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Ligation of N-formyl-methionyl-leucyl-phenylalanine (fMLP) to its specific cell surface
receptors triggers different cascades of biochemical events, eventually leading to cellular
activation. The formyl peptide receptors (FPRs) are members of the seven-transmembrane,
G-protein coupled receptors superfamily, expressed at high levels on polymorphonuclear
and mononuclear phagocytes. The main responses elicited upon ligation of formylated pep-
tides, referred to as cellular activation, are those of morphological polarization, locomotion,
production of reactive-oxygen species and release of proteolytic enzymes. FPRs have in
recent years been shown to be expressed also in several non myelocytic populations, sug-
gesting other unidentified functions for this receptor family, independent of the inflamma-
tory response. Finally, a number of ligands acting as exogenous or host-derived agonists for
FPRs, as well as ligands acting as FPRs antagonists, have been described, indicating that
these receptors may be differentially modulated by distinct molecules.
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Phagocytes, such as neutrophils and monocytes, play a pivotal role in the host
defenses against invading microbial pathogens through the release of pro-
teolytic enzymes and other aggressive molecules. Leukocyte recruitment into
an infected area is the hallmark of the innate immune responses and is depen-
dent on the presence of chemotactic factor gradients. A number of chemotactic
agents, including N-formylated peptides, the complement C5a fragment, leu-
kotriene B4, the platelet-activating factor (PAF) and a superfamily of chemok-
ines, are able to recruit phagocytes to a site of infection or inflammation,
stimulate respiratory burst activity and induce release of lysosomal
enzymes.'"? Several natural formylated peptides, identified as low molecular
weight chemoattractants, have been purified from bacterial supernatants, pro-
viding evidence that they are able to activate human phagocytes.”’ In particular,
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the tripeptide N-formyl-methionyl-leucyl-phenylalanine (fMLP) isolated from
Escherichia coli cultures is the most extensively studied member of the formyl
peptide family, due to its capacity to activate a complex program in mamma-
lian phagocytic leukocytes, including directed cell movement, phagocytosis,
release of proteolytic enzymes and other aggressive proteins and generation of
reactive oxygen intermediates.” Mitochondrial proteins are also N-formy-
lated and are chemotactic for neutrophils, representing a possible source of
endogenous chemoattractants.””’ Genes for chemoattractant receptors have
been cloned and sequenced, and all are members of the superfamily of G pro-
tein-coupled receptors (GPCRs), containing seven transmembrane (7TM)
domains with an extracellular domain and an intracellular C-terminus tail
separated by three intracellular loops and three extracellular loops.®” In
human phagocytes formyl peptides bind at least two GPCRs, the high-affinity
formyl peptide receptor (FPR) and its low-affinity variant FPR-like 1. Although
the chemotactic FPRs were identified and cloned a number of years ago, their
significance and functional role is poorly understood especially as regards
their expression in non leukocyte cells. The purpose of this review is to briefly
summarize the state of the art regarding the understanding of the biological
actions of receptors for bacteria-derived peptides.

N-FORMYL PEPTIDE RECEPTORS

In humans two functional receptors for the formyl peptide, referred to as
formyl peptide receptor 1, FPR1 (UniProtKB/Swiss-Prot entry FPR1_HUMAN
[P21462]) and its variant formyl peptide receptor-like 1 (lipoxin A4 receptor),
FPRL1 (FPRL1_HUMAN [P25090]), and in addition a putative formylpeptide
receptor-like 2, FPRL2 (FPRL2_HUMAN [P25089]) have been identified. All
three genes, FPR1, FPRL1 and FPRL2 are clustered on chromosome 19q13.3.®
FPR1 was cloned in 1990 by Boulay et al. from a differentiated HL-60 myeloid
leukemia-cell cDNA library. FPR binds fMLP with high affinity and is acti-
vated by picomolar to low nanomolar concentrations of fMLP to mediate
chemotaxis and calcium ion mobilizing responses in human phagocytic leuko-
cytes.”” FPRL1 and FPRL2 genes were isolated by low-stringency hybridiza-
tion using FPR ¢cDNA as a probe. FPRL1 is defined as a low-affinity fMLP
receptor because only high concentrations (mM range) of fMLP are able to
induce Ca** mobilization, and it is poorly chemotactic even in the micromolar
concentration. FPR and FPRL1 share 69% identity at the amino acid level.
The FPRL2 gene encodes a putative protein with 56% amino acid sequence
identity to human FPR and 83% to FPRL1. FPRL2 transfected in Xenopus
oocytes does not elicit a response to fMLP, and, although it is expressed in
monocytes but not in neutrophils, its functional agonists remain unclear.
Functional FPRL2 is also expressed in mature dendritic cells (DCs), which
express reduced levels of FPR but do not appear to express FPRL1,10:1D
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Recently, a novel chemoattractant peptide, acting specifically through
FPRL2, has been identified. Migeotte et al. isolated F2L, an acetylated amino-
terminal peptide derived from the cleavage of the human heme-binding
protein, an intracellular tetrapyrrole-binding protein.'? The peptide binds
and activates FPRL2 in the low nanomolar range, triggering intracellular
calcium release, inhibition of cAMP accumulation, and phosphorylation of
extracellular signal-regulated kinase 1/2 mitogen-activated protein kinases
through the G; class of heterotrimeric G proteins. When tested on monocytes
and monocyte-derived DCs, F2L promotes calcium mobilization and chemot-
axis. Therefore, F2L appears to be a natural chemoattractant peptide for DCs
and monocytes and the first potent and specific agonist of FPRL2.'?

FPR1s genes have been also identified in the neutrophils of some non-human
primates (Pan troglodytes [chimpanzee], FPR1_PANTR [P79241]; Gorilla gorilla
gorilla [lowland gorillal, FPR1_GORGO [P79176]; Macaca mulatta [rhesus
monkey], FPR1_MACMU [P79189]; Pongo pygmaeus [orangutan], FPR1_PONPY
[P79235]), in the rabbit (Oryctolagus cuniculus, FPR1_RABIT [Q05394]) and
mouse (Mus musculus, FPR1_MOUSE [P33766]), showing that FPR1 has been
highly conserved throughout mammal species. In rabbit and mouse, FPR1s share
78% and 76% identity with human FPR1, respectively."'? Snyderman and Pike
reported that equine neutrophils respond to fMLP with potent degranulation, but
the same ligand fails to induce chemotaxis."'"

FPR1 and FPR2, the murine counterparts of human FPR1 and FPRLI,
respectively, have been shown to interact with fMLP with a similar pattern to
that of the human receptors.''>!® Although the biological role of these recep-
tors has not been fully defined, FPR1-depleted mice are more susceptible to
bacterial infections.'” Primary murine microglial cells expressing FPR1 and
FPR2 genes show a FPR2-mediated activation only after treatment with
lipopolysaccharide (LPS), demonstrating that bacterial endotoxin selectively
modulates the function of chemotactic peptide receptors in murine microglial
cells. The low responsiveness of nonstimulated microglial cells to FPR2 ago-
nists may have a considerable biological significance for the homeostasis of
the central nervous system. In normal conditions this compartment is pro-
tected by the blood-brain barrier, and it is not readily exposed to pathogens
whereas in the course of endotoxemia, when microvessels form an incomplete
blood-brain barrier, circulating LPS is able to enter into the nervous paren-
chyma and stimulate microglial cells. These, in turn, become activated to
assume the characteristics of tissue macrophages, thus playing a critical role
in the inflammation process."'®

Expression of formylated peptide receptors in nonphagocytic cells was
demonstrated in the 1990s. In fact, receptors with structural homologies with
the neutrophil and monocyte FPRs have been shown to be expressed in differ-
ent human tissues, suggesting that FPRs may be involved in cellular mecha-
nisms other than inflammatory responses. For instance, FPR was identified in
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astrocytes and hepatocytes, but since chemotaxis is not a perogative of these
nonhematopoietic cells, the precise role of FPR in these cells remains to be
defined.""” Moreover, in the isolated heart, fMLP was reported to slightly
decrease the rate of contraction and the coronary flow'?? while transient con-
tractions have been described in isolated human coronary arteries following
fMLP challenging.®? The toxicity of fMLP during embryonal development has
been studied by our group. In particular, in the chick embryo, fMLP is highly
toxic to the heart musculature during a well defined developmental period. In
fact, treatment with fMLP causes a transient increase in the rate of contrac-
tion, followed by arrhythmic contractions and cessation of the contractile
activity. All these actions are mediated through a G-protein since the pertus-
sis toxin completely abrogates the cardiac effects of fMLP, but the putative
receptor is likely to be dissimilar to the FPR of mammalian granulocytes
(since it is not impaired by specific antagonists). This fact raises the question
of a possible role of putative endogenous agonists for an FPR-equivalent dur-
ing well-defined stages of organogenesis.*?

Using a rabbit polyclonal antiserum directed against the C-terminus of
the human FPR, Becker et al. have observed that FPR is widely localized in
different organs, including the spleen, thymus, appendix, lymph nodes, bone
marrow, liver, lung, placenta, heart and the tunica media of coronary arteries,
although the identity of the cell type expressing the receptor is not well
defined.”® In astrocytes and microglia cells FPR expression increases at sites
of multiple sclerosis lesions, suggesting that chemotactic receptors may play
arole in inflammatory responses in this disease and likely in other central
nervous system diseases."*%

Expression of FPR was also demonstrated in DCs, whose FPR-stimulated
migration may be important for the modulation of T-cell activation.'?®

Functional FPR expression in the human liver cell line HepG2 was shown
to regulate hepatic acute phase genes.*®

Recently, a report demonstrated that functional FPRs are also expressed
by normal human lung and skin fibroblasts. In particular, fMLP triggers dose-
dependent migration in these cells, suggesting a possible role for nonleukocyte
cell types, expressing functional FPRs, in innate immune responses.?”

