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Abstract. Formyl peptide receptor 1 (FPR1) and FPR2/ALX are known to control neutrophil
chemotaxis in response to various ligands. In this study, we investigated the inhibitory mechanism
of compound 43 (Cpd43), an FPR1 and FPR2/ALX dual agonist, on human neutrophil chemotaxis.
Precedent stimulation of human peripheral blood neutrophils with Cpd43 rendered the cells unre-
sponsive in calcium mobilization induced by interleukin-8, C5a, or leukotriene B4. In addition,
neutrophils pretreated with Cpd43 lost their chemotactic responses against these chemoattractants,
wherein the expressions of chemoattractant receptors CXCR1, CXCR2, C5a receptor, and leuko-
triene B4 receptor 1 on the surface of neutrophils were all diminished significantly by treatment
with Cpd43. By evaluating its pharmacological effect on 341 molecules, including receptors and
enzymes, we also confirmed that Cpd43 has a highly specific affinity to FPR1 and FPR2/ALX and
does not show binding affinity to the other chemoattractant receptors. These results indicate a
previously unrecognized inhibitory mechanism of Cpd43 on neutrophil chemotaxis: the induction
of cross-desensitization of multiple chemoattractant receptors in human neutrophils through its
FPR1 and FPR2/ALX dual agonism.
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Introduction

Neutrophils are crucial in the host defense against
microorganisms (1), but excessive accumulation of neu-
trophils could also contribute to the pathogenesis of
chronic inflammatory diseases (2 — 4). Neutrophils mi-
grate into inflamed sites along the gradient of pathogen-
and/or host-derived neutrophil chemoattractants such as
N-formyl-Met-Leu-Phe (fMLF), interleukin (IL)-8,
complement component C5a, and leukotriene B4 (LTB,)
(5). These chemoattractants bind to their specific recep-
tors on neutrophils and induce cell activation and
chemotaxis. Therefore, pharmacological intervention of
neutrophil chemotaxis targeting chemoattractant recep-
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tors would lead to therapeutic benefit in the treatment of
chronic inflammatory diseases.

Human neutrophils express formyl peptide receptor 1
(FPR1) and FPR2/ALX, which are known to be involved
in controlling neutrophil chemotaxis in response to vari-
ous ligands such as FPR1-selective fMLF and FPR2/
ALX-selective lipoxin A4 (reviewed in Ref. 6). Recently,
it has been reported that the nonpeptidyl pyrazolone
compound 43 (Cpd43), an FPR1 and FPR2/ALX dual
agonist (described as Compound A in Ref. 7), inhibited
human neutrophil chemotaxis towards IL-8 and fMLF
(8), but its mechanism of action on chemoattractant re-
ceptors on human neutrophils is largely unknown.

In this study, we investigated the inhibitory mechanism
of Cpd43 on the chemotactic responses of human periph-
eral blood neutrophils towards various chemoattrantants,
such as [L-8, C5a, and LTB4, by evaluating calcium flux,
chemotaxis, and receptor expression. We also investi-



64 Y Sogawa et al

gated the pharmacological activity of Cpd43 in the panel
assay by evaluating its effect on 341 molecules, includ-
ing receptors and enzymes, to confirm the specificity of
Cpd43 to FPR1 and FPR2/ALX.

Materials and Methods

Reagents

N-Formyl peptide fMLF and LTB4 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Recombinant
human IL-8 and human C5a were purchased from R&D
Systems (Minneapolis, MN, USA). The peptide
WKYMVM  (Trp-Lys-Tyr-Met-Val-Met-NH2)  was
purchased from Tocris (Ellisville, MO, USA). All cell
culture media used in this study were purchased from
Life Technologies (Carlsbad, CA, USA). Fluo 4-ace-
toxymethyl ester (AM) and Calcein-AM were purchased
from Dojindo Laboratories (Kumamoto). Carboxyfluo-
rescein-conjugated human CXCR1 monoclonal antibody
(mADb) (clone 42705), phycoerythrin-conjugated human
CXCR2 mAb (clone 48311), and carboxyfluorescein-
conjugated human LTB, receptor 1 (BLT1) mAb (clone
203/14F11) were purchased from R&D Systems. Phyco-
erythrin-conjugated human C5a receptor (C5aR) mAb
(clone C85-4124) and phycoerythrin-conjugated human
CD11b mAb (clone ICRF44) were purchased from BD
Biosciences (Palo Alto, CA, USA). Cpd43 [N-(4-
chlorophenyl)-N'-(5-isopropyl-1-methyl-3-oxo0-2-
phenyl-2,3-dihydro-1H-pyrazol-4-yl)urea] was synthe-
sized in the Medicinal Chemistry Research Laboratories
at Daiichi Sankyo.

