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Chemerin is a novel chemoattractant recognized by
chemokine-like receptor 1 (CMKLRI1), a serpentine
receptor expressed primarily by plasmacytoid dendritic
cells, natural Kkiller cells, and macrophages. Human pro-
chemerin circulates in plasma as an inactive precursor.
Its chemotactic activity is expressed upon cleavage of
the C-terminal amino acid residues by proteases of the
coagulation, fibrinolytic, and inflammatory system. The
C-terminal cleavage site of prochemerin is highly con-
servative, indicating that the proteolytic regulation of
chemerin bioactivity is a common mechanism under-
taken by different species. In this review, we summar-
ized chemerin—proteases interactions, chemerin
receptors, and their importance in normal and patholo-
gic conditions.
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Introduction

Chemerin, also known as tazarotene-induced gene 2
(TIG2) or retinoic acid receptor responder 2
(RARRES2), is a potent chemoattractant for CMKLR1-
expressing cells [1—4]. Chemerin circulates in blood as a
prochemerin form at a concentration of ~3nM [5].
Platelets are a rich cellular source of chemerin which
become released upon activation and may contribute to
elevated blood chemerin level in some pathologic con-
ditions [6]. Recently, it has been reported that adipocytes
[7-9] and fibroblast cells [10] all produce chemerin.
Chemerin is also measurable in a number of human
inflammatory exudates, including ascitic fluids from
human ovary cancer and liver cancer, as well as synovial
fluids from arthritic patients [2]. Of note, chemerins

identified from biofluids are chemotactic with a shorter
C-terminal sequence compared with the full-length pro-
chemerin. Growing evidence demonstrated that the
bioactivity of chemerin is closely regulated by proteo-
lytic cleavage in the C-terminal region to reach its
maximal chemotactic or anti-inflammatory effects
[5,11,12].

Chemerin is structurally distinct from CXC and CC
chemokines based on primary amino acid sequences. On
the other hand, it functions like a chemokine and
induces leukocyte migration and intracellular calcium
mobilization. In terms of the regulatory mechanism of its
biological activity, chemerin is similar to a number of
chemokines that undergo proteolytic processing, result-
ing in either a loss or gain of binding ability toward their
receptors compared with the precursors. Dipeptidyl pep-
tidase IV (CD26/DPPIV) and matrix proteinases
(MMPs) have been recognized as major modulators of
chemokine molecules. CD26/DPPIV is a serine-type pro-
tease that principally removes dipeptides from the
N-terminal of a number of proteins. It removes the first
two N-terminal amino acids from CXCL9, CXCLIO,
and CXCL11, three CXCR3 agonists, thereby impairing
receptor signaling and inhibiting lymphocyte chemotaxis
[13]. Although in most cases, CD26/DPPIV truncates
chemokines and dampens their activity, it has been
reported that CD26/DPPIV converts LD78beta (1-70)
into LD78beta (3—70) to become a more potent mono-
cyte chemoattractant [14]. Neutrophil granule protease
MMP-9 and cathepsin G are able to cleave N-terminal
sequences of some chemokines as well. In fact, MMP-9
and cathepsin G are not limited to cleave chemokine’s
N-terminal site because they have a broader substrate
preference which enable them to cleave targets at differ-
ent positions.

Carboxypeptidases modification represents a unique
proteolytic regulatory mechanism for a number of effector
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proteins. Carboxypeptidase N (CPN) and plasma carbox-
ypeptidase B [CPB, also named thrombin-activatable
fibrinolysis inhibitor (TAFI)] modulate protein or peptide
activity by removing the C-terminal arginine or lysine
residue. They are the major inhibitors of the anaphylatox-
ins C3a and C5a [15,16]. Recently, we reported that the
chemerin C-terminal lysine residue exposed by plasmin
cleavage can be further removed by both CPN and CPB.
As a result of C-terminus lysine removal, chemerin bioac-
tivity is significantly up-regulated by this double-enzyme
cleavage [6].