FORMYL PEPTIDE RECEPTOR SIGNAL TRANSDUCTION

Studies in leukocytes and in transfected cell lines indicate that FPR-mediated
cell responses can be inhibited by agents capable to ADP-ribosylate G-proteins,
such as pertussis toxin. In fact, FPR is functionally coupled to G proteins, Gio1s
Gigz and Gy, ***V fMLP-receptor interaction results in the activation of phos-
pholipase C (PLC) and phosphatidylinositol 3-kinase (PI3K). PI3K converts
the membrane phosphatidylinositol 4,5-biphosphate (PIP,) into phosphati-
dylinositol 3,4,5-triphosphate (PIP3). PLC catalyzes PIP; into the secondary
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messengers inositol triphosphate (IP;) and diacylglycerol (DAG). DAG acti-
vates a Ca-dependent protein kinase C (PKC), whereas IP; regulates calcium
mobilization from intracellular stores. A Ca®* increase seems to be one of the
earliest events of neutrophil response to formyl peptides. The activation of
human neutrophils by chemotactic peptides evokes a rapid change in mem-
brane potential and an increase in cytoplasmic Ca** levels. These events are
followed up to a minute later by the release of detectable levels of microbicidal
agents formed by the oxidative burst. The depolarization is maximal at 40 s
after stimulation with fMLP. In contrast, the cytosolic Ca?* concentration,
albeit fMLP-dose dependent, is maximal at 10 s and is already rapidly
decreasing by the time the cell reaches its lowest potential. Thus, Ca®* release
into the cytoplasm is the earliest evidence of neutrophil stimulation by fMLP
and occurs in close association with an apparent membrane hyperpolariza-
tion."*” However, studying the calcium requirements for chemotaxis Laffafian
and Hallet demonstrated that neutrophils, moving toward a source of formy-
lated peptide, change shape and display chemotaxis without any significant or
persistent global or localized increase of cytosolic free calcium.®® An abrupt
rise in intracellular calcium concentration was observed when cells change
shape as a consequence of membrane deformation probably related to the
stretch-activated channels observed in some other cells.®"

Several studies demonstrated that stimulation of neutrophils with fMLP
results in an increase of the levels of PIP;, which may contribute to activation of
the oxidative burst, suggesting a critical role for PI3K in the fMLP-FPR interac-
tion."?® Browing et al. demonstrated that fMLP activates the transcription fac-
tor NF-kB in leukocytes and that this response is cell type- and developmental
stage-specific.*® In addition, fMLP is able to stimulate PI3K activity in mono-
cytes: in fact inhibition of PI3K with wortmannin blocks the transcription factor
NF-kB activation and interleukin (IL) 1 gene expression, indicating that PISK
is a necessary signal transducer for fMLP-induced NF-kB activation and proin-
flammatory cytokine gene expression in activated human monocytes.®” Syn-
thesis of PIP; by PI3K contributes to asymmetric F-actin synthesis and cell
polarization during neutrophil chemotaxis. In fact, the selective PI3K delta
inhibitor, IC87114, is able to inhibit polarized morphology of neutrophils, fMLP-
stimulated PIP, production and chemotaxis although PI3K inhibition does not
block F-actin synthesis or neutrophil adhesion. Therefore, PI3K seems to play a
selective role in the amplification of PIP, levels that lead to neutrophil polariza-
tion and directional migration in response to fMLP stimulation.®®

Several additional enzymes that regulate the production of lipid signalling
molecules are activated in chemoattractant-stimulated neutrophils. These
include phospholipase A, (PLA,) and phospholipase D (PLD). Neutrophil
cytosolic PLA, hydrolyses phospholipids containing the arachidonyl moiety at
the sn-2 position to liberate arachidonic acid and a lysophospholipid, both
products serving as precursors for additional inflammatory mediators.®”
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Inhibition of PLA, has been shown to inhibit oxidant production and degra-
nulation; however, its role in the migratory response remains to be
clarified. 4042

Also, PLD plays a pivotal role in the signal transduction pathway of the
chemoattractant-receptor complex involved in the neutrophil activation in the
same way as PI3K does. PLD catalyzes the hydrolysis of phospholipids to pro-
duce phosphatidic acid and the corresponding polar head group. In neutro-
phils, phosphatidic acid is a signalling molecule, and it appears to directly
activate a kinase that phosphorylates a component of the NADPH oxidase
complex; therefore, PLD seems to be essential for O, production from fMLP-
stimulated human neutrophils.'4®

Studies on the kinetics of these enzymes revealed a differential timing in
the action of PIBK and PLD. These enzymes produce second messengers
which are required for subsequent superoxide production in human neutro-
phils stimulated by chemotactic peptide. In fact, NADPH oxidase is activated
in a PI3K-dependent manner in the early phase of cellular response whereas
PLD activity follows PI3K, and in human neutrophils, it is related to SUperox-
ide production in the late phase after stimulation with fMLP, 4445

Two groups of mitogen-activated protein kinase (MAPK) cascades, the
extracellular signal-regulated kinases (ERKs) and p38 kinases are stimulated
in polymorphonuclear cells (PMN) by chemoattractants. 649 ERKs partici-
pate in PMN adherence and oxidative metabolism whereas p38 kinases are
involved in PMN adherence, chemotaxis and respiratory burst activation. %46
The pertussis toxin is reported to inhibit ERK activation but not p38 kinase
activation by fMLP in human PMN.

In addition, chemoattractants stimulate distinct patterns of intracellular
signalling involving a selective activation of MAPK activity, such as IL-8 and
PAF, which stimulate a weaker ERK response than C5a and fMLP. This sug-
gests that specific domains of chemoattractant receptors regulate MAPK activity
through different G protein-coupled pathways.“"*" In particular, the C-termi-
nus tail of FPR is necessary for ligand-mediated activation of G; proteins and
MAPK cascades.®” These results demonstrate distinct patterns of intracellular
signalling for chemoattractants and suggest that selective activation of intracel-
lular signalling cascades may underlie different patterns of functional responses.

Recently, the role of PKC in the fMLP-stimulated signalling events lead-
ing to the activation of NF-kB has been investigated. Huang et al. reported
that fMLP-induced activation of NF-kB in human peripheral blood monocytes
requires the activity of the small GTPase, RhoA. In particular, exposure of
monocytes to fMLP causes increased activity of PKCe, PKC isoform.®® The
inhibition of PKCe activity blocks fMLP-stimulated activation of NF-kB.
Moreover, RhoA associates with PKCe in fMLP-stimulated monocytes and the
fMLP-induced PKCe activity is blocked by an inhibitor of RhoA. These find-
ings demonstrate that fMLP-induced activation of NF-kB utilizes a signalling
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pathway which requires activity of PKCe, which acts as a signalling component
in cytokine gene transcription stimulated by chemoattractants, suggesting a
novel mechanism through which fMLP not only attracts leukocytes but may
also directly contribute to inflammation."”*

AGONISTS FOR FORMYL PEPTIDE RECEPTORS

A number of agonists for FPR have been identified and isolated from exogenous
sources or by artificial synthesis and used as probes for the study of leukocyte
receptor expression and activation. For example, Bae et al. reported that a novel
chemoattractant, the synthetic peptide His-Phe-Tyr-Leu-Pro-Met-NH2 (HFYLPM)
is able to stimulate monocytes and neutrophils to induce chemotaxis and pro-
duce reactive oxygen intermediates through binding to the FPRL1 on human
phagocytes.®™ Recently, Trp-Lys-Tyr-Val-D-Met (WKYMVm), a hexapeptide
isolated and modified from a peptide library has been reported to be a very
potent stimulant of several human leukocytic cell lines, including neutrophils.
WKYMVm is a synthetic leukocyte-activating peptide postulated to use 7TM
GPCR(s) able to induce marked chemotaxis and calcium flux in human phago-
cytes. Both FPR- and FPRL1-expressing cells mobilize calcium in response to
picomolar concentrations of WKYMVm. While FPRL1-expressing cells migrated
to picomolar concentrations of WKYMVm, nanomolar concentrations of the peptide
were required to induce migration of FPR-expressing cells. Thus, WKYMVm
uses both FPR and FPRL1 to stimulate phagocytes with a markedly higher effi-
cacy for FPRL1, suggesting that FPR and FPRL1 in phagocytes react to a broad
spectrum of agonists and that WKYMVm, as a remarkably potent agonist, pro-
vides a valuable tool for studying leukocyte signalling via these receptors.””’

Another peptide library-derived sequence is MMK, a potent specific ago-
nist for FPRL1; MMK acts as a chemotactic and calcium-mobilizing agonist
for human monocytes, neutrophils, and FPRLI1-transfected human embryonic
kidney (HEK) 293 cells but is inactive in cells transfected with FPR.""!

The synthetic methyl ester fMLP derivative, fMLLP-OMe, is a potent chemoat-
tractant for phagocytes with activities which are identical to those of fMLP, induc-
ing a full response by neutrophils and may therefore be adopted as a reference
model for evaluating the activity of newly synthesized analogues.®® Several fMLP-
OMe analogues have been synthesized in order to characterize the formylpeptide-
receptor interaction in phagocytes and consequent cellular activation. Recently, the
new disulfur-bridged peptide for-Met-Leu-Cys(OMe)-Cys(OMe)-Leu-Met-for has
been synthesized, and its biological properties resulting from binding to the FPR of
human neutrophils have been characterized, in terms of cell migration (i.e., chemo-
taxis), superoxide anion production and lysozyme enzyme release. Chemotaxis is
triggered at low concentrations while both superoxide anion production and lysoso-
mal enzyme release are elicited only at high concentrations and never reach the
response peak observed for the prototype peptide at physiologically relevant
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concentrations. The derivative appears to bind with a good affinity to FPRs, provid-
ing new information regarding the structure-activity relationship of the FPR.*%:69

Despite 20 years of study, a number of findings have increased the uncer-
tainty about the biological role of FPR, in part regarding the identity of its
natural ligands. In fact, the demonstration that N-formylation of peptides is
not necessary to activate FPR suggests a broad spectrum of potential natural
ligands for fMLP receptors, not restricted to bacterial or mitochondrial
sources. Recent observations provide evidences that HIV-envelope proteins
contain domains able to interact with classical nonchemokine chemoattrac-
tant receptors on host phagocytes and have been identified as novel exoge-
nous agonists for FPR. Among these, three peptide domains of gp41, namely
T20/DP178, T21/DP107 and N36, are potent chemoattractants and activa-
tors of human peripheral blood phagocytes. T20/DP178 specifically activates
FPR; T21/DP107 activates both receptors but has a much higher affinity for
FPRL1 while N36 uses only FPRLI as a functional receptor, suggesting that
these peptide domains of the HIV-1 gp41 may have the potential to activate
the host innate immune response by interacting with FPR and FPRL1 on
phagocytes.61-63

Recently, Bylund et al. demonstrated that the cecropin-like Helico-
bacter(H) pylori peptide, Hp(2-20), induces activation of NADPH oxidase
in human neutrophils via FPRL1.®¥ Moreover, this nonformylated peptide
fragment produced by H. pylori was reported to be a monocyte chemoat-
tractant and activated the monocyte NADPH-oxidase to produce oxygen
radicals.