Isolation of human neutrophils

All experiments using human materials were reviewed
and approved by the Institutional Ethical Committee at
Daiichi Sankyo. Venous blood anti-coagulated with so-
dium heparin was obtained from healthy volunteers.
Neutrophils were purified by sequential preparation of
sedimentation with dextran sulfate T-500 and density
centrifugation with Ficoll-Paque. The erythrocytes were
removed by hypotonic shock. The isolated human neu-
trophils were washed with Hanks’ balanced salt solutions
supplemented with 20 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) and 5 mM EDTA and
then resuspended in buffer suitable for each assay. The
purity of isolated neutrophils was routinely >95% as as-
sessed by light microscopic analysis of the cells stained
with Diff-Quick (Wako Pure Chemical Industries,
Osaka), and the cells were >98% viable as assessed by a
trypan blue exclusion test.

Measurement of calcium mobilization
Isolated human neutrophils were suspended in Iscove’s

modified Dulbecco’s medium supplemented with 0.5%
BSA. Cells were incubated with 4 uM Fluo4-AM and
0.16% pluronic acid (Life Technologies) at 37°C in 5%
CO; for 30 min. The cells were washed and resuspended
in the medium. The cells were prestimulated with Cpd43
at room temperature for 30 min and subsequently stimu-
lated with 1 nM IL-8, 0.1 nM C5a, or 10 nM LTB,
without a washout step. Calcium mobilization was de-
tected with a flow cytometer (Cytomics FC500; Beckman
Coulter, Fullerton, CA, USA) as a change in the fluores-
cence intensity in neutrophils. Mean fluorescence inten-
sity (arbitrary units) in the 5-s period immediately before
and after stimulation was calculated. Assays were per-
formed in duplicate. Results are expressed as mean fluo-
rescence intensity.

Chemotaxis assays

Chemotaxis assays were performed using HTS
Transwell-96 plates with 3-um pore (Corning, Lowell,
MA, USA). Isolated human neutrophils were suspended
in RPMI1640 medium supplemented with 20 mM
HEPES. The cells were incubated with Calcein-AM at
37°C for 30 min and then washed and resuspended in
RPMI1640 medium supplemented with 20 mM HEPES
and 0.1% BSA. The cells were incubated with various
concentrations of Cpd43 at 37°C for 30 min and then
washed twice to remove the compound. The cells were
added into the upper wells (2 x 10° cells/well); and 1 nM
IL-8, 0.1 nM C5a, or 1 nM LTB, was added into the
lower wells. The plates were incubated at 37°C for 1 h.
After removing the upper wells, the migrated cells were
lysed with sodium dodecyl sulfate, and the resultant fluo-
rescence intensity was measured with a plate reader
(ARVO SX1420; PerkinElmer, Waltham, MA, USA).
Assays were performed in duplicate. Results are ex-
pressed as the percentage of net migration cells.

