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Abstract

Inflammation is associated with a variety of diseases. The hallmark of inflammation is leukocyte
infiltration at disease sites in response to pathogen- or damage-associated chemotactic molecular
patterns (PAMPs and MAMPs), which are recognized by a superfamily of seven transmembrane,
Gi-protein-coupled receptors (GPCRs) on cell surface. Chemotactic GPCRs are composed of two
major subfamilies: the classical GPCRs and chemokine GPCRs. Formyl-peptide receptors (FPRs)
belong to the classical chemotactic GPCR subfamily with unique properties that are increasingly
appreciated for their expression on diverse host cell types and the capacity to interact with a
plethora of chemotactic PAMPs and MAMPs. Three FPRs have been identified in human: FPR1-
FPR3, with putative corresponding mouse counterparts. FPR expression was initially described in
myeloid cells but subsequently in many non-hematopoietic cells including cancer cells.
Accumulating evidence demonstrates that FPRs possess multiple functions in addition to
controlling inflammation, and participate in the processes of many pathophysiologic conditions.
They are not only critical mediators of myeloid cell trafficking, but are also implicated in tissue
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repair, angiogenesis and protection against inflammation-associated tumorigenesis. A series recent
discoveries have greatly expanded the scope of FPRs in host defense which uncovered the
essential participation of FPRs in step-wise trafficking of myeloid cells including neutrophils and
dendritic cells (DCs) in host responses to bacterial infection, tissue injury and wound healing. Also
of great interest is the FPRs are exploited by malignant cancer cells for their growth, invasion and
metastasis. In this article, we review the current understanding of FPRs concerning their
expression in a vast array of cell types, their involvement in guiding leukocyte trafficking in
pathophysiological conditions, and their capacity to promote the differentiation of immune cells,
their participation in tumor-associated inflammation and cancer progression. The close association
of FPRs with human diseases and cancer indicates their potential as targets for the development of
therapeutics.

Introduction

Formyl-peptide receptors (FPRs) are a family of seven transmembrane domains, Gi-protein-
coupled receptors (GPCRs). In human, there are 3 FPRs, FPR1, FPR2 and FPR3. FPR1 and
FPR2 were originally identified based on their capacity to recognize N-formyl peptides
produced in nature by degradation of either bacterial (1-4) or host cell mitochondrial
proteins, which represent major proinflammatory products (5,6). Activation of FPR1 and
FPR2 by chemotactic agonists elicits a cascade of signaling events leading to myeloid cell
migration, mediator release, increased phagocytosis and new gene transcription (7). But for
FPR3, although it is expressed in monocytes and dendritic cells (DCs), the overall function
remains unclear. Compared to FPR1 and FPR2, FPR3 is highly phosphorylated (a signal for
receptor inactivation and internalization) and more localized to small intracellular vesicles
(8). This suggests that FPR3 rapidly internalizes after binding its ligands and thereby may
serve as a “decoy” receptor to reduce the binding of its ligands to other receptors (8,9).
Interestingly, FPR3 does not interact with formylated chemoattract peptides, nor shares
ligands with FPR1 or FPR2. Therefore, FPR3 may have its own unique functional
significance. The mouse FPR (mFPR or Fpr) gene family consists of at least 8 members
including Fprl, Fpr2, Fpr-rsl, Fpr-rs3, Fpr-rs4, Fpr-rs5, Fpr-rs6, and Fpr-rs7 (4). Fprl is
considered as an orthologue of human FPR1, whereas Fpr2 is structurally and functionally
like human FPR2 (10). The mouse counterpart of human FPR3 is not well defined. Since
Fpr2 shares a human FPR3 ligand (11,12), Fpr2 was suggested to act as a counterpart of
both FPR2 and FPR3. The other 6 murine Fpr genes are expressed in leukocytes, but the
identity of their encoded receptors remain unknown (3).

FPRs are mainly expressed in leukocytes (Table 1) including neutrophils (13), monocytes/
macrophages (4,14), natural killer (NK) cells (15,16), and DCs (17,18). Recently, FPR2 was
detected in naive CD4* T cells (CD3*CD4*CD45RA*CD45RO~CCR7%), human tonsillar
follicular helper T cells, Th1l cells, Th2 cells, and Th17 cells (16,19). FPR2 is also expressed
in follicular DCs and B cells. In B cells located in the germinal center (GC) of Peyer’s
patches, FPR2 is activated by an endogenous agonist LL-37 (20). Importantly, FPRs are also
expressed in a variety of non-immune cells (Table 2) including endothelial cells, endothelial
progenitor cells (21,22), synovial fibroblasts (23,24), keratinocytes (25), intestinal epithelial
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cells (26), bone marrow-derived mesenchymal stem cells (MSCs) (27,28), and hepatocytes
(29), suggesting a broader spectrum of biological function of these receptors.

Some malignant human tumors cells also express FPRs and respond to bacterial or
endogenous agonists by increased motility and growth. For instance, FPRs expressed by
human gastric cancer cells, mediate epithelial-mesenchymal transition, cell proliferation,
migration, and resistance to apoptosis (30). The prototype FPR, FPR1, selectively expressed
by highly malignant glioblastoma multiforme (GBM) cells, responds to an endogenous
chemotactic ligand anexin 1 (ANXAL) released by necrotic GBM cells (31). Activated FPR1
cooperates with the epidermal growth factor receptor (EGFR) to enhance the survival,
invasiveness, and production of antigenic factors by GBM cells (2,32-35). Human breast
cancer cells also express FPR1 and FPR2, which interact with a shared ligand ANXAL to
enhance tumor cell proliferation (36). In human liver cancer cells, FPR1 was implicated in
promoting cell invasion, proliferation, and production of angiogenic factors (2). A recent
study shows that FPR2 is utilized by human colon cancer cells for their growth advantage
(37). Thus, FPRs are suggested to be hijacked by tumor cells for their benefits.

