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Background: The anti-inflammatory properties of apolipoproteins are incompletely defined.
Results: Apolipoprotein A-I and E mimetic peptides suppress CXCR2-dependent neutrophil migration in vivo. Mimetic
L-37pA itself induces formyl peptide receptor-2-dependent chemotaxis.
Conclusion: Apolipoprotein mimetics display complex structure-activity relationships to multiple chemotactic receptors.
Significance: Apolipoproteins and their mimetics regulate leukocyte migration.

The plasma lipoprotein-associated apolipoproteins (apo) A-I
and apoE have well described anti-inflammatory actions in the
cardiovascular system, and mimetic peptides that retain these
properties have been designed as therapeutics. The anti-inflam-
matory mechanisms of apolipoprotein mimetics, however, are
incompletely defined.Whether circulating apolipoproteins and
their mimetics regulate innate immune responses at mucosal
surfaces, sites where transvascular emigration of leukocytes is
required during inflammation, remains unclear. Herein, we
report that Apoai�/� and Apoe�/� mice display enhanced re-
cruitment of neutrophils to the airspace in response to both
inhaled lipopolysaccharide and direct airway inoculation with
CXCL1. Conversely, treatment with apoA-I (L-4F) or apoE
(COG1410) mimetic peptides reduces airway neutrophilia. We
identify suppression of CXCR2-directed chemotaxis as a mech-
anism underlying the apolipoprotein effect. Pursuing the possi-
bility that L-4F might suppress chemotaxis through heterolo-
gous desensitization, we confirmed that L-4F itself induces
chemotaxis of human PMNs and monocytes. L-4F, however,
fails to induce a calcium flux. Further exploring structure-func-
tion relationships, we studied the alternate apoA-I mimetic
L-37pA, a bihelical analog of L-4F with two Leu-Phe substitu-
tions. We find that L-37pA induces calcium and chemotaxis
through formyl peptide receptor (FPR)2/ALX, whereas its
D-stereoisomer (i.e. D-37pA) blocks L-37pA signaling and
induces chemotaxis but not calcium flux through an unidenti-
fied receptor. Taken together, apolipoprotein mimetic peptides

are novel chemotactic agents that possess complex structure-
activity relationships to multiple receptors, displaying anti-in-
flammatory efficacy against innate immune responses in the
airway.

In recent years, it has been increasingly recognized that high
density lipoprotein (HDL), amultimolecular particle composed
of apolipoproteins (e.g. apolipoprotein (apo) A-I and apoE), lip-
ids, and other cargo, has potent and wide ranging anti-inflam-
matory properties in addition to its well known function as a
vehicle for cholesterol transport in the serum. HDL down-reg-
ulates adhesion molecules on endothelium and leukocytes,
sequesters and reduces oxidized lipids, suppresses myeloid cell
production in the bone marrow, and attenuates pro-inflamma-
tory signaling by Toll-like receptors (1, 2). Many of these anti-
inflammatory effects of HDL have been attributed to apoA-I,
and in particular, to the 10 tandem amphipathic �-helices of
apoA-I, a lipid-binding motif it shares with apoE and other
apolipoproteins. Exploiting this discovery, several anti-inflam-
matory �-helical apoA-I mimetic peptides (e.g. the 18-amino
acid peptide L-4F (3–5)) have now been designed, and some are
under development for atherosclerotic cardiovascular disease
and/or other inflammatory disorders. Amphipathic �-helical
apoE mimetic peptides (e.g. the 12-amino acid peptide
COG1410 (6)) have similarly been developed that display anti-
inflammatory activity not only in the cardiovascular system, but
also in the brain and other organs (6).
ApoA-I and apoE are expressed in the lung by structural (i.e.