There is an increasing understanding that some che-
mokine molecules can be modified by multiple pro-
teases, which obviously makes it difficult to evaluate the
function of each chemokine both in vitro and in vivo.
CXCL12, also known as stromal cell-derived factor 1
(SDF-1), belongs to the CXC chemokine family which
binds to CXCR4, and probably CXCR7 as well [17].
Human SDF-la is an 8.0 kDa protein containing 68
amino acid residues. It is strongly chemotactic for lym-
phocytes and plays an important role in recruiting pro-
genitor cells from bone marrow [18,19]. Recently, SDF-1
receptor CXCR4 is found in several types of tumors,
suggesting that SDF-1 may be involved in tumor metas-
tasis [20,21]. CD26/DPPIV, elastase, MMP-9, and cath-
epsin G remove two, three, four, and five amino acid
residues from the N-terminus of SDF-la, respectively,
and impair the above-mentioned functions [22-25]. In
addition, CPN cleaves the C-terminal lysine residue of
SDF-la and dampens its functions, suggesting the

Signal peptide

importance of its C-terminal structure in binding recep-
tors [26,27]. The purpose of this review is to summarize
the recent advances in the proteolytic activation mechan-
ism of chemerin and its potential implications in
pathophysiology.

Structure of Chemerin

Human prochemerin is synthesized as a 163-aa protein
with a 20-aa hydrophobic signal peptide which is
removed by unknown proteases (Fig. 1). The secreted
mature prochemerin contains 143 aa (chem?' ~'%) with
minimal chemotactic activity. Chemerin shares little hom-
ology in primary amino acid sequence with other known
proteins. Instead, it has a folded structure similar to cysta-
tins and cathelicidins [5]. The predicted structure of che-
merin based on cystatins revealed a reversed orientation
of chemokines, having a disordered C-terminus, a
B-pleated sheet, and an N-terminal «-helix. Within the
cystatin-fold domain of chemerin, there are three intra-
chain disulfide bonds, whereas cystatin is stabilized by
only two disulfide bridges. Primary structure of chemerin
is highly conserved among different species, especially in
the C-terminal region. Human chemerin shares an overall
84%, 76%, 66% and 63% amino acid sequence identity
with pig, cattle, rat, and mouse chemerin, respectively
(Fig. 1). Within the highly labile C-terminal domain is
the sequence ‘AGEDxxxxxxPGQFAFxK(R)ALxxx’
(Fig. 1). Wittamer et al. [28] found that the 9-mer peptide
YFPGQFAFS derived from human chemerin is most

Human [MRRLLIPLAL WLGAVGVG..VA|ELTEAQRRGL QVALEEFHKH PPVQWAFQET SVESAVDTPF 60
Pig MWQLLLPLAL WLGTMGLG..RA|ELTAAQLRGL QVALEEFHKH PPVQWAFRET GVNSAMDTPF 60
Cattle |MWQLLLPLAL GLGTMGLG..RA|ELTTAQHRGL QVALEEFHKH PPVLWAFQVT SVDNAADTLE 60
Rat MKCLLISLAL WLGTADIHGTEL|ELSETQRRGL QVALEEFHRH PPVQWAFQEI GVDSADDLFF 62
Mouse |MKCLLISLAL WLGTVGTRGTEP|ELSETQRRSL QVALEEFHKH PPVOLAFQEI GVDRAEEVLE 62
Human PAGIFVRLEF KLQQTSCRKR DWKKPECKVR PNGRKRKCLA CIKLGSEDKV LGRLVHCPIE 120
Pig PAGTFVRLEF KLQQTSCRKR DWKKAECKVK PNGRKRKCLA CIKLNSEDKV LGRMVHCPIE 120
Cattle PAGQFVRLEF KLQQTSCRKK DWRKEDCKVK PNGRKRKCLA CIKLDSKDQV LGRMVHCPIQ 120
Rat SAGTFVRLEF KLQQTSCLKK DWKKPECTIK PNGRKRKCLA CIKLDPKGKV LGRMVHCPIL 122
Mouse SAGTFVRLEF KLQQTNCPKK DWKKPECTIK PNGRRRKCLA CIKLDPKGKI LGRIVHCPIL 122
ichemotaxis
Human TQVLREAEEH QETQCLRVOR AGEDPHSHYF PGQFAFSKAL PRS 163
Pig TQVQREPEER QEAQCSRVER AGEDPHSYYF PGQFAFFKAL PPS 163
Cattle TQVQRELDDA QDAQCSRVER AGEDPHSYYL PGQFAFIKAL SP. 162
Rat KQGPQQ. .EP QESQCSKIAQ AGEDSRIYFF PGQFAFSRAL QSK 163
Mouse  KQGPQ...DP QELQCIKIAQ[AGEDPHGYFL pGQFﬂFSRAL RTK 162

