y phag

activated with 100 U/ml IL-B, but to a greater extent than LPS-

the latter LPS-stimulated TNE-production. However, addition of _ - e

VIP or PACAP to the ceéi 2 h before the addition of LPS inhibited "duced release (Fig. 4). The maximal VIP/PACAP inhibitory ef-
TNF production as effectively as simultaneous addition (Fay. 3 fect on cytokine-induced TNE-production was exerted at 12 h
Furthermore, the higher concentration {Z0M) of both neuropep- (Fig. 4).

tides prevented the suppression of TNF production by a second

dose of VIP or PACAP added 24 h later (Fid3)3 Preincubation

with 1078 M VIP or PACAP did not significantly prevent inhibi- VIP and PACAP reduce TNE-mRNA levels
tion of TNF production by a second dose added to the cells wittHaving demonstrated that VIP and PACAP had an inhibitory effect
the LPS (Fig. B). on endotoxin-induced TNI-production, we determined whether
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FIGURE 5. Inhibitory effects of VIP and PACAP on LPS-induced
TNF-a mRNA expression. Macrophages (I¢ells) were stimulated with
= LPS (10 ng/ml) and incubated without or with VIP or PACAP (£0M) for
%} 3 h. Total RNA was extracted and blotted onto nylon membranes. The
5 expression of TNFx and 18S mRNA in peritoneal macrophages was an-
% alyzed by Northern blot analysis. One representative experiment of three is
= shown.
R 11 9 7
[Neuropeptide] (-log M) was detectable in unstimulated cells (data not shown), a high level

FIGURE 4. Modulation of IL-18-induced TNFe release by VIP and of TNF-a mRNA was present in LPS-stimulated macrophages,
PACAP.A, Macrophages (X 1C° cells/ml) were incubated with mriLA and the hybridization signal was strongly reduced in the presence
(100 U/ml) in the absence or the presence of VIP or PACAP £10) for of either VIP or PACAP (Fig. 5). These results indicate that VIP
24 h. At the indicated time points, supernatants were collected, andaTNF- gnd PACAP could inhibit TNFe production at the transcriptional
release was determined by ELISB, Macrophages (< 10° cells/ml) |gy| in LPS-stimulated macrophage cultures: however, it remains
were incubated with mrIL-@ (100 U/ml) in the absence or the presence of to be established whether the diminution in steady state &NF-

different concentrations of VIP or PACAP. The supernatants were COLmRNA levels results from a decrease in either the novo transcrin-
lected 6 h later, and TNFe release was determined by ELISA. Results are . e P
tional rate or message stabilization, or both.

shown as the meanr SD of three experiments performed in duplicate.
Asterisks indicate a statistically significant difference compared with con-

trols containing IL-B in the absence of neuropeptidgs< 0.001). Intracellular signal pathways involved in the inhibition of TNF-

« production by VIP and PACAP

To study the second messengers involved in the inhibitory activity
this action occurs at a transcriptional level. We stimulated perito-of VIP and PACAP on TNFx release, we determined the effects
neal macrophages with LPS in the presence or the absence ¥f 10 of PMA (an activator of PKC), calphostin C (a specific inhibitor of
M VIP or PACAP. Total RNA was prepared from 3-h cultures and PKC) (19), forskolin (an inducer of intracellular cAMP levels)
subjected to Northern blot analysis. Although no TNFARNA (20), and H89 (a potent and specific inhibitor of PKA) (21) on

