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implicated as modulators of disease.
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(Bacl(ground: The chemerin-CMKLR1 axis modulates inflammation; ligands for CMKLR1 have short half-lives.
Results: We have utilized a novel technology to develop a long-acting, high potency membrane-anchored CMKLR1

Conclusion: This ligand decreases allergic airway inflammation and neuropathic pain in mice.
Significance: Our approach can be applied to develop other candidate therapeutics targeting peptide hormone receptors
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The chemerin receptor (CMKLR1) is a G protein-coupled
receptor found on select immune, epithelial, and dorsal root
ganglion/spinal cord neuronal cells. CMKLR1 is primarily cou-
pled to the inhibitory G protein, Ge;, and has been shown to
modulate the resolution of inflammation and neuropathic pain.
CMKLRL1 is activated by both lipid and peptide agonists, resol-
vin E1 and chemerin, respectively. Notably, these ligands have
short half-lives. To expedite the development of long acting,
stable chemerin analogs as candidate therapeutics, we used
membrane-tethered ligand technology. Membrane-tethered
ligands are recombinant proteins comprised of an extracellular
peptide ligand, a linker sequence, and an anchoring transmem-
brane domain. Using this technology, we established that a 9-
amino acid-tethered chemerin fragment (amino acids 149 -157)
activates both mouse and human CMKLR1 with efficacy exceed-
ing that of the full-length peptide (amino acids 21-157). To
enable in vivo delivery of a corresponding soluble membrane
anchored ligand, we generated lipidated analogs of the 9-
amino acid fragment. Pharmacological assessment revealed
high potency and wash resistance (an index of membrane
anchoring). When tested in vivo, a chemerin SMAL decreased
allergic airway inflammation and attenuated neuropathic
pain in mice. This compound provides a prototype mem-
brane-anchored peptide for the treatment of inflammatory
disease. A parallel approach may be applied to developing
therapeutics targeting other peptide hormone G protein-cou-
pled receptors.
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The chemerin receptor (CMKLR1 or ChemR23)? is a chemo-
kine like G protein-coupled receptor (GPCR) expressed on
selected populations of cells including inflammatory mediators
(macrophages, monocytes, plasmacytoid/myeloid dendritic
cells and natural killer cells), epithelial cells, as well as neurons
and glial cells in the dorsal root ganglion, spinal cord, and retina
(1-3). CMKLR1 is primarily coupled to the inhibitory G pro-
tein, Gy (4). Activation of CMKLR1 has been shown to be
pro-resolving and anti-nociceptive in animal models of asthma
and pain, respectively (2, 5). Endogenous ligands for this
GPCR include both lipid and peptide agonists, resolvin E1
(RvE1) and chemerin, respectively (4, 6). These natural ligands
for CMKLR1 have short half-lives due to rapid inactivation,
necessitating the development of long acting, stable agonists.

Chemerin is produced as a 163-amino acid protein (4). Fol-
lowing cleavage of its signal sequence, chemerin(21-163) is
secreted as an inactive 143-residue prohormone (7). Proteolytic
cleavage of 6 amino acids at the C terminus converts the pro-
hormone into the full-length active peptide (chemerin(21-
157)) (8). Biological activity of chemerin is dependent on C-ter-
minal processing. In light of this functional requirement, the
focus of our study is on peptides derived from this domain.
Short, C-terminal fragments of chemerin have been shown to
activate CMKLR1 albeit with less potency than full-length
chemerin (chemerin(21-157)) (9). Advantages of smaller pep-
tides include expedited synthesis and a wider range of delivery
modes. Remaining challenges in optimizing short peptides for
in vivo use include increasing potency, efficacy, and stability.

2The abbreviations used are: CMKLR1/ChemR23, chemerin receptor; MTL,
membrane-tethered ligand; SMAL, soluble membrane-anchored ligand;
GPCR, G protein-coupled receptor; OVA, ovalbumin; CCl, chronic constric-
tion injury; Fmoc, N-(9-fluorenyl)methoxycarbonyl; BALF, BAL fluid; DMSO,
dimethyl sulfoxide; s-Stable Chem, soluble stable chemerin peptide; |-Sta-
ble Chem, lipidated stable chemerin peptide.
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We have recently established the utility of membrane teth-
ered ligands (MTLs) as modulators of GPCR signaling both in
vitro and in vivo (10, 11). These recombinant constructs encode
a membrane-anchoring sequence and a flexible protein linker
that tethers the peptide ligand in the extracellular space. MTLs
can be designed so that the construct has either a free amino- or
carboxyl-terminal extracellular end depending on the ligand
activity determinants (11, 12). Given the importance of the
C-terminal end of chemerin, we initiated experiments by incor-
porating a type II transmembrane domain anchor into the
chemerin MTL (13). This transmembrane domain configura-
tion positions the C-terminal end of chemerin into the extra-
cellular space, thus enabling interaction with its cognate GPCR,
CMKLR1. MTLs, by virtue of the ease of modifying the corre-
sponding cDNA, offer an expedited approach for generating
and assaying variant peptides thus enabling identification of
functionally optimized constructs (14).

One limitation of MTLs is that they are recombinant pro-
teins that require expression of the corresponding cDNA. To
enable direct administration of anchored peptides in vivo, we
converted an optimized MTL into a lipidated peptide, thus gen-
erating a soluble membrane-anchored ligand (SMAL). The
SMAL was designed with a putative membrane anchor, a lipid-
PEG linker, covalently attached to the peptide ligand, with the
objective of creating a synthetic mimic of the MTL. As antici-
pated, our efforts ultimately resulted in a long acting, high
potency, wash-resistant CMKLR1 agonist. When assessed in
vivo, this molecule decreased allergic airway inflammation and
attenuated neuropathic pain, highlighting the therapeutic
potential of this novel lipidated compound.