In addition to their expression in diverse cell types, FPRs are notorious for ligand
promiscuity, by interacting with both pathogen-associated chemotactic molecular patterns
(PAMPs) and damage-associated chemotactic molecular patterns (DAMPS). During the past
few years, with the availability of genetically engineered mouse strains deficient in one or
more Fprs, the critical roles of FPRs (Fprs) in disease progression are increasingly
recognized (38). A lot of studies revealed that FPRs not only mediate leukocyte trafficking
but also promote myeloid cell differentiation, colon epithelial homeostasis, and cancer
progression. Therefore, a better understanding of the biologic significance of FPRs (Fprs)
should have important clinical relevance. This review will focus on the role of FPRs in the
regulation of inflammatory responses as a complement to other excellent reviews of more
facets of FPRs (2,3,19,39,40).

1. FPRs guide leukocyte trafficking in pathophysiological conditions

Leukocyte infiltration is a hallmark in inflammation, immune responses and cancer
progression. Both physiological and pathological trafficking of leukocytes in vivo is
mediated by multiple chemoattractant GPCRs on the cell surface sequentially regulated by
differentiation or maturation signals in the microenvironment. FPRs (Fprs) actively
participate in the process of leukocyte sensing of chemotactic cues established by
chemotactic PAMPs or DAMPs. Using of genetically engineered mice or inhibitors of
selected chemoattractant GPCRs ligands enable establishment of several models of
leukocyte trafficking in bacterial infection, immune responses and wound healing.

1.1. Fprl/Fpr2-CXCR2-mediated neutrophil recruitment in bacterial infection

Listeria monocytogenes is an opportunistic pathogen that causes severe infection in
immunocompromised individuals (41). The lethality rate is as high as 30% in infected
patients although the overall incidence of listeriosis in human is low (2). L/steria infect and
replicate inside host cells thus escape immune surveillance (42,43). Rapid neutrophil
accumulation at the site of infection is a critical step in host resistance to infection by
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Listeria. Fprs on neutrophil antecede chemokine GPCRs in directly recognizing bacteria-
derived chemotactic PAMPs to initiate neutrophil accumulation (44).

In a mouse i.v. Listeriainfection model, a large number of neutrophils appear in the liver of
wild type (WT) mice as early as less than 30 min after bacteria administration, with the peak
at 4 h. Neutrophil-specific chemokines CXCL1/2, ligands interacting with the GPCR
CXCR2 on neutrophils, to mediate cell migration (45-51), are barely detectable in the liver
of mice 30 min after infection. The appearance of CXCL1/2 in the liver starts at 4 h after
infection, a time point beyond the maximal neutrophil infiltration. Interestingly, in either
Fpril- or Frp2-deficient mice, although the production of CXCL1/2 in Listeriainfected
mouse liver showed kinetics and magnitude similar to that in WT mice, the early phase
neutrophil recruitment into the liver is markedly reduced. There is an almost complete
absence of early phase neutrophils in the liver of infected mice deficient in both Fprl and
Fpr2 (44). Further studies reveal that £ /steria produces chemotactic agonists for both Fprl
and Fpr2, consistent with findings that synthetic peptides based on the putative L/steria
product sequences are potent neutrophil chemoattractants by interacting with both human
and mouse FPRs (52). Consequently, Fpr-deficient mice bear increased bacterial load in the
liver with markedly reduced production of H,O, by neutrophils in response to bacterial
challenge, in association with compromised pathogen killing and greatly increased mortality.
Those findings challenge previously existing paradigm of host defense against L/steriain
which the pattern recognition receptor TLR2 on host cells is activated by bacterial
lipoprotein followed by production of CXCR2 ligands to initiate neutrophil accumulation. In
fact, Fprs antecede CXCR2 to rapidly recruit the first wave of neutrophils into the infected
liver followed by a CXCR2-mediated second wave of neutrophil accumulation (Fig. 1).

1.2. Fpr2 mediates neutrophil recruitment in other bacterial infection models

FPRs also mediate neutrophil recruitment in other infection models presumably by
recognizing a broad range of chemotactic PAMPs (2). For example, FPRs (Fprs) have been
implicated in the onset of pneumococcal meningitis (53) by eliciting early neutrophil
infiltration in response to bacteria-derived chemoattractants. In DSS-induced mouse colitis,
the number of neutrophils in the gut lesion areas was significantly reduced in Toll-
interacting-protein (Tollip) deficient mice, in which reduced neutrophil infiltration in
intestinal lesions in the presence of gut microflora is correlated with reduced expression of
Fpr2 by neutrophil (54). In acute sepsis, neutrophils in both human and mouse show skewed
expression of a chemokine GPCR CCR5 with reduced FPR2 (55,56). As a consequence,
septic neutrophils are directed toward sterile tissue sites by CCRS5, but fail to move to
bacterial infection sites due to reduced FPR2. Such “inflamed” yet “incompetent”
neutrophils may place the host to higher morbidity and mortality associated with septic
insult (54,57), emphasizing the importance of FPRs in the frontier of anti-microbial host
defense.

1.3. Cooperation of Fprl/Fpr2 with other GPCRs in wound healing

Tissue injury is associated with rapid accumulation of neutrophils which constitute nearly
50% of all cells at the wound site (58). The accumulation of neutrophils is controlled by
multiple chemoattractants (58,59), such as I1L-8 (CXCLS8), CXCL7 (60) and CXCL1 (61,62),
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which use CXCR2 expressed by neutrophils. However, neutrophils also express FPR1 (Fprl)
and FPR2 (Fpr2) in human and mice. In a mouse skin-wound healing model, Fpr1/Fpr2 act
as the first player in sensing chemotaxis signals, resulting in rapid neutrophil infiltration
(63). Activation of FPR1/FPR2 (Fprl/Fpr2) by agonists produced at the site of injury elicits
a signaling cascade that culminates in neutrophil migration, increased phagocytosis and
release of superoxide. In Fpr1/2~/~ mice, healing of the skin wound was significantly
delayed with markedly reduced neutrophil infiltration in the dermis before the production of
neutrophil-specific CXC chemokines by injured tissue as compared with WT mice,
indicating that Fpr1/Fpr2 are critical for normal healing process of the sterile skin wound
(63).

