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Pituitary Adenylate Cyclase-Activating Polypeptide 27 Is a
Functional Ligand for Formyl Peptide Receptor-Like 1'

Youndong Kim,* Byoung Dae Lee,* Oekyung Kim,* Yoe-Sik Bae,” Taehoon Lee,*
Pann-Ghill Suh,* and Sung Ho Ryu**

Although the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) has been implicated in the regulation of
several immune responses, its target receptors and signaling mechanisms have yet to be fully elucidated in immune cells. In this
study, we found that PACAP27, but not PACAP38, specifically stimulated intracellular calcium mobilization and ERK phos-
phorylation in human neutrophils. Moreover, formyl peptide receptor-like 1 (FPRL1) was identified as a PACAP27 receptor, and
PACAP27 was found to selectively stimulate intracellular calcium increase in FPRL1-transfected rat basophile leukocytes-2H3 cell
lines. In addition, PACAP27-induced calcium increase and ERK phosphorylation were specifically inhibited by an FPRL1 an-
tagonist, Trp-Arg-Trp-Trp-Trp-Trp (WRW4), thus supporting the notion that PACAP27 acts on FPRL1. In terms of the func-
tional role of PACAP27, we found that the peptide stimulated CD11b surface up-regulation and neutrophil chemotactic migration,
and that these responses were completely inhibited by WRW4. The interaction between PACAP27 and FPRL1 was analyzed
further using truncated PACAPs and chimeric PACAPs using vasoactive intestinal peptide, and the C-terminal region of
PACAP27 was found to perform a vital function in the activation of FPRL1. Taken together, our study suggests that PACAP27
activates phagocytes via FPRL1 activation, and that this results in proinflammatory behavior, involving chemotaxis and the

up-regulation of CD11b. The Journal of Immunology, 2006, 176: 2969-2975.

he two pituitary adenylate cyclase-activating polypeptides

(PACAPs),”> PACAP27 and PACAP38, are neuropeptides

that belong to the secretin/glucagon/vasoactive intestinal
peptide (VIP) family (1). PACAPs are multifunctional peptide hor-
mones that influence diverse biological functions, e.g., the cell
cycle, smooth muscle and cardiac muscle relaxation, bone metab-
olism, and endocrine/paracrine function (2). In addition, during
recent years, the effects of PACAPs on the immune system have
been partially elucidated. In this context, PACAPs both suppress
and activate inflammation by regulating the interleukins, IL-1f,
IL-6, and IL-10 (3-8).

Three distinct G protein-coupled receptors (GPCR) of PACAPs
have been identified (PAC1, VPACI, and VPAC2) (9-12). PAC1
can be activated by PACAPs, but not by VIP, whereas VPAC1 and
VPAC?2 are activated by both. Therefore, we undertook to eluci-
date PACAP-mediated immune cell functions by investigating the
receptor expression pattern. PACI has been reported to inhibit
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IL-6 production in stimulated macrophages, despite its up-regula-
tion of IL-6 secretion in unstimulated macrophages (3, 4). VPAC1
has also been reported to participate in PACAP-induced IL-6 se-
cretion in unstimulated macrophages (4). However, the specific
nature of the involvement of PACAP receptors in immune-related
functions has yet to be adequately demonstrated.

In this study, we attempted to characterize the functional roles of
PACAP in human neutrophils, a type of phagocytic leukocyte, and
to identify the cell surface receptors involved in these processes.
Interestingly, we found that PACAP27 exerts a stimulatory effect
on an important chemoattractant receptor, formyl peptide receptor
(FPR)-like 1 (FPRLI1). In addition, we conducted an analysis of the
region of PACAP27 found crucial for the binding and activation of
FPRL1, its specific receptor.