EXPERIMENTAL PROCEDURES

Recombinant GPCR and Tethered Ligand Constructs—Plas-
mids encoding either the human (University of Missouri cDNA
Resource Center) or the mouse (Origene) chemerin receptor
c¢DNA were purchased and subcloned into pcDNA1.1. The full-
length human chemerin ¢cDNA (encoding pre-prochemerin
corresponding to amino acids 1-163) was purchased from Sino
Biological. The chemerin coding region was PCR amplified and
subcloned into a type Il MTL backbone as previously described
(12). The corresponding MTL ¢cDNA encodes a TNF« trans-
membrane domain, a “GN” repeat linker containing a c-Myc
tag (to monitor MTL expression levels), and the chemerin pep-
tide at the C terminus. The TNF« transmembrane domain, by
virtue of it being a type II transmembrane domain, positions
the MTL such that the C terminus of the construct projects into
the extracellular space (13). This orientation is optimal for the
study of chemerin because the C-terminal end of the peptide
has been shown to be important for activity at CMKLR1 (9).
MTLs encoding pre-prochemerin (amino acids 1-163), full-
length chemerin (amino acids 21-157), and various C-terminal
fragments of chemerin (i.e. amino acids 145-157, 149 -157, and
141-155) (9, 15) were generated in addition to a negative con-
trol MTL (including the amino acid sequence of human gala-
nin). To assess variant chemerin sequences, degenerate oligo-
nucleotides (“NNKNNK” where N = A, C, G,or Tand K = G or
T) were used to introduce variability at positions corresponding
to the 2 carboxyl-terminal residues of chemerin(149-157)
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(amino acids 156 and 157). The nucleotide sequences of all
receptor and tether constructs were confirmed using auto-
mated DNA sequencing followed by analysis with VectorNTI
(Invitrogen).

Synthesis of Lipidated Peptides—All commercial reagents
were used without further purification. N-tert-Butoxycarbonyl
(N-Boc) protected p- and L-amino acids and 4-hydroxymethyl-
phenylacetamidomethyl resin modified with N-Boc-L-Ser were
purchased from Chemimpex. 2-(1H-Benzotriazol-1-yl)-1,1,3,
3-tetramethyluronium hexafluorophosphate was procured
from Novabiochem. Monodisperse, hetero-bifunctional poly-
ethylene glycol (PEG), N-Fmoc-PEG8-propionic acid, and the
unnatural amino acid Boc-(3S)-1,2,3,4-tetrahydroisoquino-
line-3-carboxylic acid (N-Boc-1-Tic-OH) were from AAPPTec.
Palmitic acid was purchased from Sigma. Hydrogen fluoride
was from Matheson Tri-Gas. Solvents for reversed-phase
high performance liquid chromatography (RP-HPLC) had
the following composition: solvent A, H,O/CH,CN/trifluo-
roacetic acid (TFA) (99/1/0.1); solvent B, CH;CN/H,O/TFA
(90/10/0.07).

Peptides were manually assembled using the in situ neutral-
ization protocol for ¢-Boc chemistry (16) on 4-hydroxymethyl-
phenylacetamidomethyl resin on a 0.5-mmol scale. Amino
acids, both L and p were used with the following side chain
protecting groups: Gln(Xan), Lys (Fmoc), Ser(Bzl), and Tyr(2-
Br-Z). Peptide coupling reactions were carried out with a 4-fold
excess (2.0 mmol) of activated amino acid for at least 15 min.
The ¢-Boc protecting group on the N terminus was removed
using TFA. Both resins were split into two equal portions. One
portion was used for synthesizing the non-lipidated peptides.
The chemerin 9 peptide (s-Chem(149 —157)) on resin was acety-
lated at the N terminus before cleavage; the stable chemerin pep-
tide (s-Stable Chem) was left unmodified at the N terminus. These
peptides served as positive controls for the lipidated peptides. The
free N terminus was first pegylated with N-Fmoc-PEG8-propionic
acid using standard 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate coupling conditions. The
N-Fmoc protecting group was removed by treatment with 10%
piperidine in N,N-dimethylformamide for 5 min. Palmitic acid
was subsequently coupled with the N-terminal free amine of
the pegylated peptide. Peptides were cleaved from the resin by
using high hydrofluoric acid conditions (17) (90% anhydrous
hydrofluoric acid, 10% anisole at 0 °C for 1.5 h) and precipitated
with cold Et,O. Unmodified peptides were extracted using 10%
AcOH in water and the lipidated peptides were extracted using
10% AcOH in water followed by 10% AcOH in 50% EtOH/H,O.
Crude peptides were purified by RP-HPLC (Vydac C18, 10 um,
22 X 250 mm). The purities of the peptides were assessed by
analytical RP-HPLC (Vydac C18, 5 um, 4 X 250 mm). The
molar mass of peptides was determined by MALDI-TOF MS. Pep-
tide concentrations were determined using tyrosine absorbance
(e=1400M ' cm™ 'at278 nm) (18). The soluble control peptide
for chemerin 9 (s-Chem(149-157)) included a KGG spacer
coupled to the N terminus to allow attachment of the corre-
sponding PEG8-palmitic acid and provide a handle for further
modification with fluorophores. In comparison, the soluble sta-
ble chemerin analog (s-Stable Chem) did not contain the GG
spacer used for subsequent anchoring. Detailed information on
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TABLE 1