Flow cytometric analysis on cell surface receptors

Human whole blood was incubated with or without
various concentrations of Cpd43 at room temperature for
30 min and subsequently stained with labeled anti-
CXCRI1, CXCR2, C5aR, or BLT1 mAbs at room tem-
perature for another 30 min in the presence of Cpd43.
After the erythrocytes were lysed using a human erythro-
cyte lysing kit (R&D Systems), the stained cells were
washed with wash buffer that was included in the eryth-
rocyte lysing kit and fixed with 2% paraformaldehyde.
The expression of receptors on the neutrophils was ana-
lyzed with FACSCanto (BD Biosciences). The data were
analyzed using FlowJo software (Tree Star, Ashland,
OR, USA).
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Investigation of Cpd43 specificity

The specificity of Cpd43 was investigated using Spec-
trum Screen” and Enzyme Spectrum Screen” provided
by Ricerca Biosciences (formerly MDS Pharma Services,
Taipei, Taiwan). All assays were performed in duplicate
using Cpd43 at a final concentration of 10 M. Results
for selected molecules are expressed as mean %
inhibition.

Results

Cpd43 desensitizes chemoattractant-induced intracellu-
lar calcium mobilization in neutrophils

We previously reported that Cpd43 has agonistic ac-
tivities for human FPR1 and FPR2/ALX (7). The ECs
values of Cpd43 for FPR1 and FPR2/ALX were 65 nM
and 22 nM, respectively, in the aequorin assay that mea-
sured calcium mobilization (Table 1). No agonistic activ-
ity to FPR3 was observed up to 10 M in the aequorin
assay, in which humanin, an FPR3 agonist peptide (9),
showed significant agonistic activity (data not shown). In
this study, we first investigated the effect of Cpd43 on
intracellular calcium mobilization in human neutrophils.
Neutrophils were pretreated with Cpd43 and subse-
quently stimulated with IL-8, C5a, or LTB,. Pretreatment
with Cpd43 dose-dependently inhibited calcium mobili-
zation in human neutrophils stimulated with IL-8, C5a,
or LTB4 (Fig. 1). The cells showed calcium mobilization
to 100 uM ATP stimulation even after pretreatment with
10 uM Cpd43 (data not shown), indicating that the de-
creased calcium mobilization observed in the chemoat-
tractant-stimulated cells was not due to cell dysfunction.
We also confirmed that Cpd43 had no effects on cell vi-
ability up to 10 M (data not shown). These results sug-
gest that pretreatment with Cpd43 heterologously desen-
sitized chemoattractant-stimulated calcium mobilization
in human neutrophils.

Table 1. Pharmacological parameters for human FPR1 and FPR2/
ALX

Ca** Mobilization ECso (nM)*

Compounds

FPR1 FPR2/ALX
Cpd43 65 22
fMLF 0.50 1100
WKYMVM 21 0.10

*ECso values were calculated from our previously reported results (7)
in which calcium mobilization in Chinese hamster ovary cells ex-
pressing either human FPR1 or FPR2/ALX was measured. Two pep-
tides were used as control agonists.

Cpd43 attenuates the chemotactic activity of neutro-
phils

We next investigated the effect of Cpd43 on human
neutrophil chemotaxis induced by neutrophil chemoat-
tractants. As Cpd43 itself induces neutrophil chemotaxis
(7), we pretreated neutrophils with various concentra-
tions of Cpd43 and washed it out before using the cells
in chemotaxis assays in order to circumvent the effect of
its chemotactic activity. Pretreatment with Cpd43 attenu-
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Fig. 1. Cpd43 induces cross-desensitization of the Ca®" response in
neutrophils. Human neutrophils were loaded with Fluo4-AM. The
cells were prestimulated with various concentrations of Cpd43 for 30
min and subsequently stimulated with 1 nM IL-8, 0.1 nM C5a, or 10
nM LTB.. Calcium flux at the second stimulation in the cells was ana-
lyzed using a flow cytometer. Data (mean = S.E.M.) are expressed as
the mean fluorescence intensity in the 5-s duration immediately before
(white bar) and after (black bar) stimulation. The experiment was
performed in duplicate and the representative data of four independent
experiments with similar results are shown. AU, arbitrary units.
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ated the chemotactic responses of human neutrophils
against IL-8, C5a, or LTB4 in a concentration-dependent
manner (Fig. 2).