In addition to a number of exogenous molecules able to interact with fMLP
receptors, important progress has been made in identifying host-derived ago-
nists. Among these, the glucocorticoid-regulated protein annexin I (lipocortin
) has been shown to mediate the anti-inflammatory activities of glucocorti-
coids, acting through the FPR on human neutrophils. Peptides derived from
the unique N-terminal domain of annexin I serve as FPR ligands and trigger
different signalling pathways in a dose-dependent manner. These findings
identify annexin I peptides as novel, endogenous FPR ligands and establish a
mechanistic basis of annexin I-mediated anti-inflammatory effects.®® Ernst
et al. observed that the annexin 1 peptide initiates chemotactic responses in
human monocytes that express all three FPR family members and also desen-
sitizes the cells toward subsequent stimulation with bacterial peptide ago-
nists. Experiments using HEK 293 cells stably expressing a single FPR family
member reveal in addition to FPR, FPRL1 and FPRL2 can be activated and
desensitized by the N-terminal annexin 1 peptide. These observations identify
the annexin 1 peptide as the first endogenous ligand for chemotactic peptide
receptors and indicate that annexin 1 is probably involved in regulating leuko-
cyte migration into inflamed tissue by activating or desensitizing different
receptors of the FPR family.'6”
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Other endogenous ligands for FPRs have been identified and resulted of
particular interest because they are associated with various pathological con-
ditions. These molecules include three amyloidogenic proteins (SAA, AB,, and
a prion protein fragment PrP106-126), which act as chemoattractants and
stimulate human phagocytes through FPRL1 so that a role has been attrib-
uted to this receptor in amyloidogenic diseases.1:63.68-70)

Recently, certain nonformylated peptides have been observed to bind and
activate neutrophils via FPR. In fact, it has been shown that acetylated fMLP
analogues as well as non-acetylated, nonformylated fMLP analogues may be
recognized by FPRs.(61.71.72.16)

ANTAGONISTS FOR FORMYL PEPTIDE RECEPTORS

Several molecules acting as antagonists for FPR have been described. For
example, the t-butyloxycarbonyl (t-Boc) peptide derivative t-Boc-Phe-D-Leu-
Phe-D-Leu-Phe (BocPLPLP) is able to block the fMLP activation of phago-
cytes, both in man and rabbit, through a competitive binding of the antagonist
to FPR. Replacement of the formyl group of fMLP with a t-Boc group yields
peptides that can block the interaction of fMLP with its receptor."7%

The cyclic undecapeptide, cyclosporin (Cs) H, is a potent inhibitor of
fMLP-induced superoxide anion (O,-) formation in human neutrophils, and
much more effective than other well known FPR antagonists, such as Boc-
PLPLP or other Cs. In addition to impairing the O,-release, CsH is able to
inhibit the stimulatory effects of fMLP on the cytosolic Ca®* concentration
([Ca*1,), B-glucuronidase and lysozyme release.?*

A series of amino-terminal carbamate analogues of the peptide Met-Leu-
Phe (MLF) have been synthesized in order to determine the structural
requirements for imparting agonist or antagonist activity to the human neu-
trophil FPR by evaluating receptor binding, superoxide anion release, and cell
adhesion. Unbranched carbamates (methoxycarbonyl, ethoxycarbonyl, and n-
butyloxycarbonyl) act as agonists, whereas branched carbamates (iso-butylox-
ycarbonyl, tert-butyloxycarbonyl, and benzyloxycarbonyl) act as antagonists.
These results indicate that the switch from agonist to antagonist activity can
be achieved by modifying the overall size and shape of the amino-terminal
group and that modifications at both the amino and carboxy termini can alter
the functional selectivity of the peptide. This suggests the possibility of devel-
opment of antagonist molecules for diagnostic applications.™

Finally, deoxycholic acid (DCA) and chenodeoxycholic acid (CDCA), both
hydrophobic bile acids, commonly used in Chinese traditional medicine for
their immunoregulatory and antiinflammatory effects, selectively inhibit
fMLP functions and regulate chemotaxis of human leukocytes. DCA inhibits
fMLP-induced human monocyte and neutrophil migration and calcium mobi-
lization, apparently through a blockage of fMLP binding to its receptors on
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leukocytes. CDCA competitively inhibits [*H]-fMLP binding to human mono-
cytes and reduces both the chemotactic and calcium flux responses induced by
fMLP. CDCA not only inhibits the effects of fMLP but also the effects of the W
peptide (a potent agonist of fMLP receptors that lacks the N-formyl structure),
probably by steric hindrance, suggesting a mechanism inducing inhibition of
inflammation and suppression of the innate immune response.'”""®

Formyl peptide receptor desensitisation

FPR has been shown to be rapidly (a few minutes) desensitized upon expo-
sure to fMLP (homologous desensitization), with a consequent reduction of
phagocytic cell responses, such as chemotaxis, calcium transient, and respira-
tory burst, when cell are restimulated with fMLP. Homologous desensitization
is associated with receptor phosphorylation and internalization.'™

To assess the role of phosphorylation in receptor function, U937 promono-
cytic cells were stably transfected to express the recombinant human FPR. Acti-
vation and desensitization of three mutant forms of FPR lacking specific serine
and threonine residues in the C-terminus were studied, and the results indi-
cated that phosphorylation of FPR is a necessary and sufficient step in desensi-
tization that multiple phosphorylation sites are involved and that redundant
desensitization does not occur downstream of G protein activation in the signal-
ling cascade.®®® In addition, the role of receptor phosphorylation in FPR inter-
nalization and leukocyte chemotaxis has been examined. Whereas the wild type
receptor is rapidly internalized upon stimulation, the phosphorylation-deficient
mutant remains entirely on the cell surface. In addition, contrary to the hypoth-
esis that receptor processing and recycling are required for chemotaxis, no
defect in the ability of the mutant FPR to migrate up to a fMLP concentration
gradient was found. Therefore, although FPR phosphorylation is a necessary
step in receptor internalization, receptor phosphorylation, desensitization, and
internalization are not required for chemotaxis.’®?

In addition to the homologous desensitization of chemoattractant recep-
tors, where a ligand desensitizes only its own receptor, heterologous desensiti-
zation, where an activated receptor desensitizes one or more other inactive
receptors, has also been demonstrated to occur between chemoattractant
receptors.®*# This latter form of desensitization is at least in part mediated
by second messenger-activated kinases, such as PKC.®® Studies on the exist-
ence of a novel form of desensitization were carried out utilizing stably co-
expressed receptors for the chemoattractants fMLP, C5a and IL-8 in a rat
basophilic leukemia (RBL-2H3) cell line; a desensitization of FPR-mediated
IP; generation and calcium mobilization by C5a and IL-8 in the absence of
FPR phosphorylation was observed.®® C5a and IL-8 treatment, however, does
not result in desensitization of GTPS binding, a measure of receptor-G protein
coupling. This suggests that the C5a- or IL-8-mediated desensitization of



N-Formyl Peptide Receptors 113

FPR-mediated signalling occurs at the level of either G protein effector cou-
pling or PLC activation. In addition, since fMLP, Cha, and IL-8 all appear to
utilize similar signal transduction pathways, stimulation by any one of these
three ligands should engage the described downstream desensitization mech-
anism(s).®® Thus, it was predicted that fMLP stimulation would result in
FPR desensitization regardless of receptor phosphorylation.

Role of N formyl peptide receptor in host immune response

In neutrophils and monocytes fMLP binding to its specific cell surface
receptors triggers and modulates various cellular responses associated with
inflammation, including transendothelial migration, degranulation, cytok-
ine production, secretion of lysosomal enzymes, generation of lipid mediators
and reactive oxygen species production. All these activities can serve to
orchestrate immune cell development and are essential to host defence
against invading micro-organisms.'??’ Neutrophils, the cell type in which the
role of FPR has been most extensively studied, constitute the first defense
line against foreign organisms. The ability of these phagocytes to concen-
trate at inflammation sites is the result of cell movement from the blood
across capillary walls (diapedesis) followed by directional movement (chemo-
taxis) towards the source of a concentration gradient. The initial step of
chemotaxis features shape changes of a migrating cell, which can also be
observed in the absence of a chemotactic gradient. In fact, upon exposure to
fMLP, neutrophils develop a characteristic surface ruffling and acquire an
elongated shape, indicated as “polarization,” in which modifications in the
actin cytoskeleton are implicated.®”*® We analyzed mathematically the cell
contour of fMLP-stimulated human granulocytes stimulated with fMLP
under non-gradient conditions and demonstrated that the geometry of sur-
face ruffling, as examined by power spectral analysis of the cell outline,
exhibits well defined periodicities.®® Such modifications are considered to
be at least partly responsible for receptor trafficking and the modulation of
some activation responses of granulocytes.®”

Arbour et al. demonstrated that fMLP induces the secretion of IL-1 o, IL-1
B and IL-6 in human peripheral blood mononuclear cells (PBMC): northern
analysis confirms that fMLP induces IL-1 o, IL-1 B and IL-6 gene expression
in human PBMC. The fMLP-induced IL-1 o and IL-1 B gene expression and
IL-6 secretion are abolished by pertussis toxin pre-treatment, suggesting that
fMLP induction of cytokine is also mediated via a G; protein, through a mech-
anism similar to that of other chemotactic factors (Cha, MCP-1, PAF, IL-8)
which are able to modulate cytokines and whose receptors belong to the same
superfamily as the {MLP receptors."®”’

The inflammatory response produced by infecting bacteria or microbial
products involves leukocyte gene expression tightly regulated by the activities
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of transcription factors, such as nuclear factor-kappa B (NF-kB), 1 NF-IL-6,
and AP-1. NF-kB is of paramount importance to immune cell function owing
to its ability to activate the transcription of many proinflammatory immedi-
ate-early genes."%? Indeed, fMLP-induced activation of NF-kB appears to
be essential for proinflammatory cytokine synthesis in the phagocytic cell.
The activation of NF-kB appears to be cell-specific and different from the
activation of NF-kB by other stimulant agents, such as TNFo. Neutrophil
preparations that respond to fMLP, TNF«, and LPS with IL-8 secretion do
not show NF-kB activation, whereas FPR-transfected HL-60 cells were
responsive to TNFa but not to fMLP for NF-kB activation. Differentiation of
FPR-transfected HL-60 cells with dimethyl sulfoxide for 3-5 days conferred
the capability of the cells to activate NF-kB in response to fMLP without a
significant increase in the amount of FPRs. These results identify NF-kB as
a transcription factor that can be activated by the prototypic chemotactic
peptide and demonstrate that this function is both highly regulated and
dependent on signalling components specifically expressed during myeloid
differentiation.®®