Materials and Methods

Materials

PACAP27, PACAP38, and VIP were obtained from Phoenix Pharmaceu-
ticals. Truncated PACAPs (tPACAPs) were synthesized by the Peptide
Library Support Facility (Pohang, Korea). Chimeric PACAPs (cPACAPs)
were purchased from GenScript, radioiodinated PACAP27 ('*I-labeled)
were obtained from PerkinElmer, and PBMC separation medium (His-
topaque-1077) was obtained from Sigma-Aldrich. RPMI 1640 medium and
high glucose DMEM were obtained from Invitrogen Life Technologies;
dialyzed FBS was obtained from HyClone. Fura-2 penta-acetoxymethyl
ester (fura 2-AM) was obtained from Molecular Probes; anti-phospho-ERK
Abs and anti-ERK2 Abs were obtained from Cell Signaling Technology.
PE-labeled human CD11b Abs were obtained from BD Pharmingen, Limu-
lus Amebocyte Lysates assay (QCL-1000) was obtained from Cambrex
Bioscience, and polymyxin b was obtained from Sigma-Aldrich. Chemo-
taxis multiwell chambers were obtained from Neuroprobe.

Cell culture

FPRL1-expressing rat basophile leukemia (RBL)-2H3 (FPRLI1/RBL),
FPR-expressing RBL-2H3 (FPR/RBL), and vector-transfected RBL-2H3
(vector/RBL) were donated by Dr. R. D. Ye (University of Illinois, Chi-
cago, IL). FPRLI/RBL, FPR/RBL, and vector/RBL were maintained at
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37°C in a humidified 5% CO, atmosphere in high glucose DMEM sup-
plemented with 20% (v/v) heat-inactivated FCS and G418 (500 ug/ml).
FPRL1/RBL, FPR/RBL, and vector/RBL were subcultured every 3 days.

Preparation of neutrophils and monocytes

Peripheral blood was collected from healthy donors. Human neutrophils
were isolated by dextran sedimentation followed by hypotonic erythrocyte
lysis and lymphocyte separation medium gradient, as previously described
(13). Isolated human neutrophils were used promptly. PBMCs were sepa-
rated on a Histopaque-1077 gradient. After twice washing with HBSS
without Ca®" and Mg>*, the PBMCs were then suspended in 10% FBS
containing RPMI 1640 medium and incubated for 60 min at 37°C to let the
monocytes attach to the culture dish. The cells were washed five times with
warmed RPMI 1640 medium to wash out lymphocytes and then the at-
tached monocytes were collected as described before (13).

Intracellular calcium mobilization measurements

Intracellular calcium concentrations ([Ca**];) were determined using
Grynkiewicz’s method with fura 2-AM (14). Briefly, prepared cells were
incubated with 3 uM fura 2-AM at 37°C for 50 min in fresh serum-free
RPMI 1640 medium with continuous stirring. Cells (2 X 10°) were ali-
quoted for each assay in Ca”*-free Locke’s solution (154 mM NaCl, 5.6
mM KCl, 1.2 mM MgCl,, 5 mM HEPES (pH 7.3), 10 mM glucose, and 0.2
mM EGTA). Fluorescence changes at 340 and 380 nm using a common
emission wavelength of 500 nm were measured, and fluorescence ratios
were converted to [Ca®*]; (14).

Intracellular cyclic AMP measurements

Briefly, neutrophils were isolated and resuspended at 5 X 10° cells/ml in
HBSS for 5-10 min in a shaking incubator. The HBSS was then replaced
with 100 ul of HBSS containing 500 uM isobutylmethylxanthine (a cAMP
phosphodiesterase inhibitor) for 5 min, and then cells were stimulated for
10 min, the reaction was terminated by adding 1 ml of ethanol, and cAMP
levels were determined by using cAMP measuring kit (Neuronex) accord-
ing to the manufacturer’s instructions.