1.4. Fpr2 in stepwise trafficking of DCs in allergic airway inflammation

Asthma is a chronic disorder characterized by airway inflammation and
hyperresponsiveness. The disease is mediated by increased levels of T-helper 2 (Th2)
cytokines, IL-4, IL-5, and IL-13 and elevated serum IgE (64). The expression of a Fpr2
agonist, the anti-microbial peptide CRAMP, is also up-regulated in the lung during asthmatic
syndrome (65,66). Currently glucocorticoids still are regarded as the most effective
treatment for asthma and is a recommended first line medicine (65). However,
glucocorticoids, such as budesonide suppresses pulmonary antibacterial host defense in
asthmatic mouse model and inhibits the function of lung epithelial cells because of the
down-regulation of CRAMP (65). Therefore, CRAMP produced by airway epithelial cells
and inflammatory cells protects airway immune responses. In addition to the antimicrobial
properties of CRAMP and its human ortholog, LL-37, these two endogenous peptides
induce the migration of neutrophils, monocytes/macrophages, eosinophils, and mast cells
(67) by activating Fpr2 (FPR2) (68,69). Injection of CRAMP into air pouches of mouse skin
induces accumulation of neutrophils and monocytes, confirming the chemoattractant nature
of CRAMP (70).

DCs are critical in airway immune responses (71,72). Upon viral infection, allergen
challenge, or endotoxin inhalation, CD11b* monocyte-derived DC precursors are rapidly
recruited from the circulation into the airway to initiate and eventually determine the
severity of allergic airway responses (72,73). In mice, Ly6Chi9" conventional monocytes are
CX3CR1!ow, CCR2*, CD62L*, and CCR5™. Under inflammatory conditions, these cells
differentiate into inflammatory DCs and acquire the capacity to prime T cell-mediated
immune responses in draining lymph nodes (74). In the lung, exposure to inflammatory
stimuli, such as TLR agonist PAMPs or environmental pollutants, triggers the production of
chemokines that were implicated in the recruitment of inflammatory DCs in a CCR2-
dependent manner (72,73,75,76). It is therefore not surprising that mice deficient in CCR2
(CCR27/) showed defective trafficking of antigen-loaded lung DCs, resulting in reduced
Th2 responses stimulated by OVA (77-80). However, recently, Fpr2 has been found also to
be involved in DC trafficking in mouse model of asthma as Fpr2~/~ mice show reduced
severity in OVA-induced allergic airway inflammation, in association with diminished
recruitment of CD11c* DCs into the peribronchiolar regions of the inflamed lung (81).
Mechanistically, the endogenous Fpr2 ligand CRAMP was found to control DC trafficking
from the perivascular regions to the area surrounding bronchioles in the inflamed lungs (82).
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These observations establish a paradigm of DC trafficking sequentially mediated by GPCRs
initiated by CCR2 followed by Fpr2 and finally CCR7 to complete the journey of DCs to
draining LN for Th2 priming. The tightly orchestrated DC trafficking model in allergic
airway inflammation illustrates the necessity for CCR2 to mobilize Ly6CNi9" monocytic DC
precursors from bone marrow (BM) into the circulation (80,83), where the cells extravasate
into the perivascular regions of the inflamed lung and become immature (i) DCs upon
exposure to DAMPs present in the airway (84). The iDCs then lose the functional CCR2, but
gain high-level expression of Fpr2, which guides the cells into the peribronchiolar regions in
response to a host-derived chemotactic DAMP—CRAMP (84). CRAMP not only forms a
chemotactic gradient cue for DC trafficking in the inflamed lung, but also is capable of
promoting DC maturation stimulated by TLR agonistic PAMPs (18). A shift of the
chemoattractant GPCR expression occurs again as DCs mature when the Fpr2 is
downregulated with highly elevated expression of the DC homing chemokine GPCR, CCR?7,
enabling matured DCs to be directed into lymphatic organs. Thus, DC trafficking in the
inflammatory airway consists of a fine-tuned cooperation of chemoattractant GPCRs on the
cell surface, initiating from CCR2, with Fpr2 as an intermediate, and CCR7 as the final
player to accomplish the last segment of homing (Fig. 2).