Accordingly, the professional phagocytes (granulocytes, monocytes, mac-
rophages) that form the first line of defense against invading microbes express
such pattern recognition receptors, for which the N-formylated methionyl
group is a critical determinant. Since the signals generated by the occupied
FPRs induce chemotaxis, it has been widely held that these receptors evolved
to mediate trafficking of phagocytes to sites of bacterial infection. This notion
is supported by the fact that N-formyl peptides, in addition to being chemotac-
tic, also possess other proinflammatory properties, such as the ability to acti-
vate phagocytes and trigger the release of antimicrobial peptides and
oxidants. The importance of proper recognition of formylated peptides is clearly
illustrated by the fact that FPR deficiencies are associated with increased sus-
ceptibility to bacterial infections.%%9%

Neutrophils from patients with localized juvenile periodontitis (LJP)
exhibit decreased binding and responsiveness to various chemotactic agents,
including fMLP. In fact, a molecular alteration in the second intracellular
loop of the fMLP receptor molecules in LJP patients seems to play a role in
the decreased chemotactic activity reported for some LJP patients. This
altered reaction of neutrophils is thought to account, at least in part, for the
increased susceptibility of LJP patients to infections by periodontal organ-
isms.” The role of FPR in host defense was confirmed by comparing the
susceptibility of FPR-/- and FPR+/+ mice to infection with Listeria monocy-
togenes. When challenged with this microorganism, FPR-deficient mice
experienced an increased bacterial burden in the liver and spleen soon after
infection and earlier death, which suggests a role for FPR in host defense,
specifically through regulation of innate immunity. This is consistent with
the expression of FPR on phagocytes.'”
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ROLE OF FORMYL PEPTIDE RECEPTORS IN DISEASE STATES

Neurodegenerative diseases

FPRL1 acts as a functional receptor for at least three amyloidogenic pep-
tides, serum amyloid A (SAA), AB,, and PrP106-126. All three peptides are
able to chemoattract and activate human phagocytes.'¢26%70

SAA, an acute phase protein secreted mainly by hepatocytes, is normally
present in serum at 0.1-uM levels but increases by 1,000-fold in systemic inflam-
matory conditions.?® The optimal concentrations for SAA to induce leukocyte
migration, adhesion, and tissue infiltration ranged from 0.8 to 4 uM,"®” which are
higher than the SAA levels present in normal serum but well below the concen-
trations observed during a systemic acute phase response.”*® Increased serum
levels of SAA have been observed in a number of inflammatory and infectious dis-
eases as well as after organ transplantation.® A rapid increase in the concentra-
tion of locally produced SAA could establish a gradient of free active SAA with
consequent recruitment of leukocytes into inflammatory sites. Chronic inflamma-
tory conditions with elevated serum SAA may culminate in amyloidosis, charac-
terized by enzymatic cleavage of SAA into fragments, with consequent deposition
of “amyloid” fibrils in tissues, associated with progressive destruction of organ
function."%%1%V Sy et al. demonstrated that SAA is the first chemotactic ligand
identified for FPRL1, thus suggesting that this receptor could mediate phagocyte
migration in response to SAA.? Because phagocytes are the source of SAA cleav-
ing enzymes and these cells are present at the sites of amyloid deposits, it is pos-
sible that at local inflammatory sites elevated SAA concentrations can attract and
activate leukocytes through FPRLI for the clearance of amyloid deposits. This
process may also cause tissue injury, as observed in the course of amyloidosis.

A recent study reported that bacterial fMLP and antagonists against the
high-affinity fMLP receptor FPR attenuate the production of proinflammatory
cytokines induced by amyloid B (AB) peptides in microglial and THP-1 mono-
cytes, suggesting that AB peptides may activate an FPR-like cellular recep-
tor."1%? In fact, AP peptides have previously been shown to elicit a number of
proinflammatory responses in mononuclear phagocytes, including microglial
cells, monocytes, and monocytic cell lines. These include induction of cell
adhesion, migration, 19319 gccumulation at sites of injection in the brain, %7
Ca?* mobilization,'%® phagocytosis, ' release of reactive oxygen intermediates,
and increased production of neurotoxic or proinflammatory cytokines.'!1%-1%
Signal transduction in monocytes involves activation of G-proteins,
PKC,1%112 and tyrosine kinases, 198114116108 which are known to be acti-
vated by 7TM receptors including FPR and FPRL1.%” AB,, is an enzymatic
cleavage fragment of the amyloid precursor protein (APP), and its aggregated
form is a major component of the senile plaques observed in the brain tissue of
patients with Alzheimer’s disease (AD). AD is a progressive, neurodegenerative
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disease characterized by the presence of multiple senile plaques in the brain,
which are also associated with considerable inflammatory infiltrates.
Although the precise mechanisms of the pathogenesis of AD remain to be
determined, the overproduction and precipitation of a 42 amino acid form of
APy, in plaques have implicated A, in the neurodegeneration and proinflam-
matory responses seen in the AD brain. Recent studies revealed that the acti-
vation of FPRL1 by AB,; may be responsible for accumulation and activation
of mononuclear phagocytes (monocytes and microglia). In fact, upon binding to
FPRL1, AB,, is rapidly internalized into the cytoplasmic compartment in the
form of AB,,/FPRL1 complexes. Persistent exposure of FPRL 1-expressing cells
to ABy, resulted in intracellular retention of AB,/FPRL1 complexes and the
formation of Congo red-positive fibrils in mononuclear phagocytes, suggesting
that FPRL1 may not only mediate the proinflammatory activity of AR, but
also actively participate in APy, uptake and the resultant fibrillar forma-
tion."7 Although AP has been reported to be directly neurotoxic, it also
causes indirect neuronal damage by activating mononuclear phagocytes
(microglia) that accumulate in and around senile plaques. The identification
of FPRLI as a functional receptor for APy, and detection of FPRL1 mRNA in
mononuclear phagocytes infiltrating senile plaques provide a molecular basis
for inflammation in AD. In fact, FPRL1 is expressed at high levels by inflam-
matory cells infiltrating senile plaques in brain tissues from AD patients. 6%
The hypothesis that the pathogenesis of AD involves a proinflammatory
response is linked to the observations that the 42 amino acid form of amyloid
is a chemotactic agonist for FPRL1, which is expressed on human mononu-
clear phagocytes. Therefore, FPRL1 may constitute an additional molecular
target for the development of therapeutic agents for AD.®368 Whether an
increased microglial response to amyloidogenic peptides results in a beneficial
clearance of noxious agents or exacerbates the disease by promoting inflam-
mation is not yet known.®

Prion diseases are transmissible and fatal neurodegenerative disorders
which, similarly to AD, involve infiltration and activation of mononuclear
phagocytes at the brain lesions. A 20 amino acid fragment of the human cel-
lular prion protein, PrP(106-126), was reported to mimic the biological
activity of the pathologic prion isoform and activate mononuclear phago-
cytes. ¥ The cell surface receptor(s) mediating the activity of PrP(106-126)
is unknown. In a recent study, it was demonstrated that PrP(106-126) is
chemotactic for human monocytes through ligation of FPRL1. Upon stimula-
tion by PrP(106-126), FPRL1 is rapidly internalized and an enhanced mono-
cyte production of proinflammatory cytokines, inhibited by pertussis toxin,
has been described. These observations suggest that FPRL1, acting as a
“pattern recognition” receptor, is able to interact with multiple pathologic
agents and may probably be involved in the inflammatory processes
observed in prion diseases."”




N-Formyl Peptide Receptors 117

HIV-1 infection

HIV-1 envelope proteins contain multiple domains that act as chemotactic
agonists for FPR and FPRL1, thus suggesting a possible implication of FPRs in
host responses during HIV-1 infection.'*"2119 In fact, several synthetic peptides
corresponding to amino acid sequences of HIV-1 envelope proteins gp41 and
gp120 have been reported to down regulate the expression and function of the
receptors for fMLP and a variety of chemokines on monocytes. The inhibitory
effect of HIV-1 envelope proteins on monocytes was apparently due to a mecha-
nism resembling PKC-mediated receptor desensitization and required the pres-
ence of CD4, a primary receptor for HIV-1, since the effect of gp41 was only
observed in CD4* monocytes and in HEK293 cells cotransfected with chemokine
receptors and an intact CD4, but not in the presence of a CD4 lacking its cytoplas-
mic domain.""**'*’ The mechanism of action is not yet clear: gp41 could directly
interact with FPRs or, alternatively, the interaction of gp41 with cellular CD4
may lead to the exposure of epitopes to FPRs." Although there is no experimen-
tal evidence of direct interaction between intact HIV-1 envelope proteins and the
FPRs, recent reports suggest the possible in vivo generation of agonist fragments
through envelope proteins proteolysis. For example, both synthetic T20/DP178
and T21/DP107 epitopes could be recognized by sera of HIV-infected patients, sug-
gesting that the epitopes of gp41 can likely become accessible to host immune
cells.?? In particular, T20 functions as a phagocyte chemoattractant and a
chemotactic agonist at the phagocyte FPR. Furthermore, antibodies recognizing
HIV-1 envelope epitopes were detected in early phases of HIV-1 infection.123:124)
T20 has been tested in clinical trials because it significantly reduces viral load in
AIDS patients."'* Moreover T20 and T21 have been demonstrated to inhibit viral
fusion in vitro."2"125:126) Although HIV-1 envelope proteins gp41 and gp120 have
been shown to be chemotactic agonists for FPR and/or FPRLL, it is not yet clear
whether these interactions between FPRs and viral proteins also occur in vivo,
then interfering with the immune responses."*612"

Interestingly, interactions between FPRs and their agonists play a criti-
cal role in the complex host responses to infections. Chemokine receptor
CCR5 and CXCR4 act as key fusion cofactors used by the human immunode-
ficiency virus type 1 (HIV-1). Chemokine ligands specific for CCR5 and anti-
bodies recognizing this receptor have been shown to inhibit HIV-1 entry and
replication.119:128)