Western blot analysis for ERK phosphorylation

ERK phosphorylation levels were measured by Western blotting, as de-
scribed previously (13). Cells (2 X 10%assay) were stimulated with the
indicated concentration of agonist for 5 min, then washed with serum-free
RPMI 1640 medium, and lysed in lysis buffer (20 mM HEPES (pH 7.2),
10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM PMSF, 10 ug/ml
leupeptin, 10 pwg/ml aprotinin, 50 mM NaF, and 1 mM Na,;VO,). Deter-
gent-insoluble materials were pelleted by centrifugation (12,000 X g, 15
min, 4°C), and the soluble supernatant fraction was removed and either
stored at —80°C or used immediately. Laemmli sample buffer was added
to these fractions and boiled (5 min). Proteins were separated by SDS-
PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell
Microscience; BA85). Blocking was performed using TBS buffer (10 mM
Tris-HCI (pH 7.5), 150 mM NaCl, and 0.05% Tween 20) containing 5%
nonfat dry milk. Membranes were probed with a phospho-ERK-specific
primary Ab or ERK2 Ab for 3 h at room temperature. Subsequently, im-
munoblots were washed and incubated with a HRP-linked secondary Ab
(Kirkegaard & Perry Laboratories) for 1 h at room temperature, rinsed four
times in TBS buffer, and then developed with HRP-dependent chemilumi-
nescence reagents (Amersham Biosciences).

FACS analysis

Cells (2 X 10°/assay) were washed with FACS buffer (PBS containing 1%
BSA and 0.1% sodium azide), incubated with human AB type serum for 10
min on ice, and stained with PE-labeled human CD11b Ab. They were then
analyzed using a FACSCalibur system (BD Biosciences), as described
previously (15).

Chemotaxis assays

Chemotaxis assays were performed using multiwell chambers (Neuro-
probe) (13). Prepared human neutrophils were suspended in RPMI 1640
medium at a 1 X 10° cells/ml, and 25 ul of this suspension was placed into
the upper well of a chamber separated from the lower chamber, which was
filled with testing solutions, by a 3-um filter (not coated with polyvinylpyr-
rolidone). After incubating for 2 h at 37°C, nonmigrated cells were re-
moved by scraping, and cells that had migrated across the filter were de-
hydrated, fixed, and stained with hematoxylin (Sigma-Aldrich). Stained
cells in five randomly chosen high-power fields (X400) were then counted.
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FIGURE 1. PACAP27 selectively induces intracellular signaling in hu-
man neutrophils. A and B, Fura 2-loaded human neutrophils were treated
with agonist peptides (PACAP27, PACAP38, or VIP). Changes at 340 and
380 nm were monitored and fluorescence ratios were converted to [Ca®"];.
Neutrophils were stimulated with 1 uM PACAP27, PACAP38, or VIP (A).
Dose dependency was tested at various concentrations (50 nM-5 uM) of
PACAP27, PACAP38, or VIP in human neutrophils (B). Data are pre-
sented as means = SE of four independent experiments, each of which was
performed in triplicate (B). C, ERK phosphorylation was assessed by West-
ern blotting, using a phospho-ERK-specific Ab. Neutrophils were incu-
bated with various concentrations (200 nM-20 uM) of PACAP27,
PACAP38, or VIP. The results shown are representative of four indepen-
dent experiments, each performed in duplicate.