2. FPRs promote the differentiation and proliferation of immune cells

2.1. Fpr2 promotes DC maturation

Inflammatory DCs are BM—derived, specialized antigen-presenting cells (APCs) and consist
of heterogeneous populations. DCs are abundantly distributed in body surface tissues such as
the skin, naso-pharynx, upper esophagus, vagina, ectocervix and anus as well as so called
internal or mucosal surfaces including respiratory and gastrointestinal systems. Such broad
distribution increases the opportunity for DCs to capture antigens from the environment even
when there is no overt infection or inflammation, which may allow for silencing of the
immune system in the presence of harmless environmental antigens. In response to danger
signals such as bacterial and viral infection, DCs undergo a complex process of maturation,
a ‘metamorphosis’ from antigen-capturing cells into APCs. This process includes changes in
phenotype such as up-regulation of costimulatory molecules such as CD40, CD80, and
CD86 on the cell surface, translocation of MHC class Il and production of cytokines that
differentiate and polarize effector cells (85,86). Maturation of DCs is initiated primarily by
signals transduced via pattern recognition receptors (PRRs) expressed by iDCs, which
respond to PAMPs of microbes, parasites, and viruses (85,87), recognized by PRR family
members: Toll-like receptors (TLRs), cell surface C-type lectin receptors (CLRs),
intracytoplasmic nucleotide oligomerization domain (NOD)-like receptors (NLRs) and
retinoic acid inducible gene | (RIG-1)-like receptors (RLRs). PRRs also interact with host-
derived DAMPs. The signals transduced by PRRs convert iDCs into mature (m)DCs capable
of promoting the expansion and differentiation of pathogen-specific effector T cells (88-90).
PAMPs and DAMPs also activate PRRs expressed on a variety of cells, such as epithelial
cells, fibroblasts and endothelial cell to release cytokines assisting the differentiation and
activation of DCs, (91,92).
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CRAMP as a chemoattractant and anti-microbial peptide does not directly promote the
differentiation of iDCs into mDCs. But rather, it increases the response of immature DCs to
differentiation and maturation signals. BM-derived iDCs from wild type (WT) mice produce
CRAMP and express its receptor Fpr2 (18). The interaction of Fpr2 with CRAMP via an
autocrine and or paracrine loop primes iDCs to exhibit enhanced sensitivity to maturation
stimulators such as LPS. This was demonstrated by the fact that in DC culture, neutralization
of either Fpr2 or CRAMP decreased DC maturation in response to LPS. Also, LPS-treated
DCs from Fpr2~/~ mice did not express normal levels of maturation markers with reduced
production of IL-12 and diminished chemotaxis in response to the DC homing chemokine
CCL21 mediated by CCR7. Further, DCs from Fpr2~/~ mice failed to induce a robust
allogeneic T-cell proliferation /n vitro and DC recruitment into the T-cell zones of the spleen
in Fpr2~/~ mice was reduced after antigen immunization. The involvement of CRAMP via
Fpr2 in DC maturation was confirmed by the observation that addition of exogenous
CRAMP to immature Fpr2~/~ DC culture failed to increase cell sensitivity to LPS
stimulation. After treatment with LPS, mDCs differentiated from CRAMP~/~ mice showed a
considerably lower level expression of the mDC markers CD86, CD80, and MHC 1l as
compared with the cells from WT mice. The addition of exogenous CRAMP restored the
responses of iDCs from CRAMP ™~ mice to LPS. Mechanistically, there was a rapid
phosphorylation of p38 MAPK in iDCs from WT mice stimulated by a low level of LPS. In
contrast, much higher levels of LPS were required to stimulate a delayed phosphorylation of
p38 in iDCs from Fpr2~/~ mice, albeit the cells from both mice showed comparable levels of
ERK1/2MAPK phosphorylation. Therefore, both CRAMP and Fpr2 are important partners
in promoting DC differentiation and maturation (Fig. 3).

2.2. Fpr2 contributes to follicular DC-triggered B cell activation in the germinal centers of
Peyer’s patch (PP)

Peyer’s patches (PPs) are major mucosal immune inductive sites, and germinal centers
(GCs) in PPs determine the quality of the antibodies produced. PP GCs are continuously
induced by gut microbiota and their maintenance is required for the induction of potent IgA
responses to Ags. Follicular DCs (FDCs) as key organizers of B cell follicles and GCs in the
mucosal immunity express Fpr2, which promotes the expression of Cxcl13 and B cell
activating factors to stimulate B cell proliferation and activation. Therefore, Fpr2 signaling
in FDCs maintains GCs in PPs and is critical in promoting Ag-specific IgA responses in the
gut mucosal compartment (20) (Fig. 4).

3. FPRs participate in the control tumor-associated inflammation and

immune responses

Chronic inflammation is an aberrantly prolonged form of a protective host response to the
loss of tissue homeostasis (93), which has been recognized also a causative factor of many
cancer. In fact, inflammation and neoplasia co-develop into “wounds that do not heal” (93).
Leukocytes, such as neutrophils, monocytes, macrophages, and eosinophils, provide soluble
factors including metabolites of arachidonic acid, cytokines, chemokines, and free radicals,
that may benefit the development of inflammation-associated cancer (94). A wide array of
chronic inflammatory conditions predispose susceptible cells to neoplastic transformation,
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Most of which are of epithelial cell origin (carcinomas) such as colon cancer linked to
inflammatory bowel disease (IBD, chronic ulcerative colitis and Crohn’s disease),
esophageal adenocarcinoma associated with reflux esophagitis (Barrett’s esophagus),
hepatitis predisposing to cirrhosis and subsequent liver cancer, schistosomiasis associated
with bladder and colon cancer, and Helicobacter infection leading to cancer of the stomach
(93,94). The contribution of FPRs to inflammation-associated cancer has been increasingly
recognized, which is illustrated in following chapters.

3.1. Fpr2 protects mice from chronic inflammation-associated tumors in the colon

Clinically, patients with chronic ulcerative colitis or Crohn’s disease have a five-to seven-
fold increased risk of developing colorectal carcinoma, as a result of persistence of colon
inflammation (94). Colon carcinogenesis begins with focal proliferation of dysplastic cells,
the formation of benign adenomatous polyps, and progression to malignant
adenocarcinomas. In a mouse model of chronic colitis, Fpr2 is found to play an important
role in promoting mucosal restitution as demonstrated by the fact that Fpr2 deficiency
resulted in a prolonged form of host response to a lost tissue homeostasis including greatly
shortened colon, increased foci of ulcers in the lost mucosa and exacerbated inflammatory
cell infiltration in ulcerative lesions (26). This is associated with markedly increased number
of adenomas (26). Thus, Fpr2 is essential for limit the susceptibility of mouse colon to
chronic inflammation-induced tumors.