Alternatively, HIV-1 resistance exhibited by some exposed but unin-
fected individuals is due, in part, to a 32 base-pair deletion in the CCR5
gene which results in a truncated protein that is not expressed on the cell
surface.129

The fMLP binding to its receptor, FPR, results in a significant attenuation
of cell responses to CCR5 ligands and in inhibition of HIV-1-envelope-glycopro-
tein-mediated fusion and infection of cells expressing CD4, CCR5, and FPR. In
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particular, it was observed that fMLP rapidly induces a PKC-mediated serine
phosphorylation and down-regulation of CCR5. Therefore, increased levels of
CCR5 phosphorylation are accompanied by down regulation of the surface
expression and function of CCR5 in monocytes. However, treatment of mono-
cytes with CCR5 ligands does not substantially compromise the cell response to
fMLP. These results support the idea of a “hierarchy phenomenon” observed
among chemoattractant receptors, suggesting an important role for FPR in the
orchestration of the host responses in the presence of multiple leukocyte
chemoattractants at sites of local inflammation. 25130

Conclusions

Among all the chemoattractant receptors discovered so far, the FPRs are
unique in many aspects. Firstly, they represent the only receptors for the exoge-
nous chemoattractant, fMLP. Secondly, a host of experimental observations sug-
gests the involvement of FPRs in antimicrobial defense. Thirdly, these receptors
play a role in pathological conditions, as observed in some neurodegenerative
diseases, in HIV infection or in LJP. However, many questions remain to be
answered; for example, the exact role of FPRs in different tissues and cell types,
including non leukocytic cells, requires further investigation, which is likely to
reveal novel biological functions mediated by these receptors. On the other hand,
the identification of novel ligands for FPRs, such as nonformylated peptides,
host-derived molecules and lipid agonists, seems to indicate that these receptors
constitute a family of molecules implicated in complex biological responses. In
this context, the discovery that FPRs are modulated by distinct peptide ligands,
acting as agonists or antagonists, and that this modulation leads to differential
cellular signalling and different functional cellular responses may be important
for the development of therapeutic strategies, opening up new possibilities for
the development of novel antiinflammatory and microbicidal approaches.

ABBREVIATIONS

TTM seven-transmembrane

AD Alzheimer’s disease

BocPLPLP  t-Boc-Phe-D-Leu-Phe-D-Leu-Phe
CDCA chenodeoxycholic acid

DAG diacylglycerol

DCA deoxycholic acid

DCs dendritic cells

ERKs extracellular signal-regulated kinases
fMLP N-formyl-methionyl-leucyl-phenylalanine
FPR formyl peptide receptor

FPR1 formyl peptide receptor 1
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FPRL1 formyl peptide receptor-like 1 (lipoxin A4 receptor)
FPRL2 formyl peptide receptor-like 2

GPCRs G protein-coupled receptors

HFYLPM His-Phe-Tyr-Leu-Pro-Met-NH2

IL interleukin

IP, inositol triphosphate

LJP localised juvenile periodontitis

LPS lypopolysaccharide

MLF Met-Leu-Phe

NF-kB nuclear factor-kappa B

PBMC human peripheral blood mononuclear cells
PI3K phosphatidylinositol 3-kinase

PIP, phosphatidylinositol 4,5-biphosphate

PIP, phosphatidylinositol 8,4,5-triphosphate
PKC protein kinase C

PLA, phospholipase A,PLCphospholipase C

PLD phospholipase D

PMN polymorphonuclear cells

SAA serum amyloid A

WKYMVm  Trp-Lys-Tyr-Val-D-Met

REFERENCES

1. Murphy, P.M. The molecular biology of leukocyte chemoattractant receptors.
Annu. Rev. Immunol. 1994, 12, 593-633.

2. Gerard, C.; Gerard, N.P. The pro-inflammatory seven-transmembrane segment
receptors of the leukocyte. Curr. Opin. Immunol. 1994, 6, 140-145,

3. Schiffmann, E.; Corcoran B.A.; Wahl S.M. N-formylmethionyl peptides as
chemoattractants for leukocytes. Proc. Natl. Acad. Sci. USA 1975, 72, 1059-1062.

4. Marasco, W.A.; Phan, S.H.; Krutzsch, H.; Showell, H.J.; Feltner, D.E.; Nairn, R.:
Becker, E.L.; Ward, P.A. Purification and identification of formyl-methionyl-
leucyl-phenylalanine as the major peptide nauthophil chemotactic factor produced
by Escherichia coli. J. Biol. Chem. 1984, 259, 5430-5439.

5. Carp, H. Mitochondrial N-formylmethionyl proteins as chemoattractants for neu-
trophils. J. Exp. Med. 1982, 155, 264-275.

6. Bockaert, J.; Pin, J.P. Molecular tinkering of G protein-coupled receptors: an evo-
lutionary success. EMBO J. 1999, 18, 1723-1729.

7. Gudermann, T.; Kalkbrenner, F.; Dippel, E.; Laugwitz, K.L.; Schultz, G. Specific-
ity and complexity of receptor-G-protein interaction. Adv. Second Messenger
Phosphoprotein. Res. 1997, 31, 253-262.

8. Haviland, D.L.; Borel, A.C.; Fleischer, D.T.; Haviland, J.C.; Wetsel, R.A. Struec-
ture, 5'-flanking sequence, and chromosome location of the human N-formyl pep-
tide receptor gene. A single-copy gene comprised of two exons on chromosome
19q.13.3 that yields two distinct transcripts by alternative polyadenylation. Bio-
chemistry 1993, 32, 4168—4174.



120 M.A. Panaro et al,

9.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

Boulay, F.; Tardif, M.; Brouchon, L.; Vignais, P. Synthesis and use of a novel N-
formyl peptide derivative to isolate a human N-formyl peptide receptor cDNA.
Biochem. Biophys. Res. Commun. 1990, 168, 1103-1109.

Yang, D.; Chen, Q.; Le, Y.; Wang, J.M.; Oppenheim, J.J. Differential regulation of
formyl peptide receptor-like 1 expression during the differentiation of monocytes
to dendritic cells and macrophages. J. Immunol. 2001, 166, 4092—-4098.

Yang, D.; Chen, Q.; Gertz, B.; He, R.; Phulsuksombati, M.; Ye, R.D.; Oppenheim,
J.J. Human dendritic cells express functional formyl peptide receptor-like-2
(FPRL2) throughout maturation. J. Leukoe. Biol. 2002, 72, 598-607.

Migeotte, I.; Riboldi, E.; Franssen, J.D.; Grégoire, F.; Loison, C.; Wittamer, V.;
Detheux, M.; Robberecht, P.; Costagliola, S.; Vassart, G.; Sozzani, S.; Parmentier,
M., Communi, D. Identification and characterization of an endogenous chemotac-
tic ligand specific for FPRL2. J. Exp. Med. 2005, 201, 83-93.

Ye, R.D.; Quehenberger, O.; Thomas, K.M.; Navarro, J.; Cavanagh, S.L.; Prossnitz,
E.R.; Cochrane, C.G. The rabbit neutrophil N-formyl peptide receptor. cDNA cloning,
expression, and structure/function implications. J. Immunol. 1993, 150, 1383-1394.

Snyderman, R.; Pike, M.C. N-Formylmethionyl peptide receptors on equine leuko-
cytes initiate secretion but not chemotaxis. Science 1980, 209, 493-495.

Liang, T.S.; Wang, J.M.; Murphy, P.M.; Gao, J.L. Serum amyloid A is a chemotac-
tic agonist at FPR2, a low-affinity N-formylpeptide receptor on mouse neutro-
phils. Biochem. Biophys. Res. Commun. 2000, 270, 331-335.

Hartt, J.K.; Liang, T.; Sahagun-Ruiz, A.; Wang, J.M.; Gao, J.L.; Murphy, P.M.
The HIV-1 cell entry inhibitor T-20 potently chemoattracts neutrophils by specifi-
cally activating the N-formylpeptide receptor. Biochem. Biophys. Res. Commun.
2000, 272, 699-704.

Gao, J.L.; Lee, E.J.; Murphy P.M. Impaired antibacterial host defense in mice
lacking the N-formylpeptide receptor. J. Exp. Med. 1999, 189, 657-662.

Cui, Y.H,; Le, Y.; Gong, W_; Proost, P.; Van Damme, J.; Murphy, W.J.; Wang, J.M.
Bacterial lipopolysaccharide selectively up-regulates the function of the chemotac-

tic peptide receptor formyl peptide receptor 2 in murine microglial cells. J. Immu-
nol. 2002b, 168, 434442,

Lacy', M.; Jones, J.; Whittemore, S.R.; Haviland, D.L.; Wetsel, R.A.; Barnum, S.R.
Expression of the receptors for the C5a anaphylatoxin, interleukin-8 and FMLP
by human astrocytes and microglia. J. Neuroimmunol. 1995, 61, 71-78.

Esser, E.; Loschen, G. Leukocytic ‘O, and cardiac dysfunctions in isolated per-
fused rat hearts. Arch. Toxicol. 1991, 65, 361-365.

Keitoku, M.; Kohzuki, M.; Katoh, H.; Funakoshi, M.; Suzuki, S.; Takeuchi, M.;
Karibe, A.; Horiguchi, S.; Watanabe, J.; Satoh, S.; Nose, M.; Abe, K.; Okayama,
H.; Shirato, K. FMLP actions and its binding sites in isolated human coronary
arteries. J. Mol. Cell. Cardiol. 1997, 29, 881-894.

Panaro, M.A.; Mitolo, V. Cellular responses to FMLP challenging: a mini-review.
Immunopharmacol. Immunotoxicol. 1999, 21, 397-419.

Becker, E.L.; Forouhar, F.A.; Grunnet, M.L.; Boulay, F.; Tardif, M.; Bormann,
B.J.; Sodja, D.; Ye, R.D.; Woska, J.R. Jr.; Murphy, P.M. Broad immunocytochemi-
cal localization of the formylpeptide receptor in human organs, tissues, and cells.
Cell Tissue Res. 1998, 292, 129-135.



24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

N-Formy! Peptide Receptors 121

Miiller-Ladner, U.; Jones, J.L.; Wetsel, R.A.; Gay, S.; Raine, C.S.; Barnum, S.R.
Enhanced expression of chemotactic receptors in multiple sclerosis lesions. J.
Neurol. Sci. 1996, 144, 135-141.