alveolar epithelial) and hematopoietic (e.g. alveolar macro-
phages) cells, and they and theirmimetic peptides have recently
been shown to regulate physiology and adaptive immunity of
the airway. Thus, Apoai�/� mice have increased lung inflam-
mation and airway hyperresponsiveness, whereas treatment
with two apoA-I mimetics (L-4F or 5A) reduces inflammation
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and airway hyperresponsiveness inmousemodels of asthma (7,
8). Apoe�/� mice similarly develop exaggerated airway disease
in an asthma model, and an apoE mimetic peptide rescues this
response (9). Studies on lung and other disease models have
generally defined the anti-inflammatory effects of apolipopro-
teins on tissue-resident cells in various organs, as well as on
effector functions of leukocytes. Whether apolipoproteins and
their mimetics attenuate end-organ inflammation through the
unifying mechanism of modulating leukocyte migration to tis-
sues has not been defined.
Herein, we report that Apoai�/� and Apoe�/� mice have

enhanced recruitment of neutrophils (PMNs)3 and monocytes
to the airspace in response to inhaled lipopolysaccharide (LPS),
as well as enhanced airway neutrophilia in response to direct
airway inoculation with CXCL1. Conversely, treatment with
apoA-I (L-4F) and apoE (COG1410) mimetics reduces PMN/
monocyte recruitment to the airway under these conditions.
We identify suppression of chemokine-directed chemotaxis as
a mechanism underlying the apolipoprotein effect. ApoA-I
protein and L-4F suppress chemotaxis of murine PMNs to
CXCL2; this is associated with reduced PMN surface display of
CXCR2 in the case of L-4F. Pursuing the possibility that L-4F
might suppress chemotaxis through heterologous desensitiza-
tion (i.e. through itself acting as a chemoattractant), we con-
firmed that L-4F indeed induces chemotaxis of human PMNs
and monocytes. L-4F, however, neither induces a calcium flux
in PMNs or monocytes, nor induces chemotaxis through
CXCR2, CCR2, formyl peptide receptor (FPR) 1, or FPR2/ALX
in transfected HEK293 cells, making the identity of its receptor
uncertain. Further exploring structure-function relationships,
we studied an alternate apoA-I mimetic peptide, L-37pA, a
bihelical version of L-4F with two Leu-Phe substitutions (10).
We find that L-37pA induces chemotaxis through the multi-
recognition receptor FPR2/ALX, whereas its D-stereoisomer
(D-37pA) (11) blocks L-37pA signaling and induces chemotaxis
through a different, yet unidentified receptor. Taken together,
we report that apolipoproteinmimetic peptides are novel PMN
and monocyte chemotactic agents that possess complex struc-
ture-function activity relationships to multiple receptors.

EXPERIMENTAL PROCEDURES

Reagents—Escherichia coli 0111:B4 LPS and formyl-Met-
Leu-Phe (fMLF) were from Sigma. CXCL1/KC and CXCL2/
MIP-2 were from R&D Systems (Minneapolis, MN). ApoA-I
was purified as previously described (12). WKYMVm (desig-
natedWpeptide) andMMK-1were synthesized andpurified by
the Department of Biochemistry, Colorado State University
(Fort Collins, CO). IL-8 (CXCL8) was from PeproTech (Rocky
Hill, NJ). Fura-2 was from Invitrogen.
Synthesis of Apolipoprotein Mimetic Peptides (Table 1)—

COG1410 (Ac-AS(Aib)LRKL(Aib)-KRLL-NH2), a peptide
derived from apoE residues 138–149 with Aib (aminoisobu-
tyric acid) substitutions at positions 140 and 145 (6, 13) was

synthesized by the Peptide Synthesis Laboratory at the Uni-
versity of North Carolina (Chapel Hill, NC) to a purity of
�95%. Peptide 264 (Ac-AS(Aib)LRKL(Aib)KR-NH2), a neg-
ative control for COG1410 that displays reduced anti-in-
flammatory activity in attenuating the LPS response (14),
was synthesized to similar specifications at the University of
North Carolina. L-4F (Ac-DWFKAFYDKVAEKFKEAF-
NH2) and its scrambled version, sc-4F (Ac-DWFAKDYF-
KKAFVEEFAK-NH2) (4), were also synthesized to �95%
purity at the University of North Carolina. L-37pA (DWLK-
AFYDKVAEKLKEAF-P-DWLKAFYDKVAEKLKEAF) and
D-37pA (i.e. D-amino acid version of 37pA) were synthe-
sized by a solid-phase procedure as previously reported (10).
A scrambled version of L-37pA, sc-37pA, was synthesized
(FWFDAYFEVVDKALLAYKPALDKEKKAEFKEKLDWKA).
Mice—Female mice (8–12 weeks old, weighing 15–22 g)