Ligand-binding analysis

Ligand-binding analysis was performed as previously described (16).
Briefly, FPRL1/RBL cells were seeded at 1 X 10° cells/well onto a 24-well
plate and cultured overnight. After blocking them with blocking buffer (33
mM HEPES (pH 7.5), 0.1% BSA in RPMI 1640 medium) for 2 h, 50 pM
of '*I-labeled PACAP27 (PerkinElmer) was added to the cells in binding
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FIGURE 2. PACAP27 activates human neutrophils
via FPRL1. A—F and H, Fura 2-loaded human neutro-
phils or RBL-2H3 cells were treated with agonist pep-
tides. Changes at 340 and 380 nm were monitored and
fluorescence ratios were converted to [Ca®"];. Neutro-
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phils were treated with 2 pg/ml PTX (A) or 2 uM
U73122 (B) before being stimulated with PACAP27, for
3 h or 30 min, respectively. C, Neutrophils were stim-
ulated with 1 uM PACAP27 and this was followed by
adding 10 ;M WKYMVm (i), or 10 nM WKYMVm and
then 1 uM of PACAP27 (ii). D, FPRL1/RBL, FPR/
RBL, and vector/RBL cells were stimulated with 1 uM
PACAP27, PACAP38, or VIP. E, Neutrophils were
stimulated with vehicle or with various WRW4 concen-
trations for 30 s before the addition of 1 uM PACAP27.
The results shown are representative of four indepen-
dent experiments performed in duplicate. F, ERK phos-
phorylation was assessed by Western blotting using
phospho-ERK-specific Ab. Neutrophils were incubated
with either vehicle or I uM WRW4 for 30 s and then
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buffer (PBS containing 0.1% BSA), in the presence of the test peptides
(cold PACAP27, tPACAPs, and cPACAPs), and then incubated for 3 h at
4°C with continuous shaking. The cells were then washed five times with
ice-cold binding buffer, and 200 ul of lysis buffer (20 mM Tris (pH 7.5),
1% Triton X-100) was added to each well for 20 min at room temperature.
Lysates were then collected and counted using a gamma-ray counter.

Statistics

Results are expressed as means = SE. In the figure legends, * indicates p <
0.01 vs the appropriate vehicle-treated control.

Results
PACAP27 specifically stimulates intracellular signaling in
human neutrophils

The expressions of PACAP receptors in immune cells have been
reported by several groups (3, 4), but their functions are unclear.
Here, we found that the stimulation of human neutrophils with 1
uM PACAP27 profoundly increased [Ca®"]; (Fig. 14). However,
neither PACAP38 nor VIP increased [Ca®"];,. To confirm this
PACAP27-specific activation, we examine the dose dependencies
of PACAP27, PACAP38, or VIP and found that only PACAP27
increased [Ca”]i (Fig. 1B). At 100 nM, PACAP27 induced a sig-
nificant [Ca” "], increase (Fig. 1B, inset). PACAP27-induced sig-
naling was also observed to be associated with the dose-dependent
phosphorylation of ERK (Fig. 1C). These data suggest that
PACAP27 specifically stimulates human neutrophils. In view of
the fact that VPACI can be stimulated by VIP or PACAP38, as
well as by PACAP27, our results were not consistent with those of

0.1 1
PACAP27 (uM)

a previous report which suggested that VPACI functions as a
PACAP receptor in neutrophils (15). These data suggest that an-
other receptor may be involved in the process of PACAP27-in-
duced intracellular signaling in human neutrophils.

PACAP27 uses FPRLI as a specific receptor

To determine the characteristic properties of the PACAP27-spe-
cific receptor in human neutrophils, we assessed the effects of per-
tussis toxin (PTX) or U73122 (a specific phospholipase C inhibi-
tor) on PACAP27-mediated calcium signaling (Fig. 2, A and B).
Several chemoattractant receptors have been reported to exert
stimulatory effects on neutrophils via PTX-sensitive GPCRs and
by the activation of phospholipase C (13). To determine whether
PACAP27 can stimulate known chemoattractant receptors in hu-
man neutrophils, we analyzed calcium signaling in response to
sequential stimulation using PACAP27 and the known chemoat-
tractants, fIMLP, WKYMVm, or C5a (Fig. 2C and data not shown).
Treatment with 1 uM PACAP27 and 10 nM WKYMVm resulted
in bidirectional desensitization, suggesting that both ligands share
the same receptor (Fig. 2C). Because WKYMVm stimulates mem-
bers of the FPR family, particularly FPRL1 at low nanomolar con-
centrations (17), we examined the effects of PACAP27 on calcium
signaling in RBL-2H3 cells expressing either FPR or FPRLI1
(FPR/RBL or FPRL1/RBL). PACAP27 was found to exert a pro-
found stimulatory effect on FPRL1/RBL cells, but not on vector/
RBL or FPR/RBL cells (Fig. 2D). We also examined the effects of
the FPRLI-selective antagonist, Trp-Arg-Trp-Trp-Trp-Trp
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FIGURE 3. PACAP27 primes fMLP-induced calcium signaling via
FPRLI. Changes at 340 and 380 nm were monitored and fluorescence ratios
were converted to [Ca®*],. Neutrophils were treated with vehicle or 1 uM
WRWH4 for 30 s, before being stimulated with vehicle, 1 uM PACAP27, 10
nM fMLP, or both. The results shown are representative of two independent
experiments performed in duplicate. *, p << 0.01 vs control.