Sozzani, S.; Sallusto, F.; Luini, W.; Zhou, D.; Piemonti, L.; Allavena, P.; Van
Damme, J.; Valitutti, S.; Lanzavecchia, A.; Mantovani, A. Migration of dendritic
cells in response to formyl peptides, C5a, and a distinct set of chemokines. J.
Immunol. 1995, 155, 3292-3295.

McCoy, R.; Haviland, D.L.; Molmenti, E.P.; Ziambaras, T.; Wetsel, R.A.; Perlmutter,
D.H. N-formylpeptide and complement C5a receptors are expressed in liver cells and
mediate hepatic acute phase gene regulation. J. Exp. Med. 1995, 182, 207-217.

VanCompernolle, S.E.; Clark, K.L.; Rummel, K.A.; Todd, S.C. Expression and
function of formyl peptide receptors on human fibroblast cells. J. Immunol. 2003,
171, 2050-2056.

Klinker, J.F.; Schwaner, I.; Offermanns, S.; Hageluken, A.; Seifert, R. Differential
activation of dibutyryl cAMP-differentiated HL-60 human leukemia cells by
chemoattractants. Biochem. Pharmacol. 1994, 48, 1857-1864.

Wenzel-Seifert, K.; Seifert, R. Cyclosporin H is a potent and selective formyl pep-
tide receptor antagonist. Comparison with N-t-butoxycarbonyl-L-phenylalanyl-L-
leucyl-L-phenylalanyl-L-leucyl-L-phenylalanine and cyclosporins A, B, C, D, and
E.J. Immunol. 1993, 150, 4591-4599.

Seifert, R.; Wenzel-Seifert, K. The human formyl peptide receptor as model sys-
tem for constitutively active G-protein-coupled receptors. Life Sci. 2003, 73,
2263-2280.

Gierschik, P.; Sidiropoulos, D.; Jakobs, K.H. Two distinct G;-proteins mediate
formyl peptide receptor signal transduction in human leukemia (HL-60) cells. J.
Biol. Chem. 1989, 264, 21470-21473.

Lazzari, K.G.; Proto, P.J.; Simons, E.R. Simultaneous measurement of stimulus-
induced changes in cytoplasmic Ca?* and in membrane potential of human neu-
trophils. J. Biol. Chem. 1986, 261, 9710-9713.

Laffafian, 1.; Hallett, M.B. Does cytosolic free Ca®* signal neutrophil chemotaxis
in response to formylated chemotactic peptide? J. Cell. Sci. 1995, 108, 3199-3205.

Boitanoe, S.; Dirksen, E.R.; Sanderson, M.J. Intercellular propagation of calcium
waves mediated by inositol trisphosphate. Science. 1992, 258, 292-295.

Traynor-Kaplan, A.E.; Harris, A.L.; Thompson, B.L.; Taylor, P.; Sklar, L.A. An
inositol tetrakisphosphate-containing phospholipid in activated neutrophils.
Nature. 1988, 334, 353-356.

Browning, D.D.; Pan, Z.K; Prossnitz, E.R.; Ye, R.D. Cell type-and developmental
stage-specific activation of NF-xB by fMet-Leu-Phe in myeloid cells. J. Biol.
Chem. 1977, 272, 7995-8001.

Pan, Z.K,; Chen, L.Y.; Cochrane, C.G.; Zuraw, B.L. fMet-Leu-Phe stimulates
proinflammatory cytokine gene expression in human peripheral blood monocytes:
the role of phosphatidylinositol 3-kinase. J. Immunol. 2000, 164, 404—411.

Sadhu, C.; Masinovsky, B.; Dick, K.; Sowell, C.G.; Staunton, D.E. Essential role of
phosphoinositide 3-kinase & in neutrophil directional movement. J. Immunol.
2003, 170, 2647-2654.

Bostan, M.; Galatiuc, C.; Hirt, M.; Constantin, M.C.; Brasoveanu, L.I; Iordachescu,
D. Phospholipase A, modulates respiratory burst developed by neutrophils in
patients with rheumatoid arthritis. J. Cell. Mol. Med. 2003, 7, 57—66.




122 M.A. Panaro et ai.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

54.

Escrig, V.; Ubeda, A.; Ferrandiz, M.L.; Darias, J.; Sanchez, J.M.; Alcaraz, M.J.; Paya,
M. Variabilin: a dual inhibitor of human secretory and cytosolic phospholipase A,
with anti-inflammatory activity. Pharmacol. Exp. Ther. 1997, 282, 123-131.

Fujita, K.; Murakami, M.; Yamashita, F.; Amemiya, K.; Kudo, I. Phospholipase D is
involved in cytosolic phospholipase A,-dependent selective release of arachidonic
acid by fMLP-stimulated rat neutrophils. FEBS Lett. 1996, 395, 293-298.

Hinder, M. Investigation on the effect of experimental phospholipase A, inhibitors
on the formyl-methionyl-leucyl-phenylalanine-stimulated chemotaxis of human
leukocytes in vitro. Arzneimittelforschung. 1998, 48, 77-81.

English, D. Phosphatidic acid: a lipid messenger involved in intracellular and
extracellular signalling. Cell. Signal. 1996, 8, 341-347.

Yasui, K.; Komiyama A. Roles of phosphatidylinositol 3-kinase and phospholipase
D in temporal activation of superoxide production in FMLP-stimulated human
neutrophils. Cell. Biochem. Funct. 2001, 19, 43-50.

Regier, D.S.; Greene, D.G.; Sergeant, S.; Jesaitis, A.J.; McPhail, L.C. Phosphory-
lation of p22P** is mediated by phospholipase D-dependent and -independent
mechanisms. Correlation of NADPH oxidase activity and p22P"** phosphorylation.
J. Biol. Chem. 2000, 275, 28406-28412.

Pillinger, M.H.; Feoktistov, A.S.; Capodici, C.; Solitar, B.; Levy, J.; Oei, T.T.; Phil-
ips, M.R. Mitogen-activated protein kinase in neutrophils and enucleate neutro-
phil cytoplasts: evidence for regulation of cell-cell adhesion. J. Biol. Chem. 1996,
271, 12049-12056.

Knall, C.; Young, S.; Nick, J.A.; Buhl, AM.; Worthen, G.S.; Johnson, G.L. Inter-
leukin-8 regulation of the Ras/Raf/mitogen-activated protein kinase pathway in
human neutrophils. J. Biol. Chem. 1996, 271, 2832-2838.

Krump, E.; Sanghera, J.S.; Pelech, S.L.; Furuya, W.; Grinstein, S. Chemotactic
peptide N-formyl-met-leu-phe activation of p38 mitogen-activated protein kinase
(MAPK) and MAPK-activated protein kinase-2 in human neutrophils. J. Biol.
Chem. 1997, 272, 937-944.

Worthen, G.S.; Avdi, N.; Buhl, A.M.; Suzuki, N.; Johnson, G.L. FMLP activates
Ras and Raf in human neutrophils. Potential role in activation of MAP kinase. .J.
Clin. Invest. 1994, 94, 815-823.

Avdi, N.J.; Winston, B.W.; Russel, M.; Young, S.K.; Johnson, G.L.; Worthen, G.S.
Activation of MEKK by formyl-methionyl-leucyl-phenylalanine in human neutro-
phils. Mapping pathways for mitogen-activated protein kinase activation. J. Biol.
Chem. 1996, 271, 33598-33606.

Nick, J.A.; Avdi, N.J.; Young, S.K.; Knall, C.; Gerwins, P.; Johnson, G.L.;
Worthen, G.S. Common and distinct intracellular signaling pathways in human
neutrophils utilized by platelet activating factor and FMLP. J. Clin. Invest.
1997, 99, 975-986.

Rane, M.J.; Arthur, J.M.; Prossnitz, E.R.; McLeish, K.R. Activation of mitogen-
activated protein kinases by formyl peptide receptors is regulated by the cytoplas-
mic tail. J. Biol. Chem. 1998, 273, 20916-20923.

Huang, S.; Chen, L.Y.; Zuraw, B.L.; Ye, R.D.; Pan, Z.K. Chemoattractant-stimu-
lated NF-kappaB activation is dependent on the low molecular weight GTPase
RhoA. J. Biol. Chem. 2001, 276, 40977-40981.

Chen, L.Y.; Doerner, A.; Lehmann, P.F.; Huang, S.; Zhong, G.: Pan, Z.K. A novel
protein kinase C (PKCe) is required for fMet-Leu-Phe induced activation of NF-B
in human peripheral blood monocytes. J. Biol. Chem. 2005, 280, 22497-22501.



56.

57.

58,

60.

61.

62.

63.

64.

66.

67.

68.

69.

N-Formyl Peptide Receptors 123

Bae, Y.S; Park, E.Y.; Kim, Y.; He, R.; Ye, R.D.; Kwak, J.Y.; Suh, P.G.: Ryu, S.H.
Novel chemoattractant peptides for human leukocytes. Biochem. Pharmacol.
2003, 66, 1841-1851.

Le, Y.; Gong, W.; Li, B.; Dunlop, N.M.; Shen, W.; Su, S.B.; Ye, R.D.; Wang, J.M.
Utilization of two seven-transmembrane, G protein-coupled receptors, formyl
peptide receptor-like 1 and formyl peptide receptor, by the synthetic hexapeptide
WKYMVm for human phagocyte activation. J. Immunol. 1999, 163, 6777-6784.

Hu, J.Y.; Le, Y.; Gong, W.; Dunlop, N.M.; Gao, J.L.; Murphy, P.M.; Wang, J.M.
Synthetic peptide MMK-1 is a highly specific chemotactic agonist for leukocyte
FPRL1. J. Leukoe. Biol. 2001, 70, 155-161.

Fabbri, E.; Spisani, S.; Barbin, L.; Biondi, C.; Buzzi, M.; Traniello, S.; Zecchini, G.P;
Ferretti, M.E. Studies on fMLP-receptor interaction and signal transduction path-
way by means of fMLP-OMe selective analogues. Cell. Signal. 2000, 12, 391-398.

Cavicchioni, G.; Turchetti, M.; Spisani, S. Biological variation responses in fMLP-
OMe analogs, introducing bulky protecting groups on the side-chain of hydrophilic
residues at position 2. J. Pept. Res. 2002, 60, 223-231.