were used in all experiments. Apoai�/� (B6.129P2-
Apoa1tm1Unc/J),Apoe�/� (B6.129P2-Apoetm1Unc/J) (both back-
crossed 10 generations onto C57BL/6), and wild type C57BL/6
mice were all from Jackson Laboratories (Bar Harbor, ME). All
experiments were performed in accordance with the Animal
Welfare Act and the United States Public Health Service Policy
on Humane Care and Use of Laboratory Animals after review
by theAnimal Care andUseCommittee of theNIEHS,National
Institutes of Health.
In Vivo Exposures—Mice were injected intravenously (150�l

in saline) with 20 mg/kg of L-4F or sc-4F peptide (control for
L-4F), or with 1.2 mg/kg of COG1410 or 264 peptide (control
for COG1410) 2 h prior to pulmonary exposures, similar to past
reports (4, 13). LPS exposure was by aerosol (300 �g/ml, 20
min) and KC exposure by intratracheal delivery (0.25 or 0.5
�g/60 �l by oropharyngeal aspiration), both as previously
described (15). L-37pA or scrambled L-37pA (100 �g/60 �l)
were also delivered intratracheally.
Bronchoalveolar Lavage Fluid Collection and Analysis—

Bronchoalveolar lavage fluid was collected immediately follow-
ing sacrifice, and total leukocyte and differential counts were
performed, as previously described (15). Cytokines were quan-
tified by amultiplex assay (Bio-Plex, Bio-Rad) per themanufac-
turer’s instructions.
Neutrophil and Monocyte Isolation—Mature murine bone

marrow PMNs were isolated from mouse femurs and tibias by
discontinuous Percoll gradient centrifugation, as previously
described (15). This preparation yields �95% PMNs (data not
shown). Human peripheral blood monocytes were isolated
from buffy coats (NIH Clinical Center, Transfusion Medicine
Department, Bethesda,MD) enriched formononuclear cells by
using an iso-osmotic Percoll gradient, and neutrophils by dex-
tran sedimentation of the buffy coat, both as previously
described (16). The purity of the cell preparations was con-
firmed bymorphology to be�90% formonocytes and�98% for
neutrophils.
Transfected HEK293 Cells—Parental HEK293 cells were

stably transfected with FPR1, FPR2/ALX, CCR2, or CXCR2
as previously described (16). All cell lines were maintained in
DMEM supplemented with 10% FBS (Hyclone, Logan, UT), 1
mM glutamine (Invitrogen), and 800 �g/ml of geneticin
(G418; Invitrogen).

3 The abbreviations used are: PMN, neutrophil; apo, apolipoprotein; fMLF,
formyl-Met-Leu-Phe; FPR, formyl peptide receptor; GPCR, G protein-cou-
pled receptor; HDL, high density lipoprotein; Aib, amino isobutyric acid;
MIP-2, macrophage inflammatory protein-2.
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In Vitro Chemotaxis Assays—Bone marrow-isolated murine
PMNs (1 � 106, 0.1 ml of RPMI, 1% FBS) were seeded into the
upper chamber of a 96-well transwell system (polycarbonate
membrane, 3.0 �m pore) (Corning, Corning, NY) after pre-
treatment (apoA-I, peptide (L-4F or sc-4F), or buffer control for
30min), staining (2 �M calcein-AM, 30min), and then washing
in 1� in Hanks’ balanced salt solution. Media (0.1 ml) with or
without MIP-2 (50 ng/ml) was added to the lower chamber.
Fluorescence was monitored in the lower chamber every 2 min
in triplicate over a time course (34 min, 37 °C), using Gen5
software on a Synergy 2 plate reader (BioTek Instruments, Inc.,
Winooski, VT), as previously described (15). Directionalmigra-
tion (i.e. chemotaxis) was derived at each time point by sub-
tracting the fluorescence signal of nondirectionally migrating
cells in control wells with no chemoattractant, and then nor-
malizing this as a % of total cellular fluorescence by indexing it
to labeled cells plated directly into the lower chamber (15). Che-
motaxis of human neutrophils, human monocytes, and trans-
fected HEK293 cells in response to peptides, IL-8, and/or fMLF
was measured using a 48-well microchemotaxis chamber tech-
nique (Neuroprobe, Cabin John, MD) system with 5-�m pore-
sized polycarbonate membranes for the former two cell types,
and 10-�m pore-sized membranes for receptor-transfected
HEK293 cells, as previously described (17). A 25-�l aliquot of
chemoattractant diluted in chemotaxis medium (RPMI 1640,
1% BSA, 25 mMHEPES) was placed in the lower compartment,
and 50 �l of cell suspension (106 cells/ml in chemotaxis
medium) was placed in the upper compartment. The chamber
was incubated (37 °C, humidified air with 5% CO2; 90 min for
monocytes, 60 min for neutrophils, 240 min for HEK293 cells),
after which the filter was removed, fixed, and stained with Diff-
Quik (Harlew, Gibbstown,NJ). The number ofmigrated cells in
three high-powered fields (�400) was counted by light micros-
copy after coding the samples. Results are obtained from trip-
licate samples and are representative of at least 5 experiments.
Results are expressed as the chemotaxis index (mean � S.D.),
which represents the fold-increase in the number of migrated
cells in response to chemoattractants over spontaneous cell
migration (to control medium).
Calcium Mobilization Measurements—Calcium mobiliza-