Chemical structure, purity, and molecular weight of synthesized
peptides

s-Chem 149-157 Yn\/QjKfoG—Y*F*P*G*Q*F—A*F—srcoon
o

)co
Wk ‘
() ~_O N K-G-G-Y-F-P-G-Q-F-A-F-S-
|-Chem 149-157 ™4 H/\/ W \///H\N COOH
o )go

HN-Y*-F-L-P-§*-Q-F A* Tic-S-COOH
s-Stable Chem i a ‘°

2 H
o N
Wb b GG Y+ F-L-P §*Q-F A* Tic-S-coon
0

|-Stable Chem ha N
Y*, $* and A* are D - amino acids
Tie @Oﬂ“ o
§
Peptides |.!ch Molecular Weights (Da)
Purity” (%)  calculated® Observed®

s-Chem 149-157¢ 97 1388.64 1411.7 [M+Na]"
1-Chem 149-157¢ 98 2009.11 2007.8 [M-H]
s-Stable Chem 99 1217.58 1218.5 [M+H]"
|-Stable Chem® 98 1994.10 1993.4 [M-H]

“ Purity was determined by analytical RP-HPLC (Vydac C18, 5 um, 4 X 250 mm)
and a binary solvent system (A: H,O/CH3CN/TFA (99/1/0.1); B: CH;CN/H,O/
TFA (90/10/0.07)) with a linear gradient of solvent B over 20 min. Flow rate was
at 1 ml/min and elution was monitored at by absorbance at 230 nm.

© Expected molecular weights were calculated using Peptide mass calculator ver-
sion 3.2.

¢ Observed molecular weights were determined by MALDI-TOF MS in positive
reflectron mode using a-cyano-4-hydroxycinnamic acid as the matrix.

% KGG spacer coupled to the N terminus of the peptide before pegylation.

¢ GG spacer coupled to the N terminus of the peptide before pegylation.

chemical structures, purities, and molecular weights of the syn-
thetic peptides are listed in Table 1.

Cell Culture—Human embryonic kidney (HEK) 293 cells
were cultured in Dulbecco’s modified Eagle’s medium (Invitro-
gen) with 10% fetal bovine serum (Atlanta Biologicals), 100
units/ml of penicillin, and 100 pg/ml of streptomycin. Cells
were maintained at 37 °C in a humidified environment with 5%
CO,.

Luciferase Reporter Gene Assays—Receptor-mediated signal-
ing was assessed as previously described (19). Briefly, HEK293
cells were plated at a density of 6,000 cells/well into 96-well
clear-bottom plates and grown to ~80% confluence. Cells were
transiently transfected with PEI (0.1 ul/well of a 1 mg/ml of
solution) in serum-free media (20) with cDNAs encoding (a)
human or mouse chemerin receptor (or pcDNA1.1 as an empty
expression vector), (b) a tethered ligand (where applicable), (c)
an SRE-luciferase reporter gene with a PEST degradation
sequence (SRE;,-Luc-PEST), (d) Gsie6v» @ chimeric G, pro-
tein containing the five carboxyl-terminal amino acids corre-
sponding to Gey; and valine substitution at amino acid position
66, and (e) B-galactosidase (control for transfection efficiency).
Expression of G566y directs signaling of the Ga;-coupled
chemerin receptor to stimulation of a Ga,-dependent SRE;,-
Luc-PEST reporter gene (21, 22). For experiments investigating
the agonist function of soluble and lipidated peptides, tethered
ligand ¢cDNA was not included in the transfection mixture.
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Twenty-four hours after transfection, cells were stimulated
with or without peptide agonist for 4 h in serum-free medi-
um. Recombinant human chemerin (corresponding to amino
acids 21-157) was purchased from R & D Systems, and
chemerin(145-157) was purchased from Phoenix Pharmaceu-
ticals. Lipidated peptides and corresponding soluble ligands
were synthesized as described above. Following ligand stimula-
tion, the media was aspirated, and luciferase activity was mea-
sured using SteadyLite reagent and quantified using a Top-
Count NTX. A B-galactosidase assay was then performed
following assessment of luminescence. Cleavage of 2-nitrophe-
nyl B-p-galactopyranoside substrate was quantified after incu-
bation of cell lysates at 37 °C for 30 to 60 min by measuring the
optical density at 420 nm on a SpectraMax microplate reader.
Luciferase reporter gene activities were normalized to corre-
sponding B-galactosidase activity controls.

Washout Experiments—Agonist activity was compared with
and without serial washings shortly after addition of ligand as
previously described (14, 23). Briefly, HEK293 cells were plated
and transfected as described above with the addition of a poly-
L-lysine plate pretreatment step to enhance cell adhesion.
Twenty-four hours after transfection, cells were stimulated
with increasing concentrations of agonist for 15 min at 37 °C.
Selected wells were washed three times with serum-free
medium. Plates were then incubated for an additional 4 h.
Receptor-mediated signaling was assessed using a luciferase-
based assay as described above.