(WRW4) (15), on PACAP27-induced signaling in human neutro-
phils. WRW4 successfully inhibited PACAP27-induced [Ca®*];
up-regulation (Fig. 2E), but failed to inhibit PACAP27-induced
cAMP elevation (Fig. 2G), indicating that WRW4 does not affect
VPACI, which has been reported to be expressed in human neu-
trophils (15). ERK phosphorylation was also completely inhibited
by pretreating with WRW4, indicating that this ERK phosphory-
lation is also a part of the FPRLI-dependent signaling cascade
(Fig. 2F). Because monocytes were reported to express FPRL1
(17), we also examined the effects of WRW4 on PACAP27-in-
duced calcium signaling in human monocytes. WRW4 success-
fully inhibited PACAP27-induced calcium signaling in human
monocytes (Fig. 2H).

FPRL1 IS A PACAP27-SPECIFIC RECEPTOR

PACAP27 primes fMLP-induced calcium signaling in a
FPRLI-dependent manner

Previously, PACAP27 has been reported to prime fMLP-induced
calcium signaling (15). To determine the FPRL1 dependency, we
examined the effect of PACAP27 on fMLP-induced calcium sig-
naling with or without WRW4. As shown in Fig. 3, fMLP-induced
calcium signaling was not affected by WRW4, indicating that
fMLP acts on FPR. PACAP27 notably enhanced fMLP-induced
calcium signaling, and this event was abolished by WRW4 treat-
ment, indicating the priming effect was FPRL1-dependent.

PACAP27 induces CDI11b up-regulation in neutrophils in an
FPRLI-dependent manner

PACAP27 has been found to stimulate the surface expression of
CD11b, a known mediator of neutrophil adhesion and mobilization
(15). Purified neutrophils were incubated with PACAP27, and an-
alyzed by flow cytometry, as shown by the dot plots in Fig. 44. We
observed that PACAP27 up-regulated CD11b, maximally at 10
uM (Fig. 4B). Moreover, CD11b up-regulation was inhibited com-
pletely by the FPRL1 antagonist, WRW4, indicating that it is a
FPRL1-dependent process (Fig. 4C). To abolish the possibility of
endotoxin contamination of PACAP27, we measured endotoxin
content in the PACAP27 sample via Limulus Amebocyte Lysates
assay (QCL-1000; Cambrex Bioscience), and endotoxin was not
detected (much <0.1 endotoxin units/mg, data not shown). We
also tested heat inactivation and polymyxin b (Sigma-Aldrich)
treatment on PACAP27-induced CD11b up-regulation. There is no
difference among PACAP27, boiled PACAP27, and polymyxin
b-treated PACAP27, indicating that the synthetic PACAP27 is
endotoxin-free.

PACAP27 induces the chemotactic migration of neutrophils in
an FPRLI-dependent manner

As FPRL1 participates in leukocyte migration in concert with sev-
eral specific ligands, we examined whether PACAP27 induces
neutrophil chemotaxis. It was found that it elicited the chemotactic
migration of neutrophils dose-dependently with maximal activity
at 10 uM (Fig. 5A and Table I). The involvement of FPRLI in