tion of monocytes, neutrophils, and HEK293 cells was assayed
bymeasuring fluorescence (LS-50B spectrometer, PerkinElmer
Life Sciences) of Fura-2-loaded cells, and calculating the ratio of
fluorescence at 340 and 380 nm (FLWinLab, PerkinElmer Life
Sciences), as previously reported (17). The assays were per-
formed at least five times and results from representative exper-
iments are shown.
Peripheral Blood Leukocyte Typing and Enumeration—Mu-

rine blood samples were analyzed using the HEMAVET 1700
hematology analyzer (Drew Scientific, Inc.). Manual WBC dif-
ferential counts were reported and smear estimates were used
to confirm values.
Flow Cytometry—Anti-CXCR2 (PerCP/Cy5.5), -Gr-1

(FITC), and isotype control antibodies were from Biolegend
(San Diego, CA). Cells (peripheral blood or isolated bone mar-
row neutrophils) were stained and flow cytometry was per-
formed using an LSR II (BD Biosciences) and analyzed using

FlowJo (Tree Star, Inc., Ashland, OR) and FCS Express (De
Novo Software, Los Angeles, CA) software.
Statistical Analysis—Analysis was performed using

GraphPad Prism statistical software (San Diego, CA). Data are
represented as mean � S.E. Two-tailed Student’s t test was
applied for comparisons of two groups, and analysis of variance
for analyses of three or more groups. For all tests, p � 0.05 was
considered significant.

RESULTS

ApoE/A-I Deficiency and Supplementation Regulate PMN
Influx into LPS-exposed Airway—ApoE and ApoA-I, major
protein components of circulating HDL particles, have anti-
inflammatory effects on several cell types in the cardiovascular
system. Moreover, by binding LPS in the bloodstream and
dampening systemic inflammation, intravenous apoA-I sup-
plementation attenuates secondary injury in the lung and other
peripheral organs during endotoxemia (4, 18). ApoA-I and
apoE are also expressed by airway-resident cells (19, 20). How-
ever, the role of apolipoproteins in innate immunity of the air-
way and other mucosal surfaces, sites at which inflammatory
responses to environmental stimuli require both local cellular
responses and trans-tissue migration of circulating leukocytes,
remains undefined.
In an effort to define possible regulatory roles for apoA-I and

apoE in the pulmonary innate immune response, we exposed
Apoai�/� andApoe�/�mice (andwild type controls) to inhaled
LPS and then quantified PMN influx into the airspace, a well
established, disease-relevant summarymeasure of the response
to LPS in the lung (15). As shown in panels A, C, and E of Figs.
1 and 2, both apolipoprotein-deficient strains recruited higher
numbers of leukocytes to the airspace than WT controls. In
addition to an increase in recruited PMNs, increased macro-
phage numbers were also observed in the airway 24 h post-LPS,
consistent with increased recruitment of macrophage precur-
sors (i.e.monocytes) to the alveolus.
Synthetic peptides have been designed thatmimic the class A