A B
3000 F ®- PVA 1600 {
—- PMA+VIP ~@- FK
2500 F  —&— PMA+PACAP —{+ FK+VIP
= = 1oor ~A— FK+PACAP
% 2000 F %
FIGURE 6. Comparative effects of PMA (PKC ac- & ;500 F S 800 |
tivator), forskolin (PKA activator), calphostin C (PKC % ‘2
inhibitor), and H89 (PKA inhibitor) on LPS-induced & 1000F = ok
TNF-a production in murine macrophages incubated 500 B
with VIP or PACAP. Peritoneal macrophages ¥ l l . . *
L L 1
10° cells/ml) were stimulated with LPS (10 ng/ml), 0 0 0.1 1 10 0 0 0.1 1 1:)
LPS plus VIP (108 M), or LPS plus PACAP (108 [PMA] (ng/ml) [FK] (uM)
M) in the absence or the presence of different concen-
trations of PMA @), forskolin (FK; B), calphostin C 1600 — C 1600 - D
(C), or H89 D). Supernatants were colledté h later
and assayed for TNE-production by ELISA. Each 1200 L 1200 [
result is the mean: SD of three to six experiments —’é‘ %
performed in duplicatet, p < 0.001 with respect to E %00 E 400
neu(jror)(:ptlde-treated samples without protein kinase E ‘%’
modulators.
3 ! = —@— H89
a00 - —@— CalphostinC 400 - T Heg+VIP
—{~ CalphostinC+VIP _A H89+PACAP
—&— CalphostinC+PACAP
0 0 ]1 1:) llIJO 0 (l) O.Il i 1I0 1I00

[Calphostin C] (nM) [H89] (nM)
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A TNF-« production by LPS-stimulates macrophages involves PKC,
[ control the inhibitory effect of VIP/PACAP is exerted at least partially
6000 - N v through increases in intracellular cAMP.

[] pacap
VIP and PACAP inhibit LPS-induced TNFproduction in vivo

An attempt was made to reproduce the in vitro observations in
vivo. To this end, mice were treated with VIP, PACAP, or vehicle
control solution, followed by the administration of LPS (frdsn
enteridis 25 ug/mouse). The three experiments depicted in Fig.
! : 7A show that both neuropeptides (a single dose of 5 nmol/mouse)
ol o decreased the concentration of ThFnduced by LPS in serum
PERITONEAL and extracellular fluid (peritoneal lavage). Next, we used the same
SUSPENSION experimental protocol to analyze TNEmRNA in freshly perito-

neal cells by Northern blot analysis. As shown in FiB, YIP and
B ;7, PACAP significantly reduced the expression of TNFFARNA af-

‘.0 ter 1.5 h of endotoxin treatment.

k4
ée&@\f’x In vitro and in vivo VIP production induced by LPS and
proinflammatory cytokines

TNF (pg/ml)

matory cytokines involved in endotoxic shock, such as B,-1
IL-6, and TNF«, on VIP production by peritoneal cells. As shown
in Fig. 8A, unstimulated peritoneal cells cultured in vitro release
VIP, with maximum release at 24—36 h. Treatment of cultures with
LPS, IL-1B, IL-6, or TNF-« resulted in a significant augmentation
of the in vitro VIP production compared with that in the unstimu-
FIGURE 7. In vivo effects of VIP and PACAP on LPS-induced TNF-  |ated controls. This stimulatory effect occurred over a period of
release and mRNA expression. Mice were i.p. injected with LPSu@ 1272 h of exposure to these endotoxemic mediators, with maxi-
mouse), LPS plus VIP (5 nmol/mouse), or LPS plus PACAP (5 nmol/ \ym |evels at 24 h (Fig.&. At all imes, LPS was the strongest
mouse).A, After 2 h, serum and peritoneal exudate were obtained as dez iy ator of VIP production. The potencies of II31IL-6, and
scribed inMaterials and Methodand were assayed for TN&production TNF-a were similar (Fig. 8). Anti-mTNF-a or anti-mIL-6 Abs

by ELISA. Each result is the mean SD of three experiments performed . - .
in duplicate.#, p < 0.001 (vs control samples without neuropeptides). partially reversed the stimulatory effect of LPS on VIP production