10

FIGURE 4. PACAP27 induces the up-
regulation of CDI11b in neutrophils via
FPRL1. Surface CD11b expression was de-
termined via FACS analysis. Neutrophils
were gated out (A); CDI11b levels are rep-
resented by mean fluorescence intensity (B)
or histograms (C). Purified neutrophils
were incubated with various concentrations
of PACAP27 for 1 h (B) or with vehicle or
1 uM WRWH4 for 30 s before being treated B
with 10 uM PACAP27 for 1 h (C). D, Pu-
rified neutrophils were incubated with 1 or
10 uM of PACAP27, heat-inactivated
PACAP27, or polymyxin b-treated
PACAP27 for 1 h. Heat inactivation was
performed for 10 min in boiling water.
PACAP27 was pretreated with 5 uM poly-
myxin b for 1 hin 37°C. The results shown
are representative of four independent ex-
periments performed in duplicate.
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FIGURE 5. PACAP27 induces neutrophil chemotaxis via FPRL1. Che-
motaxis assays were conducted using a modified Boyden chamber assay, as
described in Materials and Methods. Neutrophil chemotaxis was examined
using various concentrations of PACAP27 (A). Neutrophils were tested
using vehicle, 10 nM WKYMVm, or 1 uM PACAP27 in the absence and
presence of 1 uM WRW4 (B). Data are presented as the means = SE for
migrated neutrophils per field were counted in triplicate of four indepen-
dent experiments. *, p < 0.01 vs vehicle treatment.

PACAP27-induced neutrophil chemotaxis was examined using the
FPRL1 antagonist, WRW4. As shown in Fig. 5B, PACAP27-in-
duced neutrophil chemotaxis was completely inhibited by WRW4,
indicating that this process requires FPRL1 (Fig. 5B).

The C-terminal region of PACAP27 is important for its
interaction with FPRLI

To characterize the interaction between PACAP27 and FPRLI, a
number of tPACAPs were synthesized by deleting the N- or C-ter-
minal sequences of PACAP27 (Fig. 6A). ECs,, values with respect to
[Ca®"]; increases in FPRL1/RBL cells were then calculated. Sequen-
tial N-terminal truncations resulted in progressively lower efficacies,
which suggest that this region contributes only partially to FPRL1
activation. However, none of the C-terminal-tPACAPs exhibited ac-
tivity, indicating that the C-terminal sequences are critical for the ac-
tivation of FPRL1. Interestingly, tPACAP9-27 was shown to partially
activate FPRLI1, despite the inability of tPACAP9-27 to activate
PACI1 (18, 19), indicating that PACAP27 stimulates these FPRL1 and
PACI1 in different ways. The binding affinity of tPACAPs to FPRL1
was also measured. As shown in Fig. 6B, this binding normally cor-
relates with calcium-increasing activity, but tPACAP9-27 exhibited
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Table I. Checkboard analysis of neutrophil after treatment with
PACAP27¢

PACAP27 (uM)

Above

Below Medium 0.1 1 10
Medium 0+0 0x0 0+0 0+0
PACAP27

(uM)

0.1 347 +25 19331 160*x57 169 *6.2

1 593+1.0 337*+14 213*x34 20.7+84

10 162.3 £31.0 147.7 =288 72.7 = 11.5 73.7 = 6.9

¢ Neutrophil migration was analyzed for 2 h across a polycarbonate membrane.
Various concentrations of PACAP27 were placed in the upper and lower compart-
ments of the chambers. Data are presented as means *= SE for migrated neutrophils
cells per field counted in triplicate of two independent experiments.

almost the same binding affinity as PACAP27 (K, = 52.3 = 1.6 nM).
These results suggest that the N-terminal region (first to eighth) of
PACAP27 is not associated with binding affinity, but rather that it
contributes to full activation.