3.2. LL-37, a FPR2 ligand, suppresses the progression of colon cancer

LL-37 is also known as hCAP-18, FALL-39 or CAMP—human cationic antimicrobial
peptide (95,96). The mouse homologue of LL37 is termed cathelin-related antimicrobial
peptide (CRAMP). LL-37 is expressed by various cells and tissues such as bone marrow
(BM) myeloid cells, neutrophils, macrophages and epithelial cells and can be detected in the
skin, gastrointestinal tract, urinary tract and the lung (97-111). CRAMP is expressed
abundantly by mouse granulocytes and BM cells of the myeloid lineage (95,112-114). In
adult mice, CRAMP is detected in testis, spleen, stomach, lung and intestine but not in the
brain, liver, heart, or skeletal muscle (112). LL-37/CRAMP uses FPR2 (Fpr2) as a receptor
to mediate leukocyte chemotaxis and pro-angiogenic activities (69,70,115).

It is interesting to note that unlike normal human colon epithelial cells, most human colon
cancer cells did not express LL-37 (116). Therefore, the expression of low levels of LL-37 is
used as a biomarker of colon cancer (117). However, FK-16, a fragment of LL-37
corresponding to the residues 17 to 32, induces the death of colon cancer cell by activating
caspase-independent apoptosis and autophagy (118), suggesting an anti-colon cancer activity
of LL-37. The colon carcinoma cell line HCT116 treated in vitro with FF/CAP18, a 27-
residue analogue of LL-37, exhibits a marked loss in major metabolic profiles beneficial for
the proliferation of cancer cells (119). In addition, LL-37 inhibits epithelial-mesenchymal
transition (EMT) of colon cells, and fibroblast-supported colon cancer cell proliferation
(120), mouse CRAMP reduces AOM-DSS-induced colon cancer by inhibiting vimentin
positive fibroblasts to express collagen and disrupting tubulin distribution in fibroblasts
(120). These studies indicate that LL-37/CRAMP directly inhibits tumorigenesis in colon.
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However, it is unclear whether the receptor FPR2/Fpr2 is utilized to trigger pro-apoptotic
cascade in tumor cells and fibroblasts.

3.3. The FPR2 ligand, serum amyloid A (SAA), promotes lung carcinogenesis associated
with chronic obstructive pulmonary disease (COPD)

Cigarette smoking is the predominant risk factor for chronic obstructive pulmonary disease
(COPD) characterized by progressive airflow obstruction and association with abnormal and
chronic inflammatory responses of the lung to noxious particles and gases. The pathology of
COPD is heterogeneous including chronic obstructive bronchiolitis, fibrotic small airways,
mucus gland hypertrophy, emphysema, and destruction of lung parenchyma. An important
pathogenic process of COPD is excessive and uncompensated oxidative stress may initiate
lung tumourigenesis (121). Oxidative stress directly attenuate the activity of the tumor
suppressor gene, PTEN (122), and oxidative DNA damage often occurs in COPD lungs
(123).

COPD is associated with persistent recruitment and activation of innate immune cells
including neutrophils and macrophages. Uncontrolled release of free radicals and proteases
neutrophils not only causes DNA damage but also has tumor promoting effect. Airway
macrophages in COPD polarized to an M2 phenotype also release factors in support of
tumor growth. In COPD, T-cell anergy may also lead to tumor cell evasion of immune
surveillance. In COPD, non-conventional T-cells are an important source of IL-17A which is
increasingly recognized as a mediator of tumor growth.

Serum myeloid A (SAA) is increased in the circulation of COPD patients. Increased level of
SAA in the lungs with COPD associated lung cancer contributes to tumor growth by
stimulating M2-like alternative macrophages (121). There is evidence for production of SAA
within lung cancer microenvironment (124) by tumor-associated macrophages (TAM) and
there was a positive correlation between the number of neutrophils and the content of SAA
in resections of lung cancer with COPD (125). As an endogenous FPR2 agonist, SAA
promotes immune evasion of cancer cells by enhancing the suppressive capacity of myeloid-
derived suppressor cells (MDSCs) (126), stimulating lung metastasis of primary tumor cells
under inflammatory condition (127). Although activation of FPR2 in macrophages has been
reported to polarize the cells into a M1 phenotype, careful consideration must be given in
dissections of ligand/FPR2 interaction under different pathophysiological conditions, due to
a multitude of agonists for the receptor, that may interact with diverse domains in the
receptor, hence distinct signaling cascade (128).

3.4. SAA/Fpr2 signaling promotes differentiation of IL-10-secreting neutrophils in

melanoma

Some myeloid cell populations such as MDSCs have been found to exacerbate tumor
progression either directly by inhibiting tumor-specific immune responses or indirectly by
promoting angiogenesis, tumor cell proliferation and tissue remodeling (129). TAMs
(130,131) and MDSCs are among such myeloid cells (132). Surprisingly, tumor cells are
capable of impairing specific host immune responses by harnessing FPR2/SAA signaling
pathway to promote the proliferation of immunosuppressive IL-10-secreting neutrophils
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(133). There are large numbers of 1L-10-secreting neutrophils in the blood of patients with
melanoma, which may account for the suppression of proliferation of melan-A-specific
CD8™ T cells (26-35). SAA, as an acute-phase reactant secreted during responses to
infection and injury, was present in the plasma and primary tumors of patients with
melanoma (134). SAA induces the differentiation of 1L-10-secreting neutrophils via FPR2 to
suppress antigen-specific T cell responses. SAA also promotes the interaction of neutrophils
with invariant natural killer T cells (INKT cells) that restores T cell proliferation by
abolishing IL-10 secretion. The end results are dependent on an equilibrium of the antigen-
presenting molecule CD1d and costimulatory molecule CD40 that reduces the production of
IL-10 but enhances IL-12 secreting, thus limiting the suppressive activity of neutrophils
(133,135) (Fig. 5). These findings emphasize the plasticity of neutrophils with both pro- and
anti-inflammatory properties and highlight the role of NKT cells as important regulators of
inflammatory and anti-tumor responses. Such a complex and fine-tuned mechanism
designed to control excessive inflammation is exploited by tumors to topple anti-tumor host
immunity via an FPR2/SAA axis. Thus, harnessing ANKT cells and interfering with
FPR2/SSA pathway may diminish the frequency of immunosuppressive neutrophils that
may have important implications for vaccination strategies.