Expression of TNFx and 18S mRNA in the peritoneal exudate was ana- (Fig- 88), and cotreatment with both anti-mTNFand anti-miL-6
lyzed by Northern blot analysis 1.5 h post-LPS. Mice injected i.p. with Was clearly additive relative to treatment with either of these Abs,

medium alone were included (None). One representative experiment cdlthough the blockage was not total (Fig)8 Finally, the LPS-
three is shown. induced VIP production was corroborated in vivo, because LPS
(25 ng/mouse) increased in a time-dependent manner VIP levels in
the peritoneal suspension and serum, showing a maximum effect at
TNF-a production by LPS-stimulated macrophages incubated inl2 h (Fig. &). Interestingly, basal VIP levels were significantly
the absence or the presence of VIP or PACAP. higher in thioglycolate-elicited mice than in unstimulated mice
PMA induced TNFa production in a dose-dependent manner, (Fig. 8C). These results indicate that VIP production in vitro and
and VIP/PACAP inhibited the PMA-induced release of TNFE- in vivo is induced by LPS at least partially through the release of
(Fig. 6A). These results suggests that PKC plays a role in GNF- the proinflammatory cytokines TN&: IL-15, and IL-6.
production by macrophages. Indeed, calphostin C inhibited in eb .
dose-dependent manner the TNFproduction by LPS-stimulated ISCussion
macrophages (Fig.®. Although VIP affects a variety of immune functions, its primary
In terms of the secondary messenger involved in the inhibitoryimmunomodulatory function seems to be anti-inflammatory in na-
activity of VIP/PACAP, several experiments suggest the involve-ture. In this respect, VIP and PACAP have been shown to attenuate
ment of intracellular cAMP. For example, forskolin, which in- reperfusion injury following ischemia of brain (22) and lung (23).
creases CAMP, inhibited TNE- production in LPS-stimulated VIP has a protective effect on the acute lung inflammation caused
macrophages, similar to VIP/PACAP (FigBp The treatment with by several inflammatory agents (24—26). In this study we investi-
forskolin in addition to VIP/PACAP resulted in an additive effect gated the effects of VIP and PACAP on the production of T&NF-
only at the highest forskolin concentration used (2@; Fig. 6B). a proinflammatory cytokine, by endotoxin-activated macrophages.
The fact that the effect of VIP/PACAP was not additive with for- Our findings show that VIP and PACAP inhibit in a similar way
skolin suggests that both neuropeptides and forskolin mediate theand in a time- and dose-dependent manner the LPS-stimulated pro-
actions through the same intracellular pathway. The involvementluction of TNF« by murine macrophages.
of CAMP in the inhibitory effect of VIP/PACAP on TN pro- The time course indicates that, similar to IL-6 and IL-10 (7, 14),
duction is also supported by the results obtained with the two spethe effect of VIP and PACAP on TNE-production occurs rapidly,
cific inhibitors, i.e., calphostin C and H89. As reported above,as 5- to 15-min incubations with either neuropeptide are sufficient
calphostin C inhibited TNFe release by LPS-stimulated macro- to achieve a maximum effect. In addition, the inhibition has a
phages, but did not reverse the inhibitory effect of VIP/PACAP refractory period of 2-3 h, after which the inhibitory activity of
(Fig. 6C). In contrast, whereas H89 does not affect T pro- VIP or PACAP is reduced significantly, suggesting that VIP/
duction by LPS-stimulated macrophages, it reverses the inhibitorfPACAP block an early event in TNE&-generation in macrophages.
effect of VIP/PACAP (Fig. ®). These results suggest that whereasThe failure of VIP and PACAP to inhibit TN production in

i Finally, we investigated the effects of LPS and some proinflam-
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FIGURE 8. Effects of LPS, TNFe, IL-6, and IL-18 on VIP production in murine peritoneal cell, In vitro time curve for LPS-, TNFe-, IL-6-, and
IL-1B-induced VIP release in peritoneal suspension. Fresh peritoneal cell suspensiof0fscells/ml) was cultured in the absence (controls) or the
presence of LPS (pg/ml), TNF-« (20 ng/ml), IL-6 (20 ng/ml), or IL-B (10 ng/ml) for 72 h. At the indicated time points VIP production was assayed
by ELISA as described iMaterials and MethodsEach result is the mean SD of three experiments performed in duplicatep < 0.001 (vs control
samples without LPS/cytokined3, LPS-induced VIP production is partially reversed by anti-T&lBnd anti-IL-6 Abs. Peritoneal cells (8 10° cells/ml)
were incubated with LPS (rg/ml) in the presence or the absence of anti-mTd&Ab (50 ng/ml) and/or anti-mIL-6 Ab (5Qug/ml). Supernatants were
collected 24 h later and assayed for VIP production by ELISA. Each result is the m&ih of three to five experiments performed in duplicatep <
0.001 (vs control samples without LPS).pt< 0.001 (vs samples treated with LPS alone, without ABs)Effect of LPS on in vivo production of VIP.
Mice were injected i.p. with thioglycolateH{TG). After 4 days, mice were given an i.p. injection of LPS @&§mouse), and at the indicated time points
peritoneal and serum VIP levels were measured by ELISA as describdéatéerials and MethodsBasal VIP levels were determined in freshly peritoneal
suspension and serum from mice without thioglycolate treatmemty). *, p < 0.001 (vs control samples without LPS). Each result is the me&D