Figure 1 Alignment of amino acid sequences of chemerins from various species Domains of signal peptide, chemotaxis, and anti-inflammation

were indicated.
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Figure 2 Human chemerin precursor and its variants

active in chemotaxis of CMKLRI-positive cells.
Recently, Cash et al. [29] demonstrated that the 15-mer
peptide AGEDPHGYFLPGQFA derived from mouse
chemerin possesses potent anti-inflammatory properties
(Fig. 2). Chemerin also has several conservative domains
in N-terminus, whether they undergo proteolytic proces-
sing to affect chemerin activity is not known.

Proteolytic Processing of Chemerin

Chemerin purified from hemofiltrate lacks nine amino
acid residues in the C-terminal region, whereas serum-
derived chemerin lacks only eight amino acid residues
[11] and chemerin in human ovary cancer ascitic fluids
lacks only six C-terminal amino acids in comparison to
its precursor [2] (Fig. 2). These findings indicate that
chemerin has multiple cleavage sites in the C-terminal
domain. In the meantime, chemerin isoforms present in
hemofiltrate, serum, or ascites have potent chemotactic
activity, suggesting a proteolytic activation mechanism
of chemerin bioactivity. With the discovery of chemerin
variants from ascites and serum, many questions have
been raised including which proteases give rise to the
chemerin cleavage and which isoforms of chemerin are
more bioactive. By mass spectrometry analysis, the iso-
forms of chemerin in hemofiltrate and ascites have been
identified as chem®'~'** and chem®' 7, respectively;
however, the proteases required for the generation of
these isoforms remain to be identified. Wittamer et al.
[30] reported that polymorphonuclear cells are involved
in the maturation of prochemerin in vitro. Using specific
protease inhibitors, serine proteases cathepsin G and
clastase are identified to be responsible for prochemerin
activation. Cathepsin G converts prochemerin®' ~'®* to
chem?'~'°® while elastase to chem®' ">’ [11,30]. Both
chem?' ~'3® and chem?®' '>7 are potent chemoattractants
in comparison to the precursor. In addition, Zabel et al.
[11] reported that there are two other sites on prochemerin

for elastase cleavage resulting in, chem®' ' and

chem?' ~'32. Furthermore, tryptase, the most abundant
secretory granule-derived serine protease contained in
mast cells, converts prochemerin to chem?®''*® and
chem?' 13 [11].

The structure and activity of chemerin in serum is
different from prochemerin present in normal plasma.
Proteases of the coagulation cascades are investigated for
their role in activating prochemerin. Zabel et al. screened
a series of serine proteases from coagulation pathway for
prochemerin cleavage. Factors VIla and Xlla at 10 times
higher than physiological blood zymogen levels, but not
IXa, Xa, kallikrein, Xia, and thrombin, generate signifi-
cant amount of activated chemerin, as determined by
chemotactic activity [11]. The fibrinolytic proteases,
including plasmin, urokinase plasminogen activator, and
tissue plasminogen activator (tPA) which activate plas-
minogen to generate plasmin, are able to proteolytically
activate prochemerin. Plasmin removes the last five
amino acids of prochemerin and exposes lysine residue
in the C-terminus (chem?' ~'°%) [11].