3.5. Fpr2 promotes antitumor host defense by supporting M1 macrophage polarization

TAMs constitute a major stromal component within the tumor and in general exhibit
functions resembling M2 macrophages of the M2d subtype (136,137) (Fig. 6). During tumor
development, infiltrating M1 macrophages, characterized by an 1L-12hi9h |L-10ow
phenotype, promote immune responses against tumor cells. During tumor progression,
TAM s frequently switch to an 1L-12!%W |L_-10M9h M2-like phenotype with low tumoricidal
activity (136). Such TAMs have been shown to provide a favorable microenvironment for
tumor cell survival, angiogenesis, progression and metastasis (138,139).

In a mouse Lewis lung cancer (LLC) implantation model, Fpr2~/~ mice bearing
subcutaneously implanted LLC tumors exhibited significantly shortened survival than did
WT mice because of the more rapidly growing tumors. In contrast, in transgenic mice
overexpressing Fpr2, subcutaneously implanted LLC tumors grew more slowly than those in
WT littermates. Investigation of tumor tissues revealed more TAMSs in tumors grown in
Fpr2~/~ mice and the macrophages isolated from Fpr2~~ mice showed a more-potent
chemotactic response to LLC-derived supernatant, which could be neutralized by an
antibody against the chemokine CCL2, suggesting the notion that CCL2 is the major
chemoattractant for TAM infiltration into the microenvironment of LLC tumor. The
increased chemotaxis of Fpr2~/~ mouse macrophages in response to LLC supernatant was
due to their higher level expression of CCR4, a chemokine GPCR that recognizes the ligand
CCL2 (140,141). Interestingly, treatment with Fpr2 antagonists increased the chemotactic
response of WT mouse macrophages to CCL2, in association with increased expression of
CCRA4. LLC tumor cell supernatant and Fpr2 agonists were capable of polarizing WT
macrophages toward an Ml phenotype (142). Therefore, Fpr2 appears to increase host
defense against implanted LLC by favoring polarization of macrophages toward Ml
phenotype with more-potent antitumor activities (Fig. 7). However, a caveat may exist in
generalizing this LLC model because not all tumors produce copious levels of CCL2 and the
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nature of LLC-derived Fpr2 agonists is unknown. Also, certain FPR2 agonist such as SAA
has been shown to directly stimulate tumor cell growth as discussed early. Possible
interpretation includes the diverse nature of FPR2 agonist to trigger biased intracellular
signaling or FPR2 expressed by tumor cells versus myeloid cells may transduce opposing
signals for tumor growth as exemplified by the action of SAA on neutrophils. More studies
are required to elucidate the precise mechanisms by which Fpr2 promotes macrophage
polarization into an M1 subtype to limit tumor growth and whether this property of Fpr2
could be exploited to develop antitumor therapies.

4. Detrimental effects of FPRs hijacked by tumor cells

4.1. FPR2 in

In addition to controlling leukocyte trafficking and activation, FPRs expressed by tumor
cells very often are utilized for their growth advantage.

human colon cancer cells

High levels of FPR2 mRNA and protein were expressed by a considerable proportion of
human colon cancer cell lines. FPR2 ligands induce colon cancer cell migration and
proliferation. Colon cancer cells expressing high levels of FPR2 also formed more rapidly
growing tumors in immunocompromised mice as compared with cell lines expressing lower
levels of FPR2. Knocking down of FPR2 in colon cancer cells aberrantly expressing FPR2
reduced their tumorigenicity. Clinically, FPR2 is more highly expressed in progressive
primary human colorectal cancer, associated with poorer patient prognosis (37). These data
suggest that FPR2 can be utilized by colon cancer cells to accelerate their growth and
invasion. It is interesting to note that some human colon cancer cells also either express
FPR1 or both FPRs. However, the role of FPR1 in human colon cancer remains to be
determined.

4.2. FPR2 promotes invasion and metastasis of gastric cancer cells

Gastric cancer (GC) is the fifth most common malignancy, and the third leading cause of
cancer-related deaths worldwide (143). Although remarkable progress has been achieved in
surgical and other therapeutic options, the overall 5-year survival rate of GC patients
remains low (144). The main obstacle is the difficulties in early diagnosis of the disease.
Recently, the levels of FPR2 expression in GC were reported to be correlated with their
invasion depth, lymph node metastasis, overall survival of patients. FPR2 expression was an
independent prognostic marker for GC patients. FPR2-knockdown significantly reduced the
tumorigenic and metastatic capabilities of GC cells in immunocompromised mice.
Mechanistically, stimulation with FPR2 ligands resulted in down-regulation of E-cadherin
and up-regulation of vimentin in GC cells, implying the potential for FPR2 to mediate
epithelial-mesenchymal transition (EMT) of GC cells. Therefore, FPR2 is functionally
involved in the invasion and metastasis of human GC (145). However, it is unclear whether
FPR2 on GC cells senses any endogenously produced agonists to trigger cellular functions
similar to motile myeloid cells.

J Autoimmun. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 12

4.3. FPR1 in human gastric cancer

In addition to FPR2, FPR1 was detected in human GC specimens and its levels are
correlated with more aggressive submucosal and serosal invasion accompanied by poorer
outcome of patients (146). However, it is interesting that FPR1 silencing in GC cells
significantly enhanced their tumorigenicity in mice because of augmented vessel density and
tumor cell proliferation with high levels of HIF-1a and VEGF mRNA in xenografts tumor.
Thus, FPR1 functions as GC suppressor by inhibiting tumor-induced angiogenesis (30).
These observations, in contrast to those with FPR2 in GC, call for more careful evaluation of
individual receptors in tumor growth, particularly in the context of microenvironment
whether complex composition of tumor and stroma may determine the outcome of FPR
signaling.