of three experiments performed in duplicate.

response to delayed LPS stimulation could be explained by dowrtors. In contrast, the two VPAC1 antagonists are fully active in
regulation of VIP receptors, which is known to occur in the pres-reversing the inhibitory effect of both VIP and PACAP, suggesting
ence of VIP (27). that this receptor is a viable candidate. This was confirmed by the
Similar to the effect on other cytokines, such as IL-2, IL-6, andfact that a VPAC1 agonist (18) showed a similar effect as VIP/
IL-10 (7, 13, 14), the inhibition of TNFe requires intact VIP/  pACAP by inhibiting TNFe production.
PACAP molecules. This is in agreement with previous reports  The VPACL is coupled primarily to the adenylate cyclase sys-
showing that either C- or N-terminal truncations of VIP lead 10 tem in several immune cells, including peritoneal macrophages
significant losses in biological activity (28, 29). The ne_ltur_e_qf the(30_32)_ To fully understand the mechanism of action of VIP and
macrophage VIP/PACAP receptors that mediate the inhibition ofpAcap it is important to clarify which transduction pathways are
T_NF'O‘ production is not clear. Peritoneal macrophages were P'€volved in the inhibition of TNFe production by macrophages. It
viously shown to express PAC1 and VPAC1 mRNA, and both P
high affinity and low affinity VIP/PACAP binding sites were iden- has been shown that TNi-production is inhibited by agents that
"9 ya y 9 . increase intracellular cAMP levels and is stimulated by activation
tified on peritoneal macrophages (4, 5, 30). Tgof the high f the PKC path 1 33-35) Inth t stud . lec-
affinity binding sites for VIP and PACAP38 (0.6—1.44 nM) cor- °' the PKC pathway (1, 33-35). In the present study, using selec
tive activators and inhibitors of PKA and PKC, we demonstrated

responds to the neuropeptide concentrations {200 8 M) that . .
showed the highest inhibitory effect in our study. To confirm the that VIP and PACAP inhibit TNFe production by macrophages
specificity of the observed effects and to provide additional evi-through PKA activation and elevation of cAMP levels following

dence for the receptor-mediated nature of the effects of VIP an@inding to VIRR.

PACAP, we investigated the ability of the PACAR, fragment, In a recent study we reported that in contrast to the broad in-
an antagonist with specificity for both the PAC1 and VPAC2 (15), hibitory effects of VIP and PACAP on LPS-induced IL-6 release,
and of two VPAC1 antagonists (16, 17) to reverse the inhibitoryboth neuropeptides were ineffective in reducing production of IL-6
effect of VIP and PACAP on TNk production. The lack of effect by macrophages stimulated with either 1i3-br TNF-; on the