Cavicchioni, G.; Turchetti, M.; Varani, K.; Falzarano, S.; Spisani, S. Properties of
a novel chemotactic esapeptide, an analogue of the prototypical N-formylmethio-
nyl peptide. Bioorg. Chem. 2003, 31, 322-330.

Su, 8.B.; Gong, W.H.; Gao, J.L.; Shen, W.P.; Grimm, M.C.; Deng, X.; Murphy,
P.M.; Oppenheim, J.J.; Wang, J.M. T20/DP178, an ectodomain peptide of human
immunodeficiency virus type 1 gp41, is an activator of human phagocyte N-formyl
peptide receptor. Blood 1999a, 93, 3885-3892.

Su, S.B.; Gong, W.; Gao, J.L.; Shen, W.; Murphy, P.M.; Oppenheim, J.J.; Wang,
J.M. A seven-transmembrane, G protein-coupled receptor, FPRL1, mediates the
chemotactic activity of serum amyloid A for human phagocytic cells. J. Exp. Med.
1999b, 189, 395-402.

Le, Y.; Jiang, S.; Hu, J.; Gong, W.; Su, S.; Dunlop, N.M.; Shen, W.; Li, B.; Ming Wang,
J. N36, a synthetic N-terminal heptad repeat domain of the HIV-1 envelope protein
gp41, is an activator of human phagocytes. Clin. Immunol. 2000, 96, 236-242.

Bylund, J.; Christophe, T.; Boulay F.; Nystrom, T.; Karlsson, A; Dahlgren, C.
Proinflammatory activity of a cecropin-like antibacterial peptide from Helico-
bacter pylori. Antimicrob. Agents Chemother. 2001, 45, 1700-1704.

Betten, A.; Bylund, J.; Cristophe, T.; Boulay, F.; Romero, A.; Hellstrand, K.; Dahl-
gren, C. A proinflammatory peptide from Helicobacter pylori activates monocytes to
induce lymphocyte dysfunction and apoptosis. J. Clin. Invest. 2001, 108, 1221-1228.

Walther, A.; Riehemann, K.; Gerke, V. A novel ligand of the formyl peptide recep-
tor: annexin I regulates neutrophil extravasation by interacting with the FPR.
Mol. Cell 2000, 5, 831-840.

Ernst, S.; Lange, C.; Wilbers, A.; Goebeler, V.; Gerke, V.; Rescher, U. An annexin
1 N-terminal peptide activates leukocytes by triggering different members of the
formyl peptide receptor family. J. Immunol. 2004, 172, 7669-7676.

Cui, Y.; Le, Y.; Yazawa, H.; Gong, W.; Wang, J.M. Potential role of the formyl pep-
tide receptor-like 1 (FPRL1) in inflammatory aspects of Alzheimer’s disease. J.
Leukoc. Biol. 2002a, 72, 628-635.

Le, Y., Gong, W.; Tiffany, H.L.; Tumanov, A.; Nedospasov, S.; Shen, W.; Dunlop, N.M.;
Gao, J.L.; Murphy, P.M.; Oppenheim, J.J.; Wang, JJ.M. Amyloid B4 activates a G-pro-
tein-coupled chemoattractant receptor, FPR-like-1. J. Neurosci. 2001a, 21, RC123.




124 M.A. Panaro et al.

70.

71.

72.

3.

74.

75.

6.

g7

78.

T9.

80.

81.

82.

83.

84.

Le, Y.; Yazawa, H.; Gong, W.; Yu, Z.; Ferrans, V.J.; Murphy, P.M.; Wang, J.M.
The neurotoxic prion peptide fragment PrP(106-126) is a chemotactic agonist
for the G protein-coupled receptor formyl peptide receptor-like 1. J. Immunol.
2001b, 166, 1448-1451.

Gao, J.L.; Becker, E.L.; Freer, R.J.; Muthukumaraswamy, N.; Murphy, P.M. A
high potency nonformylated peptide agonist for the phagocyte N-formylpeptide
chemotactic receptor. J. Exp. Med. 1994, 180, 2191-2197,

Higgins, J.D. 3'%; Bridger, G.J.; Derian, C.K.; Beblavy, M.J.; Hernandez, P.E.;
Gaul, F.E.; Abrams, M.J.; Pike, M.C.; Solomon, H.F. N-terminus urea-substituted
chemotactic peptides: new potent agonists and antagonists toward the neutrophil
fMLF receptor. J. Med. Chem. 1996, 39, 1013-1015.

Freer, R.J.; Day, A.R.; Radding, J.A.; Schiffmann, E.; Aswanikumar, S.; Showell,
H.J.; Becker, E.L. Further studies on the structural requirements for synthetic
peptide chemoattractants. Biochemistry 1980, 19, 2404-2410.

Dalpiaz, A.; Ferretti, M.E.; Pecoraro, R.; Fabbri, E.; Traniello, S.; Scatturin, A,;
Spisani, S. Phe-D-Leu-Phe-D-Leu-Phe derivatives as formylpeptide receptor
antagonists in human neutrophils: cellular and conformational aspects. Biochim.

Biophys. Acta 1999, 1432, 27-39.

Wenzel-Seifert, K.; Grunbaum, L.; and Seifert, R. Differential inhibition of human
neutrophil activation by cyclosporins A, D, and H. Cyclosporin H is a potent and
effective inhibitor of formyl peptide-induced superoxide formation. J. Immunol.
1991, 147, 1940-1946.

Derian, C.K.; Solomon, H.F.; Higgins, J.D. 3"; Beblavy, M.J.; Santulli, R.J;
Bridger, G.J.; Pike, M.C.; Kroon, D.J.; Fischman, A.J. Selective inhibition of
N-formylpeptide-induced neutrophil activation by carbamate-modified peptide
analogues. Biochemistry 1996, 35, 1265-1269.

Chen, X.; Yang, D.; Shen, W.; Dong, H.F.; Wang, J.M.; Oppenheim, J.J.; Howard,
M.Z. Characterization of chenodeoxycholic acid as an endogenous antagonist of
the G-coupled formyl peptide receptors. Inflamm. Res. 2000, 49, 744-755.

Chen, X.; Mellon, R.D.; Yang, L.; Dong, H.; Oppenheim, J.J.; Howard, O.M. Regu-
latory effects of deoxycholic acid, a component of the anti-inflammatory tradi-
tional Chinese medicine Niuhuang, on human leukocyte response to
chemoattractant. Biochem. Pharmacol. 2002, 63, 533-541.

Ali, H.; Richardson, R.M.; Haribabu, B.; Snyderman, R. Chemoattractant receptor
cross-desensitization. J. Biol. Chem. 1999, 274, 6027-6030.

Prossnitz, E.R.; Ye, R.D. The N-formyl peptide receptor: a model for the study of
chemoattractant receptor structure and function. Pharmacol. Ther. 1997a, 74, 73-102.

Prossnitz, E.R. Desensitization of N-formylpeptide receptor-mediated activation
is dependent upon receptor phosphorylation. J. Biol. Chem. 1997b, 272, 15213—
15219.

Hsu, M.H.; Chiang, S.C.; Ye, R.D.; Prossnitz, E.R. Phosphorylation of the N-
formyl peptide receptor is required for receptor internalization but not chemot-
axis. J. Biol. Chem. 1997, 272, 29426-29429.

Tomhave, E.D.; Richardson, R.M.; Didsbury, J.R.; Menard, L.; Snyderman, R.; Ali,
H. Cross-desensitization of receptors for peptide chemoattractants. Characteriza-
tion of a new form of leukocyte regulation. J. Immunol. 1994, 153, 3267-3275.

Didsbury, J.R.; Uhing, R.J.; Tomhave, E.; Gerard, C.; Gerard, N.; Snyderman, R.
Receptor Class Desensitization of Leukocyte Chemoattractant Receptors. Proc.
Natl. Acad. Sci. USA 1991, 88, 1564-1568.



N-Formyl Peptide Receptors 125

85. Richardson, R.M.; DuBose, R.A.; Ali, H.; Tomhave, E.D.; Haribabu, B.; Snyder-
man, R. Regulation of human interleukin-8 receptor A: identification of a phos-
phorylation site involved in modulating receptor functions. Biochemistry. 1995a,
34, 14193-14201.

86. Richardson, R.M.; Ali, H.; Tomhave, E.D.; Haribabu, B.; Snyderman, R. Cross-
desensitization of Chemoattractant Receptors Occurs at Multiple Levels. J. Biol.
Chem. 1995b, 270, 27829-27833.

87. Watts, R.G.; Crispens, M.A.; Howard, T.H. A quantitative study of the role of F-actin
in producing neutrophil shape. Cell. Motil. Cytoskeleton. 1991, 19, 159-168.

88. Fernandez-Segura, E.; Garcia, J.M.; Santos, J.L.; Campos, A. Shape, F-actin,
and surface morphology changes during chemotactic peptide-induced polarity in
human neutrophils. Anat. Rec. 1995, 241, 519-528.

89. Calvello, R.; Saccia, M.; Maffione, A.B.; Panaro, M.A.; Mitolo, V. Power spectral
analysis of the shape of fMLP-stimulated granulocytes. A tool for the study of
cytoskeletal organization under normal and pathological conditions. Immunop-
harmacol. Immunotoxicol. 2002, 24, 139-163.

90. Arbour, N.; Tremblay, P.; Oth, D. N-formyl-methionyl-leucyl-phenylalanine
induces and modulates I1.-1 and IL-6 in human PBMC. Cytokine 1996, 8, 468-475.

91. Sen, R.; Baltimore, D. Inducibility of kappa immunoglobulin enhancer-binding
protein Nf-kappa B by a posttranslational mechanism. Cell 1986, 47, 921-928.

92. Baeuerle, P.A.; Henkel, T. Function and activation of NF-kappa B in the immune
system. Annu. Rev. Immunol. 1994, 12, 141-179.

93. Ye, R.D.; Boulay, F. Structure and function of leukocyte chemoattractant recep-
tors. Adv. Pharmacol. 1997, 39, 221-289.

94. Gallin, J.I; Snyderman, R. Inflammation: basic principles and clinical corre-
lates; Raven Press, New York, N.Y., 1999; 2",

95. Gwinn, M.R.; Sharma, A.; De Nardin, E. Single nucleotide polymorphisms of the
N-formyl peptide receptor in localized juvenile periodontitis. J. Periodontol.
1999, 70, 1194-1201.

96. Sipe, J.D. The acute-phase response. In Immunophysiology: The Role of Cells
and Cytokines in Immunity and Inflammation; Oppenheim, J.J., Shevach, E.M.,
Eds.; Oxford University Press: New York, 1990; 259-273.