amphipathic �-helical domains of apoA-I (i.e. peptide L-4F (4))
and apoE (i.e. peptide COG1410 (6)) and that retain the anti-
inflammatory activity, including in the context of LPS expo-
sure, of their parental holoproteins (Table 1).Notably, as shown
in Fig. 1 (panels B,D, and F),WTmice pretreated intravenously
withCOG1410 2 h before LPS inhalation recruited fewer PMNs
and macrophages to the airspace than WT counterparts pre-
treated with 264, a truncated control peptide that has reduced
anti-inflammatory activity against LPS (14). Similarly, L-4F-
pretreatedWTmice recruited fewer airway PMNs and macro-
phages 24 h post-LPS inhalation than counterparts pretreated
with a scrambled, non-helical version of L-4F (i.e. sc-4F (4))
(Fig. 2, B, D, and F). Taken together, these data suggest that
deficiency of apoE and apoA-I is associated with enhanced traf-
ficking of PMNs and monocytes to the LPS-exposed airspace,
whereas supplementation of both using mimetic peptides con-
versely suppresses influx of phagocytes to the airspace.
PMNs migrate into the airway in response to alveolar cyto-

kines and chemokines produced by lung-resident sentinel cells
(e.g. alveolarmacrophages) upon their encounter with LPS (15).
However, profiling a panel of cytokines (IL-1�, G-CSF) and
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chemokines (CXCL1/KC, CXCL2/MIP-2) of established role in
PMN influx into the airspace (15) indicated no significant dif-
ferences among apolipoprotein genotypes/treatments (data not
shown). This result, taken together with the efficacy of brief (2
h) intravenous exposure to peptide, suggested that the predom-
inant effect of apolipoproteins on PMN influx to the airway
might stem from direct effects on the responsiveness of circu-
lating PMNs to chemokines (i.e. migration) rather than on
effects upon the local LPS response in the alveolus.
ApoE/A-I Deficiency and Supplementation Regulate PMN

Migration into the CXCL1-inoculated Airway—To more pre-
cisely define whether apolipoproteins and their mimetics regu-
late chemokine-induced PMNmigration in vivo, we inoculated
the airway of naivemice with CXCL1 and then quantified PMN
influx into the airway 4h later, as reported (15). As shown in Fig.
3, parallel results were observed to those seen with LPS expo-
sure.Apoe�/� andApoai�/�mice displayed enhanced influx of
PMNs into the airspace compared with WT counterparts,
whereas COG1410- or L-4F-pretreated mice had less PMN
influx than control peptide-treated counterparts. Naive
Apoai�/� and Apoe�/� mice had equivalent peripheral blood
PMN counts to WT controls (data not shown), thus excluding
peripheral neutrophilia as an underlying explanation for the

increased PMNs recruited to the airway. These findings thus
supported the premise that apolipoproteins might suppress
PMNmigration.
ApoA-I and Mimetic Peptides Suppress CXCR2-dependent

PMNChemotaxis—Whereas two reports have found that HDL
and apoA-I suppress monocyte chemotaxis through direct cel-
lular effects (21, 22), the only report of which we are aware that
tested apolipoprotein effects on chemotaxis in PMNs found
that neither HDL, apoA-I, nor the bihelical apoA-I mimetic
peptide L-37pA had any effect on PMNchemotaxis in response
to fMLF, the prototypical ligand of FPR1 (23). CXCR2-active
chemokines (i.e.CXCL1, CXCL2, and CXCL5), however, play a
dominant role in directing PMN migration to inflammatory
foci such as the lung in vivo (15). To test whether apolipopro-
teins suppress CXCR2-dependent PMN chemotaxis, we exam-
ined PMN chemotaxis up a CXCL2/MIP-2 gradient. Preincu-
bation of murine bone marrow-derived PMNs with apoA-I for
1 h significantly suppressed chemotaxis in response to CXCL2
(Fig. 4A). Similarly, pretreatment of PMNs with L-4F sup-
pressed PMN chemotaxis to CXCL2 compared with its scram-
bled peptide control (Fig. 4B). By contrast, COG1410 did not