Cpd43 diminishes the expressions of chemoattractant
receptors on neutrophils

We conducted a flow cytometric analysis to determine
whether Cpd43 affected the expressions of chemoat-
tractant receptors on human neutrophils. Human neutro-
phils were incubated with various concentrations of
Cpd43 for 30 min, and the expressions of CXCRI,
CXCR2, C5aR, and BLTI1 on the surface of the cells
were measured. Incubation with Cpd43 diminished the
expressions of these receptors (Fig. 3A). The expression
of CDI11b, one of the surface activation markers on
neutrophils, was increased by Cpd43 incubation (Fig.
3B). Therefore, stimulation of neutrophils with Cpd43
specifically altered the expressions of the chemoattrac-
tant receptors. Our findings so far strongly suggest that
Cpd43 induced hetero-desensitization (cross-desensitiza-
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Fig. 2. Pretreatment of Cpd43 inhibits neutrophil chemotaxis
induced by several chemoattractants. Human neutrophils were pre-
incubated with various concentrations of Cpd43 at 37°C for 30 min
and washed twice to remove the compound. Chemotaxis of these cells
was induced by 1 nM IL-8, 0.1 nM C5a, or I nM LTB,. Data
(mean + S.E.M.) are expressed as the percentage of net migrated
cells. The experiment was performed in duplicate and the representa-
tive data of four independent experiments with similar results are
shown.
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Fig. 3. Cpd43 diminishes the expression of chemoattractant receptors on neutrophils. Human whole blood was incubated with
or without various concentrations of Cpd43 at room temperature for 30 min and subsequently stained with antibodies. After the
erythrocytes were lysed, the expression of chemoattractant receptors (A) and CD11b (B) on neutrophils was analyzed with a flow
cytometer. Representative data of four different experiments with similar results are shown. Each histogram represents cells that
were treated with Cpd43 at 0 M (solid line), 0.1 M (light gray), 1 uM (gray), or 10 uM (black). The dotted line represents the

unstained control.
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tion) of the chemoattractant receptors in human neutro-
phils through its FPR1 and FPR2 agonism and rendered
the cells unresponsive to stimulation with several
chemoattractants.

Cpd43 shows high specificity to FPRs

To rule out the possibility that Cpd43 inhibited human
neutrophil chemotaxis by mechanisms other than the
induction of cross-desensitization, we next investigated
the inhibitory effects of Cpd43 on 341 molecules (168
receptors, channels, and transporters in radioligand-
binding assays and 173 enzymes in enzymatic assays) at
a concentration of 10 uM. Cpd43 significantly inhibited
the binding between FPR1 and [*H]fMLF and also be-
tween FPR2/ALX and ["*IJWKYMVM peptide with
104% and 89% inhibition, respectively. For molecules
other than FPRs, Cpd43 showed modest inhibitory ef-
fects only on a dopamine transporter and cytochrome
P450 2D6 (63% and 66% inhibition, respectively). No
significant inhibitions were observed for other targets,
including neutrophil chemotaxis-related molecules such
as CXCR2, C5aR, BLT1 (Table 2), and p38 mitogen—
activated protein kinase (data not shown). These results
demonstrated that Cpd43 was highly specific for FPR1
and FPR2/ALX and thus we concluded that Cpd43 inhib-
ited human neutrophil chemotaxis by the induction of
cross-desensitization through the stimulation of FPRs.

Discussion

In this study, we have demonstrated a previously un-
recognized inhibitory mechanism of Cpd43 on human
neutrophil chemotaxis: the cross-desensitization of mul-
tiple chemoattractant receptors in human neutrophils.

We showed that treatment with Cpd43 inhibited neu-

Table 2. Inhibitory effect of Cpd43 on various molecules

% Inhibition®

Target molecule®

FPR1 104
FPR2/ALX 89
Cytochrome P450 2D6 66
Dopamine transporter 63
CXCR2 7
Cs5aR 7
BLT1 4

A total of 341 molecules including receptors, channels, transporters,
and enzymes were tested. The molecules for which Cpd43 showed
significant inhibition and chemoattractant receptors for IL-8, C5a,
and LTB, used in this study are selected. *% Inhibition at a concentra-
tion of 10 uM Cpd43 in the ligand binding assay and enzymatic
assay.