of PACAR;_,; eliminates PAC1 and VPAC1 as possible media- contrary, we found that VIP and PACAP increased IL-6 levels (7).
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However, in the present study we have shown that both neuropeptuction and/or release of VIP and possibly PACAP within the
tides inhibited in a dose-dependent manner B-tdiduced TNFe lymphoid organs following antigenic stimulation serve to down-
production. Similar results have been previously described in huregulate the ongoing immune response, mostly through the mod-
man monocytes for another anti-inflammatory substance, the enilation of cytokine production. During septic shock, however, due
dogenous nucleoside adenosine (36). This discrepancy between tteesevere septicemia leading to an overstimulation of the immune
inhibitory effects of VIP/PACAP and adenosine on IB-induced  system, the effect of checkpoint molecules such as IL-10, IL-13,
TNF-« release on one side and the potentiating effect on the reVIP, and PACAP is overwhelmed by the proinflammatory net-
lease of IL-6 on the other side, further argues against a commowork. Based on the present study demonstrating that VIP and
inhibitory mechanism for both cytokines. PACAP inhibit TNF« production and on the protective effect of
Our previous experiments regarding VIP modulation of cyto-these anti-inflammatory neuropeptides in lethal endotoxic shock,
kine expression indicated that the inhibitory effects of VIP on IL- the exogenous administration of VIP or PACAP could offer an

2/IL-6/IL-10 and IL-4 production result from different molecular alternative to existing treatments for septic shock syndrome.

mechanisms, i.e., transcriptional vs post-transcriptional regulation,
respectively (6, 7). The present study indicates that, similar top,
IL-2, IL-6, and IL-10 and in contrast to IL-4, the inhibitory effect

of VIP and PACAP on TNFa production occurs through a tran- W
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VIP and PACAP inhibit TNFe transcriptional activation in LPS-
stimulated Raw 264.7 cells by affecting both MB-nuclear trans- R
location and the composition of the CAMP response element bind-,
ing complex (CREB/c-Jun) (37).

The in vitro inhibitory effect of VIP/PACAP on LPS-induced
TNF-a production correlates with the in vivo inhibition of both
TNF-a expression and release in endotoxemic mice. VIP and
PACAP have been described as components of the lymphoid mi-
croenvironment, including the peritoneal immune population. In-
deed, we have previously reported that VIP is produced by peri-

toneal lymphocytes (4), and Gaytan et al. found PACAP *

immunoreactivity in lymphocytes from different lymphoid organs
(38). In the present study we have demonstrated that LPS stimu-

lation induced in vivo and in vitro VIP production and release by &
peritoneal cells (possibly lymphocytes). In addition, several proin- 7.

flammatory cytokines, such as ILB1IL-6, and TNF«, stimulated
VIP synthesis in the peritoneal microenvironment. The fact that the

LPS-induced VIP production is partially reversed by the addition g,

of Abs against these proinflammatory cytokines suggests that the
stimulatory action of LPS on VIP release is mediated at least par-g
tially through the LPS-induced synthesis of I|3,1IL-6, and
TNF-a by peritoneal macrophages. In this sense, several lines of
evidence suggest that the production and expression of VIP ant!
VIP binding sites are regulated by inflammatory mediators, such as
IL-1, IL-6, TNF-«, antigenic stimulation, and glucocorticoids (39-

44). These findings suggest the existence of a negative feedback, i

which mediators produced by inflammatory cells following endo-

toxin stimulation stimulate VIP and VIP-R expression, and thel2:

subsequent VIP/VIP-R interactions negatively regulate the local
inflammatory response. Therefore, the in vivo effect of VIP and

PACAP on TNFe production, the expression and production of 13-

both neuropeptides, and their receptors in peritoneal immune cells

together with the concept of a VIP- and PACAP-mediated general4.

immunoregulatory feedback mechanism suggest that these neu-

ropeptides might be endogenous modulators of inflammatory cyqs

tokine production by activated immune cells.

There is abundant evidence that ThHKs an important mediator
of shock and organ failure complicating Gram-negative sepsis (1).
Could the administration of VIP/PACAP early in sepsis, before the
development of hypotension, be useful? In this sense, elevated VIP

levels were reported in patients with Gram-negative septic shockz.

and in some endotoxic animal models (45—-49). We have recently
demonstrated that VIP and PACAP protect mice from lethal en
dotoxemia through the inhibition of TN&-and IL-6 production
(50). In addition, an anti-shock effect of PACAP on experimental
endotoxin shock in dogs has been previously reported (51). wé®
propose that during a normal immune response, the timely pro-
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