Carboxypeptidases CPN and CPB are able to alter
target’s activity by cleaving the basic C-terminal arginine
or lysine residue. ProCPB (TAFI), the CPB precursor cir-
culates in plasma at a concentration of ~50 nM, is acti-
vated by thrombin in complex with thrombomodulin on
endothelial cell surface. As a fibrinolysis inhibitor, CPB
inhibits fibrin degradation by cleaving the C-terminal
lysine from partially digested fibrin which prevents
further incorporation of plasminogen and tPA. CPN is a
constitutively active zinc metalloprotease present in
plasma. CPN and CPB may play complementary roles,
with the former being constitutively active and capable of
regulating systemic anaphylatoxins, and the latter acti-
vated locally at sites of vascular injury to provide site-
specific anti-inflammatory control. In addition to fibrin,
bradykinin, complement C3a and C5a, and thrombin-
cleaved osteopontin are all substrates for CPB and CPN
[31]. We recently characterized that both CPB and CPN
could remove the lysine residue from plasmin-cleaved
chemerin. Plasmin-cleaved chemerin (chem?' '°®) has
slightly higher chemotactic activity than prochemerin.
The plasmin/CPN (or CPB) double-cleaved chemerin,
chem?®' ' has at least 40-fold higher bioactivity than
plasmin alone-cleaved chem?''°® suggesting that the
C-terminal lysine residue inhibits chemerin to fully exert
its activity [6]. Using chemerin-derived C-terminal ana-
logues in chemotaxis and receptor-binding assays toward
the CMKLRI1, Wittamer et al. [28] discovered that
peptide YFPGQFAFS (chem'**~ ') retains the most
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activity of mature chemerin. An addition of one lysine in
the C-terminal of this peptide greatly decreases the
activity, whereas extension of its N-terminal sequence
does not increase the activity. Another protease that
has been described to mediate chem®''>” generation
is staphopain B, a cysteine protease secreted by
Staphylococcus aureus. Staphopain B is a potent activator
of chemerin even in the presence of plasma inhibitors.
Whether there are physiological cysteine proteases that
play similar roles in regard of chemerin chemotactic acti-
vation is of great importance to explore [32].

Recently, neutrophil-derived serine protease proteinase
3 (PR3) is found to be a regulator of chemerin. This
protease directly cleaves the precursor to become
chem?' %%, a less active chemerin variant [12]. Mast
cell chymase, a serine protease, does not directly process
prochemerin but converts active chem?' ™'’ into the
inactive chem®' ~'** form [12]. These results showed that
neutrophils PR3 and mast cell chymase may contribute
to local inactivation of chemotactic chemerin. Cash et al.
[29] demonstrated that proteolytic processing of murine
prochemerin by cysteine proteases such as calpains and
cathepsin S results in chemerin with strong anti-
inflammatory properties. Murine peptide chem'**~'>*
exhibits most inhibitory effect on macrophage activation
at picomolar concentrations. Murine peptide chem'*°~'>*
has a similar anti-inflammatory effect as proteolyzed
chemerin (mchem®~'°*) but has reduced activity as a
chemoattractant. In zymosan-induced mouse peritonitis

model, mice treated with mouse chem'*®~'>* (0.32 ng/
kg) result in significantly less neutrophil and monocyte
recruitment and lower pro-inflammatory —mediator
expression. More convincingly, chem'**~'** is found
not to alleviate zymosan-induced peritonitis in CMKLR1
knockout mice, demonstrating that its anti-inflammatory
effects are entirely CMKLRI1-dependent. In human,
PR3-generated hchem®' '*° (... YFPGQFA) is similar
to the anti-inflammatory mchem?®*~'>* (... FLPGQFA)
in its C-terminal sequence [12]. Therefore, hchem®' ~'°°
may also have anti-inflammatory properties (Table 1).