FIGURE 1. ApoE deficiency and supplementation with peptide have recip-
rocal effects on leukocyte trafficking to inflamed lung. A, C, and E,
Apoe�/� and Apoe�/� mice were exposed to inhaled LPS, and then bron-
choalveolar lavage (BAL) total leukocytes (WBC) (A), neutrophils (PMNs) (C),
and macrophages (M�) (E) were quantified at the indicated post-exposure
time points. B, D, and F, Apoe�/� (C57BL/6) mice were pretreated intrave-
nously with 1.2 mg/kg of COG1410 or control (CTL) peptide 264 2 h before LPS
inhalation. BAL WBCs (B), PMNs (D), and M� (F) were then quantified at the
indicated post-LPS time points. Data are mean � S.E. n � 4 –5 mice (A, B, and
D); n � 5–10 mice (E and F); and n � 9 –10 mice (C) per condition/time point (*,
p � 0.01; **, p � 0.001; ***, p � 0.0001; �, p � 0.058).

FIGURE 2. ApoA-I deficiency and supplementation with peptide have
reciprocal effects on leukocyte trafficking to inflamed lung. A, C, and E,
Apoai�/� and Apoai�/� mice were exposed to inhaled LPS, and then bron-
choalveolar lavage (BAL) total leukocytes (WBC) (A), neutrophils (PMNs) (C),
and macrophages (M�) (E) were quantified at the indicated post-exposure
time points. B, D, and F, Apoai�/� (C57BL/6) mice were pretreated intrave-
nously with 20 mg/kg of L-4F or scrambled control peptide (sc-4F) 2 h before
LPS inhalation. BAL WBCs (B), PMNs (D), and M� (F) were then quantified at
the indicated post-LPS time points. Data are mean � S.E. n � 9 –10 mice per
condition/time point (B, D, and F) (*, p � 0.01; **, p � 0.001; ***, p � 0.0001).
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suppress chemotaxis compared with control (Fig. 4C). Suggest-
ing a receptor level effect on chemotaxis, L-4F down-regulated
the PMN surface display of CXCR2 in a dose-dependent man-
ner (Fig. 4D). Apoai�/� and Apoai�/� mice, however, had
equivalent numbers of circulating CXCR2� PMNs (defined as
Ly6G� cells by flow cytometry) in peripheral blood (data not
shown), indicating differences between acute ex vivo treatment
with apoA-I mimetic and tonic in vivo exposure to apoA-I
protein.
ApoA-I Mimetic Peptides Induce PMN and Monocyte

Chemotaxis—A common mechanism by which proteins/pep-
tides may suppress chemotaxis is that of heterologous desensi-
tization, whereby one chemotactic agent desensitizes responses
to another via either receptor level or post-receptor effects.
This is particularly well established for ligands of FPR1 and
FPR2/ALX (24). Thus, fMLF desensitizes cells to CXCR2
ligands, in part through CXCR2 down-regulation (25, 26).
Given these past findings, we next pursued the possibility that

L-4F might itself possess chemoattractant activity. To access
the greater numbers of cells required for mechanistic studies
and at the same time to translate our studies into a human
system, we pursued further studies using human peripheral
blood PMNs and monocytes.
Human PMNs andmonocytes indeedmigrated up a gradient

of L-4F in a dose-responsive fashion (Fig. 5), confirming that
L-4F is a chemoattractant. L-4F at 50 �g/ml (21.6 �M) induced
comparable chemotaxis to that of 10 ng/ml (	1.25 nM) of IL-8
in the case of PMNs, and to 10 nM fMLF in the case of mono-
cytes. Unexpectedly, however, sc-4F also induced chemotaxis
of human PMNs, and comparably so to that of L-4F (Fig. 5A).
Although this finding does not rule out a receptor-specific
effect of L-4F on chemotaxis that is unrelated to the response to
sc-4F, it does clearly indicate that the inhibition of CXCL2-
induced chemotaxis observedwith L-4F (comparedwith sc-4F)
can be dissociated from the chemoattractant activity of L-4F. In
further experiments, we found that L-4F does not induce a cal-
cium flux in human PMNs or monocytes (data not shown),
arguing against its receptor being a G protein-coupled receptor
(GPCR) (16). Moreover, experiments using CXCR2-, CCR2-,
FPR1-, and FPR2/ALX-transfected HEK293 cells in which
we confirmed chemotactic responsiveness to cognate ligands
(IL-8, CCL2, fMLF, and MMK-1 (27), respectively), showed
that L-4F does not induce chemotaxis at a concentration up to
100 �g/ml (data not shown). Thus, whereas L-4F has been pos-
tulated to interact, if only indirectly, with non-chemotactic
receptors (e.g.ATP binding cassette transporter (ABC) A1) (3),
the identity of its chemotactic receptor remains uncertain. In
contrast to L-4F, apoA-I protein was not chemotactic at con-
centrations up to 50 �g/ml (data not shown), thus identifying
differences between the peptide mimetic and holoprotein.
Compared with L-4F, a gradient of COG1410 induced more