4.4. Annexin 1, in tumor cell growth

Annexin 1 (ANXAL), a 37-kDa member of the annexin superfamily, is a steroid-regulated
protein that is implicated in mediating beneficial effects of glucocorticoids (147), including
the regulation of cell proliferation (148), differentiation (149) and metastasis (150) by FPR1
(151). Dysregulation of ANXAL has been reported in multiple neoplasms, suggesting an
important position of ANXAL in tumor development and progression (152). ANXAL1 is
overexpressed in cancers of the breast (153), liver (154), and pancreases (155), but is
markedly low in cancers of esophagus (156,157) prostate (158) and stomach (159). ANXA1
activates FPR1 to promote the growth and invasion of tumor cells. For example, removal of
ANXAL1 released by necrotic human glioblastoma cells markedly reduced the chemotactic
activity of tumor cell supernatant for live tumor cells, with diminished capacity to induce
tumor cell growth, invasion, and colony formation. ANXAZ1 knockdown significantly
reduced the tumorigenicity of glioblastoma cells in nude mice and deletion of both FPR1
and ANXAL1 almost completely abolished the capacity of glioblastoma cells to form
xenografts tumors (31). Therefore, ANXAL and FPR1 form an auto- and paracrine loop in
glioblastoma to promote their malignancy.

Perspectives

FPRs, as a subfamily of classic chemoattractant GPCRs, have one of the most diverse
collections of ligands and they are expressed by a great variety of cell types, including
cancer cells. Recent studies have shown essential roles of FPRs not only in leukocyte
trafficking but also in colon mucosal homeostasis (26) and tumorigenesis. One of the major
advances in understanding the pathophysiological functions of FPRs (Fprs) is their
important positions in controlling leukocyte trafficking and immune responses. This is
confirmed by studies of a variety of animal models and human diseases in which FPR1 was
shown to be crucial for host responses to mitochondrial elements in sepsis (9) in mediating
final leg of neutrophil accumulation in the center of necrotic liver lesions (160) and a
partnership of FPR2, other chemoattractant GPCRs mediating neutrophil swarm in skin
wounds and in bacterial infection (161).

FPRs also play an important role in inflammation associated tumorigenesis. Fpr2 deficiency
impairs restoration of the colonic epithelial layer after injury, forming aberrant “wounds that
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do not heal” status, thereby increasing the susceptibility to chronic inflammation-associated
tumors. Also, many tumor cells express FPRs to stimulate tumor cell proliferation,
metastasis and angiogenesis, presumably by interact with endogenous ligands released into
the microenvironments such as ANXAL.

These novel findings greatly expanded the scope of FPR biology whose pathophysiologic
relevance had remained obscure since their discovery many years ago. However, much more
needs to be learned with rigorous exploration of the participation of FPRs in diseases,
which, fortunately, has become increasingly feasible with engineered mice with altered
expression of FPR (Fpr) and/or ligand genes. It is thus plausible that future studies focusing
on the regulation, signal transduction, structural basis for ligand recognition, and more
importantly, on participation in pathophysiologic processes of FPRs in human, should yield
novel insight into their potential as therapeutic targets for diseases.
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Highlight

FPRs, as a subfamily of classic chemoattractant GPCRs, have one of the most
diverse collections of ligands and they are expressed by a great variety of cell
types, including cancer cells.

One of the major advances in understanding the pathophysiological functions
of FPRs (Fprs) is their important positions in controlling leukocyte trafficking
and immune responses.

FPRs also play an important role in inflammation associated tumorigenesis.
Fpr2 deficiency impairs restoration of the colonic epithelial layer after injury,
forming aberrant “wounds that do not heal” status, thereby increasing the
susceptibility to chronic inflammation-associated tumor

Many tumor cells express FPRs to stimulate tumor cell proliferation,
metastasis and angiogenesis, presumably by interact with endogenous ligands
released into the microenvironments such as ANXAL.
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Figure 1. FPRs control the first wave neutrophil infiltration in Listeria infection
Both Fprl and Fpr2 expressed by mouse neutrophils sense bacteria-derived chemotactic

PAMPs to mediate a rapid neutrophil influx into the liver of listeria-infected mice. Listeria
lipoproteins stimulate TLR2 on hepatocytes and leukocytes to trigger the production of
CXCR2-specific chemokines to mobilize a late wave neutrophil recruitment in the liver.
Neutrophils activated by bacterial FPR (Fpr) ligands produce superoxide which is critical for
pathogen elimination.
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Figure 2. Sequential CCR2-Fpr2-CCRY7 signals mediate DC trafficking in allergic airway
inflammation

The chemokine receptor CCR2 mobilizes inflammatory DC precursors from the circulation
to the perivascular regions of the inflamed lung in response to the cognate ligand CCL2.
Once in the perivascular regions, immature DCs (iDCs) express high levels of Fpr2 with
down-regulation of CCR2 after exposure to bacterial PAMPs or environmental stimuli. Fpr2
then mediates DC trafficking to the peribronchiolar regions in response to the endogenous
chemotactic ligand CRAMP, which is increased in the inflamed lungs. In the peribronchiolar
areas, inflammatory iDCs undergo maturation in association with the expression of high
levels of the chemokine GPCR CCRY for further homing into draining lymph nodes to
initiate adaptive immune responses.
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Figure 3. Fpr2/CRAMP interaction increases the sensitivity of immature DCs to maturation
signals

DC precursors from mouse bone marrow (BM) express both CRAMP and its receptor Fpr2.
The interaction of Fpr2 with CRAMP via an autocrine or paracrine loop primes iDCs to
enhance the sensitivity to maturation stimulants such as LPS.