Taken together, the enzymatic proteolysis of chemerin
precursor can generate either chemotactic chemerins or
anti-inflammatory chemerins (Table 1). Serine proteases
capable of producing chemotactic chemerins originate
from either leukocytes or activated coagulation cascade,
whereas  cysteine  proteases that possess anti-
inflammatory effect originate from activated macro-
phages. Since neutrophils are typically the first cells to
arrive at sites of inflammation, it is likely that generation
of pro-inflammatory chemerins is in advance of anti-
inflammatory chemerin production, which strongly
implies that chemerin may be involved in both the
initiation and resolution of inflammation.

G-protein-coupled Receptors of Chemerin

CMKLRI, also named as chemR23, is a G-protein-coupled
receptor (GPCR) expressed mainly by macrophages, natural

Table 1 Proteolytic cleavage of chemerin by proteases

Protease C-terminal sequence Amino acid order Chemotaxis
Prochemerin ... YFPGQFAFSKALPRS 21-163 Inactive
Tryptase ... YFPGQFAFSK 21-158 Active

... YFPGQFA 21-155
Plasmin ... YFPGQFAFSK 21-158 Active
Plasmin/CPB ... YFPGQFAFS 21-157 Very active
Plasmin/CPN ... YFPGQFAFS 21-157 Very active
Staphopain B ... YFPGQFAFS 21-157 Very active
Elastase ... YFPGQFAFS 21-157 Active

... YFPGQFA 21-155

...YFPG 21-152
Cathepsin G ... YFPGQFAF 21-156 Active
PR3 ... YFPGQFA 21-155 Less active
Chymasin® ... YFPGQF 21-154 Inactive
Cathepsin S ... FLPGQFA 23-154° Anti-inflammation
Calpains® .. FLPGQFA 23-154° Anti-inflammation
Cleaves chem®' ~'%7, but not chem?! '3, ®mouse chemerin sequence, and “specific calpains not identified.
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killer cells, plasmacytoid dendritic cells (pDCs), and
myeloid dendritic cells [4,33,34]. CMKLRI1 shares phylo-
genetic homology with some chemoattractant receptors
including C5a-R, C3a-R, and formyl peptide receptor-like 1
(FPRL1) [5]. It is reported that eicosapentenoic acid-derived
lipid known as resolvin El is a ligand for CMKLRI.
Resolvin E1 is thought to exert anti-inflammatory effects
through the activation of CMKLR1 [35]. CMKLR1 is also
used as a co-receptor for immunodeficiency viruses SIV
and some primary HIV-1 strains [36,37]. Independent
studies from several laboratories all demonstrate that
CMKLRI is a leukocyte chemoattractant receptor for che-
merin. CMKLR1 is responsible for directing the migration
of dendritic cells to lymphoid organs and inflamed skin
[34]. GPR1 with unknown biological function is an orphan
GPCR. Recently, chemerin is identified as an endogenous
ligand for GPR1. GPRI-transfected cells respond to che-
merin stimulation with an elevated intracellular calcium
release to a level 30% of that observed in cells expressing
CMKLRI1 [38]. An iodinated chemerin C-terminal frag-
ment chem'* "7 is used for radioligand-binding studies
and confirms that chem'**~'>” binds to GPR1. The binding
constant (K4) of chem'**~"*7 with GPR1-expressing cells
is ~53nM, comparable to 4.9nM for CMKLRI-
transfected cells. With the identification of GPR1 as che-
merin receptor, the new role of GPR1 other than as a
co-receptor of HIV and SIV virus should be explored.

The third orphan GPCR identified as chemerin recep-
tor is CCRL2. Zabel et al. [39] defined mouse mast
cell-expressed CCRL2 as a silent chemokine receptor-
like GPCRs which has a pro-inflammatory function by
presenting bound attractants for signaling receptors
expressed on neighboring cells [40]. CCRL2 itself does
not trigger chemerin internalization or support chemerin-
driven signal transduction. CCRL2 may facilitate
CMKLRI function by increasing local chemerin concen-
tration, which is more accessible to cell-signaling recep-
tor CMKLR1. Mast cell-expressed CCRL2 can enhance
tissue swelling and leukocyte infiltration in an
IgE-mediated mast cell-dependent mouse passive
cutaneous anaphylaxis model, especially when low
amounts of antigen-specific IgE are used.