modestmigration of humanmonocytes (Fig. 5C), andwithout a
clear dose-response, and did not induce significant chemotaxis
of human PMNs (Fig. 5D). COG1410 also did not induce a
calcium flux in monocytes (data not shown). Taken together,
these data suggest that the class A amphipathic �-helical struc-
ture common to L-4F and COG1410 (but not sc-4F) is not a
sufficient chemotactic motif, and that different apolipoprotein
mimetic peptides possess complex, divergent relationships to
chemotactic receptors.
Different ApoA-I Mimetic Peptides Elicit Calcium Flux and

Chemotaxis through Divergent Receptors—Several apoA-I
mimetic peptides have been designed in an effort to optimize
lipid binding and other characteristics (28). In an aim to further
explore structure-function (i.e. chemotaxis) relationships of
apolipoprotein mimetics, we next examined L-37pA, a well

TABLE 1
Apolipoprotein mimetic and control peptides

Peptides Sequence Mr

L-4F Ac-DWFKAFYDKVAEKFKEAF-NH2 2310.64
Sc-4Fa Ac-DWFAKDYFKKAFVEEFAK-NH2 2310.64
37pAb DWLKAFYDKVAEKLKEAFPDWLKAFYDKVAEKLKEAF 4482.2
Sc-37pAa FWFDAYFEVVDKALLAYKPALDKEKKAEFKEKLDWKA 4482.2
COG1410 Ac-AS(Aib)LRKL(Aib)-KRLL-NH2 1408.8
264 Ac-AS(Aib)LRKL(Aib)KR-NH2 1182.48

a Scrambled versions of L-4F and L-37pA, respectively.
b This peptide was synthesized with either L- or D-amino acids (i.e. L-37pA or D-37pA).

FIGURE 3. Apolipoprotein deficiency and supplementation with peptide
have reciprocal effects on PMN migration to the chemokine-inoculated
airspace. Apoe�/� (A) or Apoai�/� (C) mice and corresponding WT controls
received 0.5 �g of CXCL1 intrapulmonary, and the BAL PMNs were quantified
4 h later. Wild type (C57BL/6) mice pretreated intravenously at �2 h with
either 1.2 mg/kg of COG1410 versus control peptide (B), or with 20 mg/kg of
L-4F versus sc-4F (D) had BAL PMNs quantified 4 h after intrapulmonary
administration of CXCL1. Data are mean � S.E. and represent n � 6 –10 mice
per condition (*, p � 0.05; **, p � 0.01).
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studied 37-amino acid tandemhelical analog of L-4F that incor-
porates Leu-Phe substitutions at residues 3 and 14 within two
helices separated by a proline residue (i.e. [Leu3,14L-4F]-Pro-
[Leu3,14L-4F]) (Table 1) (10). Past studies have indicated that
L-37pA has increased lipid binding capacity but reduced spec-
ificity for the ABCA1 transporter in mobilizing cholesterol
from cells compared with either apoA-I or other apoA-I
mimetics (11). In parallel, we studied the D-stereoisomer of
L-37pA (i.e. D-37pA) (10) as a control peptide.