trophil responses to IL-8, C5a, or LTBy in the calcium
mobilization and chemotaxis assays. The results suggest
that Cpd43 widely inhibits human neutrophil response to
multiple chemoattractants. It is known that some
chemoattractants, such as fMLF and C5a, activate neu-
trophils and desensitize not only their specific receptors
(homologous desensitizaiton) but also other chemoat-
tractant receptors (cross-desensitization) in the cells
(10 — 13). Homologous desensitization occurs in the ag-
onist-stimulated receptor itself in the agonist-occupied
state. On the other hand, cross-desensitization occurs in
receptors that are unrelated to the agonist-stimulated re-
ceptor. The mechanism of cross-desensitization is not
clearly understood, but it has been theorized that co-acti-
vation of adjacent receptors, which could be enabled by
a shared signaling process, should be taking place be-
tween the ligand-specific and unrelated chemoattractant
receptors (14).

Moreover, we showed that Cpd43 attenuated the ex-
pressions of multiple chemoattractant receptors. The
mechanism of diminished receptor expression on neutro-
phils is considered to be the receptor internalization as-
sociated with cross-desensitization which is induced after
the transient cell activation (14, 15). It has been reported
that fMLF attenuated the CXCR2 expression, but not
CXCRI, following the induction of cross-desensitization
(15). The significant effect of Cpd43 on the expression
of receptors, including CXCR1, might be attributed to its
FPR1 and FPR2/ALX dual agonistic activity because
both FPR1 (10 — 13) and FPR2/ALX (16 — 18) are known
to induce cross-desensitization. The detailed molecular
mechanism of Cpd43-induced internalization of the re-
ceptors has not yet been elucidated.

We conducted the panel assay to clarify the pharmaco-
logical acitvity of Cpd43 and showed the high specificity
of Cpd43 to FPR1 and FPR2/ALX. Cpd43 also showed
a modest effect on the dopamine transporter and cyto-
chrome P450 2D6, except for FPRs. The dopamine
transporter regulates the transport of monoamine neu-
rotransmitter dopamine in the neurons (19), and cyto-
chrome P450 2D6 is one of the important enzymes in-
volved in the metabolism of xenobiotics in the liver (20).
Currently, there are no reports demonstrating that these
molecules are expressed in neutrophils or are related to
neutrophil chemotaxis. Since Cpd43 did not show any
significant inhibition of CXCR2, C5aR, or BLT1 in the
ligand binding assays, our results indicate that Cpd43
induced the cross-desensitization of the chemoattractant
receptors in human neutrophils through its FPR1 and
FPR2/ALX dual agonism and inhibited cellular responses
to the chemoattractants.

The induction of chemoattractant receptor cross-
desensitization in neutrophils might become a novel ap-
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proach for the treatment of neutrophil-related inflamma-
tion. Some chemoattractant receptor antagonists are
currently being developed for the treatment of neutrophil-
related inflammations such as chronic obstructive pul-
monary disease (21). However, their efficacy might not
be sufficient because a number of chemoattractants are
produced at the site of inflammation. A cross-desensiti-
zation inducer should be an effective drug because it can
inhibit responses to multiple chemoattractants simultane-
ously. Indeed, we found that oral administration of Cpd43
inhibited neutrophil migration into airways in LPS-ex-
posed mice, possibly by the induction of cross-desensiti-
zation in vivo (22). These results suggest that agonist
compounds for FPRs, like Cpd43, may work as func-
tional antagonists for multiple chemoattractant receptors
and may have therapeutic benefit on neutrophil-related
inflammation in humans. In the future, it is necessary to
evaluate the potential side effects of the compounds be-
cause neutrophils are involved in host defense, and thus,
excess reduction of neutrophil numbers and function
might result in increased susceptibility to infection.

In conclusion, we have found that Cpd43, a highly
specific agonist for FPR1 and FPR2/ALX, induced
cross-desensitization of multiple chemoattractant recep-
tors in human neutrophils and inhibited cell chemotaxis
toward multiple chemoattractants.
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