97. Badolato, R.; Wang, J.M.; Murphy, W.J.; Lloyd, A.R.; Michiel, D.F.; Bausserman,
L.L.; Kelvin, D.J.; Oppenheim, J.J. Serum amyloid A is a chemoattractant:
induction of migration, adhesion, and tissue infiltration of monocytes and poly-
morphonuclear leukocytes. J. Exp. Med. 1994, 180, 203-209.

98. Kisilevsky, R. Serum amyloid A (SAA), a protein without a function: some sugges-
tions with reference to cholesterol metabolism. Med. Hypotheses. 1991, 35, 337-341.

99. Malle, E.; De Beer, F.C. Human serum amyloid A (SAA) protein: a prominent
acute-phase reactant for clinical practice. Eur. J. Clin. Invest. 1996, 26, 427-435.

100. Glenner, G.G. Amyloid deposits and amyloidosis: the beta-fibrilloses (second of
two parts). N. Engl. J. Med. 1980, 302, 1333-1343.

101. Stone, M.J. Amyloidosis: a final common pathway for protein deposition in tis-
sues. Blood. 1990, 75, 531-545.

102. Lorton, D.; Schaller, J.; Lala, A.; De Nardin, E. Chemotactic-like receptors and
AP peptide indvuced responses in Alzheimer’s disease. Neurobiol. Aging. 2000,
21, 463-473.



126 M.A. Panaro et o,

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Davis, J.B.; McMurray, H.F.; Schubert, D. The amyloid B-protein of Alzheimer’s
disease is chemotactic for mononuclear phagocytes. Biochem. Biophys. Res.
Commun. 1992, 189, 1096-1100.

El Khoury, J.; Hickman, S.E.; Thomas, C.A.; Cao, L.; Silverstein, S.C.; Loike,
J.D. Scavenger receptor-mediated adhesion of microglia to beta-amyloid fibrils.
Nature. 1996, 382, 716-719.

Yan, S.D.; Chen, X.; Fu, J.; Chen, M.; Zhu, H.; Roher, A.; Slattery, T.; Zhao, L.;
Nagashima, M.; Morser, J.; Migheli, A.; Nawroth, P.; Stern, D.; Schmidt, A.M.
RAGE and amyloid-B peptide neurotoxicity in Alzheimer’s disease. Nature.
1996, 382, 685-691.

Nakai, M.; Hojo, K.; Taniguchi, T.; Terashima, A.; Kawamata, T.; Hashimoto, T.;
Maeda, K.; Tanaka, C. PKC and tyrosine kinase involvement in amyloid beta
(25-35)-induced chemotaxis of microglia. Neuroreport 1998, 9, 3467-3470.

Scali, C.; Prosperi, C.; Giovannelli, L.; Bianchi, L.; Pepeu, G.; Casamenti, F.
B(1-40) amyloid peptide injection into the nucleus basalis of rats induces
microglia reaction and enhances cortical gamma-aminobutyric acid release in
vivo. Brain Res. 1999, 831, 319-321.

Combs, C.K.; Johnson, D.E.; Cannady, S.B.; Lehman, T.M.; and Landreth, G.E.
Identification of microglial signal transduction pathways mediating a neurotoxic
response to amyloidogenic fragments of -amyloid and prion proteins. J. Neuro-
sci. 1999, 19, 928-939.

Kopec, K.K.; Carroll, R.T. Alzheimer’s f-amyloid peptide 1-42 induces a phago-
cytic response in murine microglia. J. Neurochem. 1998, 71, 2123-2131.

Bonaiuto, C.; McDonald, P.P.; Rossi, F.; Cassatella, M.A. Activation of nuclear
factor-xB by B-amyloid peptides and interferon-y in murine microglia. J. Neu-
roimmunol. 1997, 77, 51-56.

Klegeris, A.; McGeer, P.L. Beta-amyloid protein enhances macrophage produc-
tion of oxygen free radicals and glutamate. J. Neurosci. Res. 1997a, 49, 229-235.

Klegeris, A.; Walker, D.G.; McGeer, P.L. Interaction of Alzheimer B-amyloid
peptide with the human monocytic cell line THP-1 results in a protein kinase

C-dependent secretion of tumor necrosis factor-c. Brain Res. 1997b, 747,
114-121.

Fiala, M.; Zhang, L.; Gan, X.; Sherry, B.; Taub, D.; Graves, M.C.; Hama, S.; Way,
D.; Weinand, M.; Witte, M.; Lorton, D.; Kuo, Y.M.; Roher, A.E. Amyloid-beta
induces chemokine secretion and monocyte migration across a human blood—
brain barrier model. Mol. Med. 1998, 4, 480—489.

Zhang, C.; Qiu, H.E,; Krafft, G.A.; Klein, W.L. Protein kinase C and F-actin are
essential for stimulation of neuronal FAK tyrosine phosphorylation by G-pro-
teins and amyloid beta protein. FEBS Lett. 1996, 386, 185—188.

McDonald, D.R.; Brunden, K.R.; Landreth, G.E., Amyloid fibrils activate
tyrosine kinase-dependent signaling and superoxide production in microglia. .J.
Neurosci. 1997, 17, 2284-2294.

McDonald, D.R.; Bamberger, M.E.; Combs, C.K.; Landreth, G.E. B-Amyloid
fibrils activate parallel mitogen-activated protein kinase pathways in microglia
and THP1 monocytes. J. Neurosci. 1998, 18, 4451-4460.

Yazawa, H.; Yu, Z.X,; Takeda, K.; Le, Y.; Gong, W.; Ferrans, V.J.; Oppenheim,
J.J.; Li, C.C.; and Wang, J.M. p amyloid peptide (AB,,) is internalized via the
G-protein-coupled receptor FPRL1 and forms fibrillar aggregates in macroph-
ages. FASEB J. 2001, 15, 2454-2462.



N-Formyl Peptide Receptors 127

118. Peyrin, J.M.; Lasmezas, C.I.; Haik, S.; Tagliavini, F.; Salmona, M.; Williams, A.;
Richie, D.; Deslys, J.P.; Dormont D. Microglial cells respond to amyloidogenic PrP
peptide by the production of inflammatory cytokines. Neuroreport. 1999, 10, 723-729.

119. Deng, X.; Ueda, H.; Su, S.B.; Gong, W.; Dunlop, N.M.; Gao, J.L.; Murphy, P.M.;
Wang, J.M. A synthetic peptide derived from human immunodeficiency virus
type 1 gpl120 downregulates the expression and function of chemokine receptors
CCR5 and CXCR4 in monocytes by activating the 7-transmembrane G-protein-
coupled receptor FPRL1/LXA4R. Blood 1999, 94, 1165-1173.

120. Wang, J.M.; Ueda, H.; Howard, O.M.; Grimm, M.C.; Chertov, O.; Gong, X.; Gong,
W.; Resau, J.H.; Broder, C.C.; Evans, G.; Arthur, L.O.; Ruscetti, F.W.;
Oppenheim, J.J. HIV-1 envelope gpl20 inhibits the monocyte response to
chemokines through CD4 signal-dependent chemokine receptor down-regula-
tion. J. Immunol. 1998, 161, 4309-4317.

121. Ueda, H.; Howard, O.M.; Grimm, M.C.; Su, S.B.; Gong, W.; Evans, G.; Ruscetti,
F.W.; Oppenheim, J.J.; Wang, J.M. HIV-1 envelope gp41 is a potent inhibitor of
chemoattractant receptor expression and function in monocytes. J. Clin. Invest.
1998, 102, 804-812.

122. Le, Y.; Oppenheim, J.J.; Wang, J.M. Pleiotropic roles of formyl peptide receptors.
Cytokine Growth Factor Rev. 2001¢, 12, 91-105.

123. Nara, P.L.; Garrity, R.R.; Goudsmit, J. Neutralization of HIV-1: a paradox of
humoral proportions. FASEB J. 1991, 5, 2437-2455.

124, Hattori, T.; Komoda, H.; Pahwa, S.; Tateyama, M.; Zhang, X.; Xu, Y.; Oguma, S.;
Tamamura, H.; Fujii, N.; Fukutake, K.; Uchiyama, T. Decline of anti-DP107
antibody associated with clinical progression. AIDS. 1998, 12, 15571559,

125. Kilby, J.M.; Hopkins, S.; Venetta, T.M.; DiMassimo, B.; Cloud, G.A.; Lee, J.Y;
Alldredge, L.; Hunter, E.; Lambert, D.; Bolognesi, D.; Matthews, T.; Johnson,
M.R.; Nowak, M.A.; Shaw, G.M.; Saag, M.S. Potent suppression of HIV-1 replica-
tion in humans by T-20, a peptide inhibitor of gp41-mediated virus entry. Nat.
Med. 1998, 4, 1302-1307.

126. Rimsky, L.T.; Shugars, D.C.; Matthews, T.J. Determinants of human immunode-
ficiency virus type 1 resistance to gp4l-derived inhibitory peptides. J. Virol.
1998, 72, 986-993.

127. Le, Y.; Yang, Y.; Cui, Y.; Yazawa, H.; Gong, W.; Qiu, C.; Wang, J.M. Receptors
for chemotactic formyl peptides as pharmacological targets. Int. Immunophar-
macol. 2002, 2, 1-13.

128. Shen, W.; Li, B.; Wetzel, M.A.; Rogers, T.J.; Henderson, E.E.; Su, S.B.; Gong, W_;
Le, Y. Sargeant, R. Dimitrov, D.S., Oppenheim, J.J. and Wang, J.M. Down-
regulation of the chemokine receptor CCR5 by activation of chemotactic formyl

peptide receptor in human monocytes. Blood 2000a, 96, 2887-2894,

129. Horuk, R. In Encyclopedic reference of molecular pharmacology; Offermanns, S.,
Rosenthal, W., Eds.; Springer-Verlag: Berlin Heidelberg, 2004; 237-241.

130. Shen, W.; Proost, P.; Li, B.; Gong, W.; Le, Y.; Sargeant, R.; Murphy, P.M.; Van
Damme, J.; Wang, J.M. Activation of the chemotactic peptide receptor FPRL1 in
monocytes phosphorylates the chemokine receptor CCR5 and attenuates cell
responses to selected chemokines. Biochem. Biophys. Res. Commun. 2000b, 272,
276-283.