Potential Pathophysiological Roles
of Chemerin

Role in obesity and diabetes

Chemerin is a newly described adipokine with effects on
adipocyte differentiation and metabolism in vitro [7-9].
Studies have shown that chemerin expression is

increased during the differentiation of 3T3-L1 cells,
murine pre-adipocytes into adipocytes. Genetic knock-
down of chemerin or its receptor, CMKLR1, impairs
differentiation of 3T3-L1. Expression of chemerin and
CMKLRI1 in mature adipocytes suggests an autocrine/
paracrine mechanism. These data demonstrate that che-
merin is a novel adipokine regulating adipocyte function.
Incubation of 3T3-L1 cells with recombinant chemerin
protein promoted insulin-stimulated glucose uptake with
enhanced insulin signaling. This suggests that chemerin
may play a role in insulin sensitivity and thus a potential
therapeutic target for diabetes. Chemerin induces ERK1/
2 phosphorylation in 3T3-L1 cells. ERK1/2 signaling is
usually involved in adipogenesis and lipolysis. Gene
expression of chemerin and CMKLRI1 is significantly
higher in adipose tissue of obese diabetes prone
Psammomys obesus compared with lean and normal gly-
cemic P. obesus. In human, plasma chemerin levels in
healthy donors are not significantly different from type 2
diabetes patients. However, plasma chemerin levels in
normal subjects are significantly associated with body
mass index, circulating triglycerides, and blood pressure,
suggesting a strong relationship of this protein with
obesity-associated complications [7].

Role in psoriasis

Psoriasis is a type I interferon-driven T cell-mediated
disease. It is characterized by the recruitment of pDCs
into the skin. Immunohistochemistry analysis reveals that
chemerin is detected in prepsoriatic skin adjacent to
active lesions and early lesions, but not from chronic
plaques. Neutrophils and CMKLRI1-positive pDCs are
also positively stained. Fibroblasts cultured from the skin
of psoriatic lesions express higher levels of chemerin
mRNA and protein than fibroblasts from unaffected
psoriatic skin or healthy donors and promote pDC
migration in vitro in a chemerin-dependent manner [10].
Skrzeczynska-Moncznik et al. [41] reported that chemo-
tactically active chemerin is present in lesional skin of
psoriasis patients, which implicates the driven force of
pDC accumulation in psoriatic skin. Therefore, che-
merin/CMKLR1 axis plays an important role in psoriasis
and may provide a therapeutic target for this disease.

Potential biomarker of tumors

Adrenocortical tumor (benign) is a common disease with
an incidence of 4% in the US population. Using microar-
ray analysis, chemerin is among the top five genes that
have a positive correlation with tumor size. The other
four genes are IL13RA2, HTR2B, CCNB2, and
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SLC16A [42]. Chemerin protein and transcript are also
detected in skin squamous cell carcinoma (SSC). They
are abundant in normal epidermis and adjacent skin to
SSC lesions, but barely detectable around the keratin
pearls of SCC, indicating a suppressed expression of
chemerin in skin SSC [43]. In contrast, chemerin mRNA
expression in mesothelioma is up-regulated compared
with non-malignant mesothelial cells [44]. Taken
together, chemerin may be a useful biomarker for tumor
diagnostics.

Conclusions

Proteolytic processing of chemerin C-terminal domain
represents a new model of protease—chemoattractant
interactions.  C-terminal-truncated chemerin variants
display either more chemotactic or anti-inflammatory
effects, which is determined by the cleavage at distinct
sites by different classes of proteases. There are also
interplays between proteases in modulating chemerin
activities such as plasmin/CPN (or CPB) and
chem?'~'*7/chymase. Recent studies suggest that in
addition to serving as a bridge between innate and adap-
tive immunity via chemotaxis of dendritic cells and
macrophages, chemerin may also play a role in obesity,
diabetes, psoriasis, and tumor biology.
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