Based on an analysis of the VIP sequence, which is similar to
that of PACAP27, though it does not interact with FPRL1, we
designed several cPACAPs by substituting VIP amino acid resi-
dues (Fig. 6C). Substitutions of the 24th or the 25th amino acids
resulted in a pronounced loss of activity (Fig. 6D), and of binding
affinity (K; = 2.1 = 0.13 uM, K, = 2.0 £ 0.17 uM, respectively),
whereas substitutions of the 13th or 9th had no effect on binding
affinity (K; = 51.2 = 3.3 nM) (Fig. 6E). cPACAP24,25VIP had
lowest binding affinity (K, = 8.7 = 0.75 uM). Thus, it appears that
C-terminal amino acid residues from 22 to 27 are primary con-
tributors to binding and subsequent receptor activation, and that
the 24th and 25th hydrophobic amino acid residues are major de-
terminants. The central region from 9 to 21 seems to contribute
only marginally to receptor binding and activation, and that the
N-terminal region from 1 to 8 is required for full activation.

Discussion

In this study, we observed PACAP27-specific signaling in human
neutrophils and its relations with calcium and ERK signaling, the
up-regulation of CD11b, and with chemotactic migration. Previ-
ously known receptors like PAC1, VPACI, and VPAC2 were
found to be unhelpful in terms of explaining these PACAP27-
specific activities, and thus, we hypothesized that another receptor
is involved in this process. The present study reveals that this
receptor is FPRLI1.

To prove the hypothesis that another receptor is involved in the
PACAP27-specific activities, we showed the cross-desensitization be-
tween PACAP27 and WKYMVm (Fig. 2B). Cross-desensitization
provides a straightforward and powerful means of illustrating receptor
sharing. However, some GPCR groups do codesensitize via single
receptor activation for reasons, like receptor oligomerization, seques-
tration, and others (20). To solve this problem, we used the antago-
nizing peptide, WRW4, which does not activate but does bind FPRL1
(16). Desensitization events between two GPCRs usually occur via
agonist-induced receptor activation (20). In addition, we show that the
FPRL1-specific antagonist peptide, WRW4, can inhibit PACAP27-
induced calcium signaling. FPRL1-expressing RBL2H3 cells were
used to confirm this effect, and it was found that PACAP27-specific
signaling only occurred on FPRL1-expressing cells (Fig. 2D). These
findings indicated that PACAP27 specifically activates human neu-
trophils by activating FPRL1.

Previously, it has been reported that PACAP27 primes neutrophil
response to the fMLP (15). Bacterial fMLP can activate FPR and
FPRLI at high concentrations, but fMLP activates only FPR at low
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concentrations (21). Therefore, we hypothesized that the PACAP27-
induced priming event on fMLP signaling is a result of the combined
activation of these two receptors, FPRL1 and FPR. To prove this
hypothesis, we measured the effect of WRW4 on the priming event
(Fig. 3), and found that this event is FPRL1-dependent.

The regulation of the immune system by PACAP is likely to
occur in a complex manner, as reflected by the inflammatory cy-
tokine secretions of several immune cells. In monocytes and mac-
rophages, PACAP molecules suppress the production of the proin-
flammatory cytokines, TNF-c, IL-6, and I1L-12 (6—38). In contrast,
in unstimulated macrophages and astrocytes, PACAP molecules
initiate the IL-6 secretion, which induces a proinflammatory re-
sponse (3-5). Chemotactic migration events also show this degree
of complexity. PACAPs have a stimulatory effect on macrophage
chemotaxis (22), but an inhibitory effect on lymphocyte chemo-
taxis (22, 23), suggesting that PACAP can both promote and in-
hibit immune response. Although PACAP functioning has been
examined by analyzing the expression patterns of various specific
receptors (e.g., PAC1, VPACI, and VPAC2), no evidence suffi-
ciently explains this complexity. However, the present study
shows for the first time, that FPRL1 is a PACAP27-specific re-
ceptor which mediates the up-regulation of CD11b and chemotac-
tic migration, like other FPRL1 agonists, e.g., WKYMVm, LL-37,
and LXA4 (21). Furthermore, FPRL1 mediates the PACAP27-in-
duced calcium signaling in human monocytes (Fig. 2H) and U937
monocytic cell lines (data not shown). Taken together, we could
suggest that FPRL1 mediates the inflammatory activity of
PACAP27, a finding that should help elucidate the complicated
interactions of PACAP and immune cells.