Ovalbumin Sensitization and in Vivo Chemerin Admin-
istration—Male FVB mice age 5-7 weeks (Charles River Labo-
ratories) were housed under viral antibody-free conditions.
OVA sensitization and drug administration were performed as
previously described with slight modifications (5). Briefly, mice
were sensitized by intraperitoneal injection of 10 ug of OVA
(Grade III: Sigma) plus 1 mg of aluminum hydroxide as adju-
vant (Sigma) in 0.2 ml of saline on days 0 and 7. On days 14, 15,
16,and 17, mice received a 25-min aerosol challenge of 6% (w/v)
OVA each day. On each of these days, 30 min prior to OVA
challenge, mice were given 20 ul of s-Chem(149 —157), s-Stable
chemerin, or 1-Stable chemerin (21 mm stock in DMSO diluted
1:100 in saline for a final concentration of 210 um) by the intra-
nasal route. Corresponding vehicle controls received DMSO
diluted 1:100 in saline. On day 18, lungs were fixed in 10% (v/v)
formalin and embedded in paraffin for staining with periodic
acid-Schiff reagent (Sigma).

In another series of experiments, mice were treated with
1-Stable Chem or DMSO control as described above. On day 18,
lungs were fixed and stained with hematoxylin and eosin (H&E,
Sigma). In a separate cohort of mice, bronchoalveolar lavage
(24) was performed with two 1-ml aliquots of PBS with 0.6 mm
EDTA. Cells in BAL fluids (BALFs) were resuspended in PBS
and counted using a hemocytometer. Cytospin preparations
were done by cytocentrifugation (265 X g StatSpin), and cells
were stained with Wright-Giemsa stain (Sigma) for quantifica-
tion of leukocyte subsets. At least 200 cells were counted per
slide.

For non-OVA control experiments, mice received 1-Stable
Chem (21 mMm stock in DMSO diluted 1:100 in saline for a final
concentration of 210 um) or DMSO for 4 consecutive days (cor-
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responding to days 14, 15, 16, and 17 of the OVA studies). On
the 5th day (corresponding to day 18) mice were sacrificed, and
BALF was collected and analyzed as described above.

Neuropathic Pain Model and Behavioral Analysis—Adult
CD1 mice (male, 25-35 g) were used for the behavioral studies.
Mice were group-housed and kept under a 12-h light/dark
cycle. For the neuropathic pain model, chronic construction
injury (25) was induced by ligation of the sciatic nerve under
isoflurane anesthesia (26, 27). For intrathecal injection, spinal
cord puncture was made with a 30-guage needle between the L5
and L6 level to deliver reagents (10 ul) to the cerebral spinal
fluid. 1-Stable Chem was synthesized as described above. RvE1
was kindly provided by Resolvyx Pharmaceuticals Inc. as a gift
to Ru-Rong Ji.

Nerve injury-induced mechanical allodynia and hypersensi-
tivity were assessed by von Frey hairs as previously described
(28). For testing mechanical sensitivity, the plantar surface of a
hindpaw was stimulated with a series of von Frey hairs (0.02—
2.56 g, Stoelting). The 50% paw withdrawal threshold was
determined using Dixon’s up-down method. For paw with-
drawal frequency, the same von Frey hair (0.16 g) was applied 10
times and the number of positive responses to the stimulations
counted. A positive response was scored if the mouse sharply
withdrew the paw or flinched upon removal of the stimulus.
Cold allodynia was tested by the acetone method as previously
reported (29). In brief, a drop of acetone was placed against the
plantar paw of the mouse and the response of the mouse mon-
itored for the next 20 s. If there was no response then a score of
0 was assigned. If there was a response, this response was mon-
itored 40 s in total and behavior was assigned as follows: 1, quick
withdrawal or stamp of the foot; 2, prolonged withdrawal and
repeated flicking of the paw; 3, repeated flicking of the paw with
licking directed at the ventral side of the paw.

Data Analysis—ECg, values were determined by nonlinear
curve fitting using GraphPad Prism 6.0 software. Statistical
comparisons were made using either ¢ test or one-way analysis
of variance with Tukey’s post hoc test. Data were considered to
be statistically significant with p < 0.05.

RESULTS

Soluble Full-length and C-terminal Human Chemerin Pep-
tides Activate Human and Mouse CMKLRI—In this study, we
first compared the activation of human and mouse CMKLR1
with commercially available peptides using a luciferase report-
er assay. Full-length chemerin (s-Chem(21-157)) activates
human CMKLR1 with higher potency than the C-terminal
13-amino acid fragment (s-Chem(145-157)) (Fig. 1a). These
two human peptides also activate mouse CMKLR1, again with
s-Chem(21-157) potency exceeding that of s-Chem(145-157)
(Fig. 10). The EC,, values for these peptides (Table 2) are best
approximations given that a supramaximal ligand concentra-
tion was not included. Even with this limitation, the shift in the
concentration-response curves reflects a potency difference
between the ligands.

Tethered Full-length and C-terminal Human Chemerin Pep-
tides Activate Both Human and Mouse Receptors—As a next
step, we examined how membrane anchoring would influence
chemerin activity. To pursue these studies, we made MTL con-
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FIGURE 1. Soluble full-length chemerin (s-Chem(21-157)) has higher
potency than soluble chemerin(145-157) at both human (a) and mouse
(b) CMKLR1. s-Chem(145-157) and s-Chem(21-157) were purchased com-
mercially. HEK293 cells were transiently transfected with cDNAs encoding (i)
human or mouse CMKLR1, (ii) a SREs,-Luc-PEST reporter gene, (iii) a Gorgsisey
chimera, and (iv) a B-galactosidase control. Twenty-four hours after transfec-
tion cells were stimulated with ligand for 4 h and luciferase activity was deter-
mined as described under “Experimental Procedures.” Luciferase activity was
normalized relative to the maximal value observed using saturating concen-
trations of the corresponding soluble ligand (=100%). Data points represent
the mean = S.E. from at least three independent experiments, each per-
formed in triplicate.