J Autoimmun. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 27
e A CXCRS
4 ‘.l » GL7
. FPRZ Bcelis CD95
VS ﬁ . Cxel13 .
& FPR2"™ bie — ' TGF-p .
EDCs — '.". Tnfsf13b bis —» IgA
; FDCs l / '
Peyer's patches il

BAFF —
B-lymphocyte "
stimulator I
Proliferation

Figure 4. Fpr2 signaling in follicular DCs activates B cells in Peyer’s patch (PP) germinal centers
Follicular DCs (FDCs) express FPR2, which increase by ~60-fold in response to LL-37.

LL-37/FPR2 signaling stimulates FDCs to produce Cxcl 13, TGF-B1, and Tnfsfl 3b to
activate B cells in germinal centers (GCs) for proliferation, production of IgA, and up-
regulation of CXCR5, CD95 and GL7.
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Figure 5. Fpr2 promotes the differentiation of 1L-10-secreting neutrophils
Serum amyloid A 1 (SAA-1) produced by tumor and stromal cells interacts with FPR2 on

neutrophils to induce differentiation and expansion of an 1L-10-producing population.
CD1d- and CD40-dependent crosstalk between neutrophils and NKT cells results in the
inhibition of IL-10, but promotion of 1L-12, production by neutrophils. The process was
enhanced by interferon-y (IFN-y) produced by NKT cells after CD1d ligation. The
immunosuppressive activity of neutrophils is then reversed and the proliferation of antigen-

specific cytotoxic T lymphocytes restored.
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Figure 6. Fpr2 in macrophage polarization
Tissue macrophages derived from circulating monocytes acquire either a Ml or alternative

M2 phenotype after encounter microenvironmental stimuli. Ml macrophages are polarized
by IFN-y and LPS, and produce high levels of the pro-inflammatory cytokines such as IL-6,
IL-12, IL-23, and TNF-a.. M2 macrophages are subdivided into M2a, M2b, M2c, and M2d,
and produce high levels of IL-10 with expression of scavenger receptors, mannose receptors,
IL-1 receptor antagonist, and IL-1Ra decoy receptor. Ml macrophages mediate pro-
inflammatory, cytotoxic and antitumor responses, while M2 macrophages promotes
angiogenesis, immunosuppression, and tumor progression. LPS: lipopolysaccharide; IC,
immune complex; GC, glucocorticoid; SR, scavenger receptor; MR, mannose receptor; IL-
Ira, IL-1 receptor antagonist; TLR, Toll-like receptor; MHC, major histocompatibility
complex.

J Autoimmun. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

; 5
(v/ Bone Marrow

|

Monocytic
precursors

o
Macrophages

.
.
p .
. .
.

FPR2KO CCR4™"
CCR2

Page 30
M1 3
Macrophages Macrqp!'l'ages
- & " ? -."‘.' ;
. Y / 4 . ® . .'
i X
FPR2 CCR4®w *.
CCR2 "o, CCL2 w. 5 e %
FPR2ligand <~ @
\_  LLCTumor
\ / g M2 “-._\
Macrophages
Pl . .
i e e
. o' YVe
. | Vg @
_—r * . .
LLCTumor /

Figure 7. Fpr2 promotes antitumor host defense
Mouse macrophages expressing both CCR2 and Fpr2 infiltrate implanted Lewis lung cancer

(LLC) where macrophages undergo M1 polarization in response to tumor-derived Fpr2

ligands. Macrophages deficient in Fpr2 express high levels of CCR4, which synergizes with
CCR2 to recruit TAM in response to tumor-derived CCL2, followed by polarization into M2
cells in response to as-yet-undefined tumor microenvironment factors.
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The expression of FPRs in immune cells

Table 1
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Cells FPR members Functions Refs
Neutrophils FPR1, FPR2 Chemotaxis 3,13
Monocytes/Macrophages FPR1, FPR2, FPR3  Chemotaxis 3,13,17
Natural killer (NK) cells FPR1, FPR2 Chemotaxis, production of IFN-y 15
Dendritic cells FPR1, FPR2, FPR3  Chemotaxis 17
Naive CD4 T-cells (CD3*CD4*CD4SRA*CD4SRO™CCR7*)  FPR2 Increase in IFN-y production 16
Th 1 cells FPR2 N/A 16, 19
Th 2 cells FPR2 N/A 16, 19
Th 17 cells FPR2 N/A 16, 19
Follicular DCs FPR2 8 cell activation in the germinal center of 20
Peyer’s patch
Tonsillar follicular helper T cells FPR2 N/A 16, 19

N/A: not clear
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Table 2

Expression of FPRs in non-immune cells

Cells Expression of FPRs  Functions Refs
Endothelial cells FPR2 N/A 21,22
Endothelial progenitor cells FPR2 N/A 21,22
Synovial Fibroblasts FPB2 N/A 23,24
Keratinocytes FPR2 Cells proliferation and proinflammatory response 25
Intestinal epithelial cells FPR1, FPR2 Cell proliferation migration 26
Mesenchymal stem cells (MSCs)  FPR2 Chemotaxis 27,28
Hepatocytes FPR Chemotaxis angiogenesis factor production 29

N/A: not clear
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Table 3

Expression of FPRs in tumor cells
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Tumor cells Expression of FPRs  Functions Refs
Gastric cancer cells FPRs Epithelial-mesenchymal transition proliferation, migration, and cell 30
resistance to apoptosis
Glioblastoma multiforme(GBM)  FPR1, FPR2 Responding to an endogenous chemotactic ligand anexin 1 (Anx Al) 2,31-35
released by necrotic GBM cells; Cooperating with EGFR to enhance
the survival invasiveness and production of angiogenic factors by GBM
cells
Breast cancer cells FPR1, FPR2 Enhancing tumor cell proliferation 36
Liver cancer cells FPR1 Enhances cell chemotaxis invasion, proliferation and production of 2
angiogenic factors
Colon cancer cells FPR2 Cell proliferation chemotaxis 37
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