Previously, Cardell and colleagues (24) demonstrated that
PACAP38 or VIP inhibit fMLP-induced neutrophil chemotaxis. Be-

cause the present study shows that PACAP27-induced neutrophil che-
motaxis and FPRLI are required for this process (Fig. 5), it is inter-
esting to recall that the two different PACAPs have different effects on
neutrophil chemotaxis. Although, we did not elucidate the inhibitory
effects of PACAP38 and VIP on chemotaxis, we speculate that
VPACI might mediate an inhibitory effect, because it is expressed in
neutrophils (15). It would be interesting to know the physiological
relevance for the opposing role of PACAP38 and PACAP27 on the
regulation of neutrophil chemotaxis.

Although no report has mentioned the pathophysiological rele-
vance of the relation between PACAP molecules and neutrophils,
some evidence is available in the literature. In particular, in the
nasal cavity, PACAP molecules are known to affect glandular se-
cretion (25). Interestingly, neutrophils are found in nasal cavity
(26), and have been reported to play a major role in inflammatory
disease in the nasal cavity (26). Therefore, it is possible that the
local concentration of PACAP is markedly elevated in the nasal
cavity under some conditions. However, no report is available on
PACAP level changes with respect to the pathologic condition of
the nasal cavity, and studies on disease-related PACAP27 changes
are required to reveal the physiological role of PACAP27 with
respect to the control of neutrophil behavior.

Recently, structurally important motifs were identified to par-
ticipate in the interaction between PAC1 and PACAP (18). Spe-
cifically, the N-terminal region of PACAP is critical for receptor
activation, and the C-terminal region for binding affinity (18).
Therefore, PAC1 shows a similar affinities and sensitivities to
PACAP27 and PACAP38. The present study demonstrates the in-
teraction between FPRL1 and PACAP27 through the use of
tPACAP or cPACAP analogs (Fig. 6). The C-terminal region of
PACAP27 is crucial for both binding and activation, and the 11
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additional residues in PACAP38 might hinder its binding to
FPRL1 and thus facilitate PACAP27 selectivity. Although, this is
the first report of PACAP27-selective behavior in immune cells,
similar activity has been reported in rat smooth muscle cells (27,
28), and though FPRL1 has not been described in smooth muscle
cells, one group reported that fMLP, an agonist of FPR and
FPRLI1, induces transient coronary arterial muscle contraction
(29). Therefore, it is important that the direct relation between
FPRL1 and the PACAP27-selective response in smooth muscle
cell should be understood.

GPCRs are classified into subfamilies according to their amino
acid and nucleotide sequences. In general, GPCR subfamilies have
similar ligands and binding motifs (30). For example, although
sphingosine-1-phosphate is able to activate several receptors, these
belong to the same rhodopsin-like GPCR subfamily (31, 32). Opi-
oid receptors, also members of the rhodopsin-like GPCR family,
are activated by multiple opioid peptides and share binding motif
sequences (33). Interestingly, FPRL1 and the original PACAP re-
ceptors PAC1, VPACI, and VPAC2 belong to different subfami-
lies, i.e., PAC1, VPACI, and VPAC2 are members of the secretin-
like GPCR subfamily, whereas FPRL1 is a rhodopsin-like GPCR
(34). Furthermore, FPRL1 and PACI1 use different motifs to bind
PACAP27. Taken together, we suggest that PACAP27-FPRL1
coupling presents a novel model of GPCR-ligand interaction.

The present study demonstrates that FPRL1 is a PACAP27-specific
receptor, and suggests that PACAP27 activates phagocytes via
FPRL1 activation. Although PACAP27 signaling requires FPRLI1,
PACAP27 also clearly retains the ability to stimulate VPACI1, which
exists in neutrophils. Therefore, further studies of interactions be-
tween these two receptors and PACAP27 are required if we are to
fully understand the function of PACAP in immune cells.
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