structs encoding various length chemerin fragments (as
described under “Experimental Procedures”) and assessed
activity at both the human and mouse receptors. Representa-
tive tethers are illustrated in Fig. 2. Surprisingly, the shortest
tether tested (t-Chem(149-157) corresponding to the C-
terminal 9 amino acids of chemerin) had the highest activity
on the human receptor (Fig. 2a), even when compared with
the full-length peptide (t-Chem(21-157)). In contrast, pre-
prochemerin (t-Chem(1-163)) did not activate either receptor
consistent with a requirement for C-terminal processing for
chemerin signaling (8). In addition, a negative control tether
encoding the sequence for human galanin did not activate
either receptor. Additional controls were performed to deter-
mine whether the increased activity of t-Chem(149 —157) could
be explained by differential expression of tethered constructs.
Expression of both tethered constructs were assessed using an
ELISA. The enhanced activity of t-Chem(149 —-157) was not an
artifact of increased expression of t-Chem(149-157) (versus
t-Chem(21-157); data not shown).
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TABLE 2

Half-maximal effective concentration (ECs,) for each CMKLR1 ligand with corresponding pECy,

All values represent the mean * S.E. from at least three independent experiments, each performed in triplicate. s-Chem(145—157) and s-Chem(21-157) were purchased
commercially. All other structures are shown in Table 1. Abbreviations: s-Chem(21-157) (soluble recombinant human chemerin corresponding to amino acids 21-157),
s-Chem(149 —-157) (soluble C-terminal 9 amino acids of human chemerin), I-Chem(149-157) (lipidated C-terminal 9 amino acids of human chemerin), s-Stable Chem

(soluble stable chemerin peptide), I-Stable Chem (lipidated stable chemerin peptide).

Human CMKLR1 Mouse CMKLR1
Ligand Wash EC,, PEC;, EC,, PEC;,
nm nm
s-Chem(145-157) 45.1 7.37 £ 0.16 30.1 7.52 +0.17
s-Chem(21-157) - 11.7 8.02 £0.19 13.7 8.01 £0.20
s-Chem(149-157) - 139.3 6.85 = 0.08 59.3 7.22 = 0.07
1-Chem-(149-157) - 4.3 8.35+0.10 4.0 8.38 = 0.10
s-Chem(149-157) + 4 FF FF #*
1-Chem(149-157) + 90.2 7.07 =0.13 42.9 7.39 = 0.09
s-Stable Chem - 60.6 7.21 = 0.08 11.9 7.92 + 0.06
1-Stable Chem - 2.6 8.59 £ 0.09 2.0 8.70 £ 0.09
s-Stable Chem + +* i + +*
1-Stable Chem + 27.1 7.60 = 0.18 10.4 7.96 * 0.16

“ #+, insufficient signal to calculate ECs,.

a Human CMKLR1

a
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.% 'E -+ tChem 1-163
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FIGURE 2. Tethered chemerin 9 (t-Chem(149-157)) activity exceeds that of
full-length chemerin (t-Chem(21-157)) at the human receptor (a). In contrast,
activation of the mouse receptor by these two constructs is comparable (b).
Pre-prochemerin (t-Chem(1-163)) and the control (tGalanin) lack activity at
both human and mouse receptors. HEK293 cells were transiently transfected
with cDNAs encoding (i) indicated tethered ligand, (i) human or mouse
CMKLRT, (i) @ SREs,-Luc-PEST reporter gene, (iv) a Gagsisev Chimera, and (v) a
B-galactosidase control. Twenty-four hours after transfection, luciferase
activity was determined as described under “Experimental Procedures.”
Luciferase activity was normalized relative to the maximal value observed
using t-Chem(21-157) cDNA (=100%). Data points represent the mean = S.E.
from at least three independent experiments, each performed in triplicate.
Comparison of t-Chem(21-157) to t-Chem(149-157) is shown: *** p < 0.001.

The MTL Platform Can Be Used to Generate a Series of
Chemerin Ligands with Varying Activities—In light of the
enhanced activity of t-Chem(149 —157) at the human receptor,
we next explored whether modification of the endogenous
chemerin sequence could further potentiate ligand-mediated
signaling. To assess this possibility, we screened ~200 con-
structs encoding t-Chem(149 —157) with variability at positions
156 and 157. Amino acids 156 and 157 were chosen because
they are established CMKLRI1 activity determinants (9).
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Selected results of the screen are highlighted in Fig. 3. As shown
in Fig. 3a, the endogenous sequence (“FS”) had comparable
activity to “VA” at human CMKLR1 with “SL” showing partial
agonist activity, and “GP”/“GH” illustrating no activity. In com-
parison, FS and VA both activated mouse CMKLR1 with both
SL/GP showing partial agonist activity and GH showing no
effect. Again, negative control tethered galanin did not activate
either receptor. Because the endogenous Chem(149-157)
sequence showed the highest activity as a tether, we chose to
utilize this sequence in follow-up experiments.

Lipidation of Chem(149—-157) Confers Enhanced Potency and
Wash-resistant Activity—Based on our results with tethered
versus soluble chemerin(149-157), we hypothesized that the
enhanced activity on human CMKLR1 was due to membrane
anchoring. We thus postulated that a SMAL would also show
increased activity and have the additional advantage that it
could be directly delivered for in vivo testing. We therefore
synthesized a lipidated counterpart of Chem(149-157) (Table
1), a putative CMKLR1 SMAL. Lipidation of the C-terminal
9 amino acids of chemerin (I-Chem(149-157)) enhanced
potency of the ligand at both the human and mouse CMKLR1
when compared with the soluble peptide (s-Chem(149 -157))
(Fig. 4, a and ¢; Table 2). To determine whether the lipidated
peptide was anchored in the cell membrane, we performed
washout experiments on both human and mouse CMKLR1
receptors. Despite serial washes after the addition of ligand, the
activity of -Chem(149 —157) persisted, whereas only trace ago-
nist-induced signaling was observed with the soluble ligand
(Fig. 4, b and d; Table 2). Signaling by both s-Chem(149-157)
and 1-Chem(149-157) required expression of CMKLR1; no
agonist activity was observed when cells were transfected with
vector control (i.e. pcDNA1.1; data not shown).

A Lipidated, Stable Chemerin Analog Activates Human and
Mouse CMKLRI1 with High Potency and Wash Resistance—It
has been previously shown that chemerin is rapidly inactivated
in vivo by proteases. To further enhance the activity and half-
life of the lipidated chemerin analog, a proteolysis resistant
chemerin sequence (30) was introduced into our construct
(Table 1). Lipidation of this peptide led to enhanced potency at
both human and mouse receptors (Fig. 5, a and ¢; Table 2).
Furthermore, the activity of the lipidated stable peptide per-
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FIGURE 3. Modifying the two C-terminal amino acids of t-Chem(149-157)
results in MTLs with varying degrees of activity on human (a) and mouse
(b) CMKLR1. HEK293 cells were transiently transfected with cDNAs encoding
(i) 8 ng of the indicated tethered ligand, (ii) human or mouse CMKLRT, (iii) a
SREs,-Luc-PEST reporter gene, (iv) a Gagsiesy Chimera, and (v) a B-galactosi-
dase control. Twenty-four hours after transfection, luciferase activity was
determined as described under “Experimental Procedures.” Luciferase activ-
ity was normalized relative to the maximal value observed with t-Chem(149-
157) cDNA (=100%). Data points represent the mean =+ S.E.from atleast three
independent experiments, each performed in triplicate.

sisted despite washing, whereas the activity of the soluble coun-
terpart rapidly decreased when assessed at both the human and
mouse receptors (Fig. 5, b and d; Table 2). Signaling by both
s-Stable Chem and 1-Stable Chem required expression of
CMKLR1; no agonist activity was observed when cells were
transfected with vector control (i.e. pcDNA1.1; data not
shown).

[-Stable Chemerin Exhibits in Vivo Activity and Abrogates
Allergic Airway Responses in Mice—CMKLR1 was previously
suggested to modulate lung inflammation in an LPS model (31).
Based on this prior report, we wanted to further explore and
extend the role of this receptor in allergic airway responses.
Given the high potency, stability, and wash resistance of the
lipidated stable chemerin analog, we postulated that it may
modulate airway remodeling and the inflammatory response
known to occur in our iz vivo model. To test this hypothesis, we
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used an allergen sensitization and airway challenge model
where mice were first sensitized with OVA followed by OVA
aerosol challenge. In this model, s-Chem(149-157), s-Stable
Chem, or I-Stable Chem were administered prior to each OVA
aerosol challenge (Fig. 6A4). As illustrated in Fig. 6B, significant
changes in airway epithelial mucus (versus DMSO control)
were apparent in all treatment groups as determined by peri-
odic acid-Schiff reagent staining at low magnification (X20).
The most pronounced attenuation of mucus metaplasia was
seen in mice treated with 1-Stable Chem.

To further probe the effects of I-Stable Chem, we also exam-
ined the inflammatory response in the lung using H&E staining
and BALF analysis of leukocytes. Following visual assessment of
histological sections taken from mice treated with 1-Stable
Chem, we observed less leukocyte infiltration and fewer reac-
tive bronchial epithelial cells in comparison to DMSO control
(Fig. 6C). Accompanying cell counts confirmed an anti-inflam-
matory effect of treatment with I-Stable Chem. In BALF taken
from DMSO versus 1-Stable Chem-treated mice, leukocyte
infiltrates were quantified and showed a significant reduction
in the number of eosinophils at day 18 (Fig. 6D).

To test if there were any changes induced by 1-Stable Chem
alone, a subset of non-OVA sensitized mice was assessed. Here,
mice were administered 1-Stable Chem or DMSO control for 4
days and sacrificed on the 5th day. No evident inflammation in
either cohort was observed. BALF from these cohorts revealed
no differences in leukocyte numbers between groups with only
resident macrophages present (data not shown). In each of the
above experiments, mice in all 4 treatment groups (DMSO,
s-Chem(149-157), s-Stable Chem, 1-Stable Chem) appeared
healthy throughout the protocol.

[-Stable Chemerin Decreases Mechanical and Cold Hypersen-
sitivity in an Experimental Model of Neuropathic Pain: Com-
parison to Resolvin EI (RvEI1)—We examined whether treat-
ment with I-Stable Chem would reduce nerve injury-induced
neuropathic pain. We compared these results to RvE1 to deter-
mine whether 1-Stable Chem would provide a more protracted
attenuation of pain responses. Chronic construction injury (25)
of the sciatic nerve produced robust mechanical allodynia as
indicated by a reduction in paw withdrawal threshold in
response to a series of von Frey hairs (Fig. 7, A and B) and an
increase in paw withdrawal frequency in response to a specific
low-threshold von Frey hair (0.16 g, Fig. 7, C and D). CCl-in-
duced neuropathic pain is also characterized by cold allodynia,
a nociceptive response to acetone stimulation (Fig. 7, E and F).
These are cardinal features of neuropathic pain, elicited by
normally innocuous stimuli. Notably, treatment with 1-Sta-
ble Chem via spinal intrathecal route (100 pmol), 1 week
following nerve injury when neuropathic pain is fully devel-
oped, significantly reduced established mechanical and cold
allodynia for greater than 24 h (Fig. 7, A, C, and E). In com-
parison, the effects of RvE1 were only transient, with a sig-
nificant decrease in pain scores observed only at the 1-h time
point (Fig. 7, B, D, and F).

DISCUSSION

In the current study, we explored the effects of recombi-
nant and synthetic membrane anchoring on the activity of
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FIGURE 4. Lipidation of chemerin(149-157) (I-Chem(149-157)) enhances potency at both the human (a) and mouse (c) receptors. Activity of this
analog remains following serial washes versus activity of the soluble peptide (s-Chem(149-157)) at both the human (b) and mouse (d) receptors.
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chemerin-derived compounds as well as their impact on
inflammation and neuropathic pain. Our analysis included
defining ligand efficacy on mouse CMKLR1 in anticipation of
preclinical studies, as well as on the human receptor in light of
our long term goal of developing therapeutics. We ultimately
identified a lipidated chemerin analog, a SMAL, which activates
both CMKLRI1 species orthologs with high potency. Our stud-
ies demonstrated that this stable chemerin receptor agonist has
potent in vivo efficacy in mouse models of allergic airway
inflammation and neuropathic pain.

As an initial step, we established an assay for assessing
CMKLRI1 signaling induced by chemerin peptides. Comparison
of full-length soluble human chemerin (s-Chem(21-157)) at
both the mouse and human receptors revealed similar poten-
cies. The high potency of human s-Chem(21-157) on the
mouse receptor could not have been fully anticipated given that
the sequence identity between these full-length orthologs is
only 63% (8). Notably, the mouse and human receptors are 88%
homologous. Together these results support the premise that
modified CMKLR1 ligands can be developed that target the
human receptor yet are amenable to testing using iz vivo mouse
models (i.e. agonists show similar potency on both receptors).
This is further supported by the occurrence of six identical
amino acids at the C terminus of mouse and human chemerin,
a domain that is critical for efficacy.

To begin our investigation of the pharmacological properties
of membrane-anchored chemerin, we generated recombinant
MTLs incorporating selected human chemerin fragments into
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the construct. Previous reports in the literature highlighted the
C-terminal end of chemerin as the critical activity determinant
(9). Therefore, we chose to use a type II MTL that enabled the
C-terminal end to freely extend into the extracellular space and
activate the receptor (12, 13). Comparison of the full-length
(Chem(21-157)) and short chemerin fragments as soluble
ligands revealed that Chem(21-157) was the most potent pep-
tide. In contrast, as a tethered ligand, t-Chem(149 —-157) was
more active than the corresponding full-length peptide. The
enhanced activity of the 9 C-terminal amino acids of chemerin
was unique to the human receptor; activities of both tethered
peptides were comparable at the mouse receptor. The impor-
tance of C-terminal processing of chemerin from the pre-pro-
hormone (Chem(1-163)) into the active form (Chem(21-157))
was illustrated as the tethered pre-prohormone did not activate
the human or mouse receptor. These data support that
Chem(1-163) when recombinantly expressed in HEK293 cells
is not processed into the active form (i.e. Chem(21-157)).
These data highlight the utility of MTLs as tools to investigate
inactive versus active isoforms of a peptide in addition to dis-
cerning the domains (e.g. C terminus) that mediate activity of a
peptide at its cognate GPCR.

Our investigations also illustrate the utility of MTLs as tools
to efficiently generate and characterize functionally altered
peptide ligands. In light of the observed increase in signaling
of the 9 C-terminal amino acids of chemerin (relative to
Chem(21-157)) at the human receptor, we explored whether
amino acid substitutions within tethered Chem(149-157)
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unwashed (=100%). Data points represent the mean = S.E. from at least three independent experiments, each performed in triplicate.

would further enhance activity. To this end, we screened a vari-
ety of peptide sequences that were modified at amino acid posi-
tions 156 and 157. These residues were selected because of their
known functional importance in chemerin-mediated activation
of CMKLRI1 (9). Modification with certain amino acids (i.e.
position 157: Ser to Ala or Leu) resulted in partial agonists,
whereas substitution with other amino acids (i.e. position 157:
Ser to Pro or His) abolished ligand induced signaling. Assess-
ment of the variant Chem(149 —157) MTLs on the human ver-
sus the mouse receptors reveals similar functional profiles with
the exception of the GP analog. This MTL illustrates the poten-
tial of even minor alterations in a ligand to result in marked
activity differences even when compared at conserved GPCR
orthologs.

In this study, in addition to examining effects of recombinant
membrane tethering, we generated and pharmacologically
characterized peptides with a synthetic lipid membrane
anchor. Being aware of the difficulties inherent in delivering
recombinant constructs as therapeutics, it was important to
explore alternative forms of membrane tethering that would
enable delivery of an anchored therapeutic. In light of the
enhanced activity of tethered Chem(149-157) at the human
receptor (relative to Chem(21-157)), this peptide fragment was
selected for further study as a lipidated construct. We utilized
synthetic chemistry to generate a 9-amino acid peptide (human
Chem(149 —157)) linked to palmitic acid via a PEGg linker (i.e.
1-Chem(149-157)). The corresponding membrane-anchored
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ligand showed enhanced potency and wash resistance in com-
parison to its soluble counterpart. As illustrated by Chem(149 —
157), lipidation offers a potential means to enhance potency
and/or prolong activity of the ligand via anchoring of the com-
pound into the membrane. Lipidation has been used as a tool to
counteract some of the limitations associated with peptide
therapeutics (e.g rapid degradation and clearance) and has
been successful in optimizing drug leads into therapeutically
viable candidates (32).

In addition to lipidation, modification of the peptide
sequence to confer protease resistance offers a complemen-
tary approach to augmenting agonist function in vivo. Many
approaches have been taken to decrease the proteolysis of
peptides, including, N-methylation, ester linkages (a-hy-
droxy acids), insertion of additional methylene groups into
the backbone (B-amino acids, y-amino acids, etc.), and the
use of p-amino acids (33). In particular, enhanced peptide
stability by addition of D-amino acids has been demonstrated
for a number of peptides that are important mediators of
immune-based disorders (34) and neuropathic pain (35).
Our strategy was to combine lipidation with alteration of
targeted amino acids to confer protease resistance. This
strategy offers a platform for generating compounds that are
long acting and stable in vivo. We illustrate this paradigm by
incorporating a protease-resistant peptide sequence (30) in
place of Chem(149-157) within the lipidated ligand. This
lipidated stable chemerin analog (I-Stable Chem) showed
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high potency at both the human and mouse CMKLR1 and
anchored in the membrane as reflected by wash resistance.
Given the in vitro efficacy of this compound at mouse
CMKLRI1, we pursued in vivo testing of this analog.

We utilized two distinct mouse disease models to assess the
in vivo consequences of administering 1-Stable Chem. In a
model of allergic airway responses, the impact of s-Chem(149 —
157), s-Stable Chem, and 1-Stable Chem were assessed. A hall-
mark feature of this model is mucus metaplasia in the airways.
To varying extents, each of the 3 chemerin treatments resulted
in decreased production of airway epithelial mucus. Notably,
our data illustrate that the most pronounced decrease in peri-
odic acid-Schiff reagent staining was observed with 1-Stable
Chem. These results establish that chemerin-based ligands can
attenuate the mucus metaplasia that occurs as part of the aller-
gic airway response.

At the same time, our results demonstrate that 1-Stable
Chem administration prior to OVA challenge in sensitized
mice attenuates the development of lung inflammation (Fig.
6C). These anti-inflammatory effects were apparent both his-
tologically and by a significant reduction in eosinophils quanti-
tated in BALF. Because eosinophils are important mediators
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in the pathophysiology of asthma, a decrease in these cells is
likely to be protective both against tissue remodeling and air-
way dysfunction in this disease (36). Current therapeutics for
asthma have in part targeted the biology of eosinophils by mod-
ulating their activity, chemotaxis, and survival (37). We believe
that1-Stable Chem may be multipronged in its effect, providing
both an anti-leukocyte effect as well as a protective effect
against remodeling of the airway epithelium.

As a second index of in vivo efficacy, we examined the effects
of 1-Stable Chem on neuropathic pain following peripheral
nerve injury. We illustrate that 1-Stable Chem is effective at
attenuating CCI-induced mechanical and cold hypersensitivity
for at least 24 h post-administration supporting our postulate
that this analog is long acting. In contrast to the prolonged
duration of action of 1-Stable Chem, RvEl (also targeting
CMKLR1) lost efficacy after 1 h, in agreement with a previous
report in a comparable animal model (2). Even a stable analog of
resolvin E1 (19-pf-RvE1), designed to resist local metabolic
inactivation, only attenuates spinal nerve ligation-induced neu-
ropathic pain for 6 h after injection (1). Taken together, these
data suggest that 1-Stable Chem may offer more prolonged
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analgesic effects and highlights the novelty and efficacy of this
compound in vivo.

Although asthma and neuropathic pain manifest as distinct
diseases, they fall under the broader category of inflammatory
disorders. It is therefore possible that the therapeutic efficacy of
I-Stable Chem observed in these two models share similar
mechanisms. CMKLR1 is expressed on a variety of inflamma-
tory cells, including: NK cells, DCs, and macrophages. Altered
functional modulation of these cell types (e.g chemotaxis,
phagocytosis) may play a role in the mechanism of action of
l-Stable Chem. Alternatively, direct interaction of 1-Stable
Chem on endothelial cells (asthma) or DRG/dorsal horn spinal
cord neurons (4) may underlie the protective effects of this
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ligand through the direct modulation of receptor-mediated sig-
naling. Future studies aimed at further evaluating l-Stable
Chem will reveal the cell-specific molecular mechanism under-
lying activity of this lipidated peptide.

Taken together, our data illustrate that I-Stable Chem is a
potent inhibitor of allergic airway inflammation and neuro-
pathic pain. The genesis of this compound and its efficacy in
vivo will allow for dissection of pathways and evaluation of
mechanisms of inflammation and synaptic transmission in dis-
orders associated with CMKLR1 (ChemR23) signaling. In addi-
tion, given the putative role of the chemerin-CMKLRI1 axis in
other diseases (7, 38 —40), it will be of interest to test I-Stable
Chem in corresponding animal models. We anticipate, given
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the success of this compound, that other GPCRs implicated in
inflammation may be targeted using a similar approach. MTL
technology as a predictive index for the pharmacological fea-
tures of lipidated peptides provides a powerful strategy to
develop novel compounds for the treatment of inflammatory
disease.
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