As shown in Fig. 6A, monocytes migrated up an L-37pA gra-
dient in a dose-dependent fashion, with a chemotactic response
detected at 10 �g/ml (2.2 �M). D-37pA displayed roughly
equivalent chemotactic activity formonocytes. Consistent with
its usage of aGPCR, L-37pA induced a dose-dependent calcium
flux in monocytes, displaying a threshold of 	0.06 �M, and an
EC50 of	0.1�M (Fig. 6B). Of note, D-37pAdid not itself induce
a calcium flux, but did attenuate the calcium flux induced by
subsequent exposure to L-37pA (Fig. 6C), suggesting that
D-37pA may perhaps competitively bind to the same receptor
as L-37pA, but in a non-signaling manner.
Among chemokine receptors, the FPR family seemed to us to

be a strong candidate as a receptor family thatmight be respon-
sive to L-37pA.Of the twoFPR familymembers co-expressed in
human PMNs and monocytes (FPR1 and FPR2/ALX), FPR2/
ALX in particular is thought to be among the most promiscu-
ous of chemotactic GPCRs described to date, being responsive
to several ligands of varying structure and origin, including
short peptides (29, 30). To test the notion that L-37pA uses
FPR2/ALX, we used the defined FPR2/ALX agonist MMK-1
(27) and L-37pA in cross-desensitization experiments, a widely
usedmethod to infer shared usage of a receptor by two agonists
(17, 31). In support of L-37pA indeed acting upon FPR2/ALX,
MMK-1 and L-37pA reciprocally desensitized monocyte cal-

cium fluxes to each other (Fig. 6D). Moreover, L-37pA induced
a calcium flux in FPR2/ALX-transfected (but not parental or
FPR1-transfected) HEK293 cells (Fig. 7A), and W peptide,
another defined FPR2/ALX agonist (32), desensitized FPR2/
ALX-HEK293 cells to L-37pA-induced calcium flux (Fig. 7B).
Consistent with our findings in monocytes, D-37pA did not
induce a calcium flux in FPR2/ALX-HEK293 cells even at a
concentration as high as 200 �g/ml (44.6 �M), but did reduce
responses to L-37pA in a dose-dependent fashion (Fig. 7C).
L-37pA was confirmed to induce chemotaxis of FPR2/ALX-
HEK293 cells in a dose-dependent fashion (Fig. 7D), whereas it
did not do so in parental HEK293 cells. L-37pA was, however,
considerably less potent than MMK-1, as 100 �g/ml (22.3 �M)
L-37pA did not quite approach the chemotactic effect of 0.1�M

MMK-1. Consistent with its failure to induce a calcium flux,
D-37pA did not induce chemotaxis of either FPR1- or FPR2/
ALX-transfected HEK293 cells (data not shown), thus further
confirming its usage of an alternate chemotactic receptor.
Given that L-37pA induces chemotaxis in vitro, we tested

whether it also chemoattracts leukocytes in vivo. C57BL/6mice
were instilled intratracheally with 0.25 �g (	0.03 nmol) of KC,
100 �g (43 nmol) of L-37pA, or 100 �g of scrambled L-37pA,
and airway cells were counted 6 h later. Neither L-37pA nor
scrambled L-37pA induced detectable influx of neutrophils or
monocytes/macrophages into the airspace (Fig. 7E).

DISCUSSION

HDL, as well as the HDL-associated apolipoproteins apoE
and apoA-I, have anti-inflammatory and antioxidant functions
in addition to their well known capacity tomobilize cholesterol
from macrophages and other cells in the vascular system. Bor-
rowing on this, a variety of synthetic apoA-I and apoE mimetic
peptides have been designed as potential therapeutics; among

FIGURE 4. Apolipoprotein mimetics suppress CXCR2-directed PMN chemotaxis. A-C, wild type murine bone marrow-derived PMNs were pretreated for 1 h
with apoA-I (20 �g/ml) or media control (A), L-4F or sc-4F (10 �g/ml) (B), or COG1410 or control (CTL) peptide 264 (8.5 �g/ml) (C), and then assayed for
chemotaxis (represented as % of total input PMNs) up a MIP-2 gradient. Data are mean � S.E. and represent 2 or more independent experiments (**, p � 0.01).
D, cell surface display of CXCR2 by murine PMNs was quantified by flow cytometric measurement of CXCR2 mean fluorescence intensity (MFI) after cell
treatment (1 h) ex vivo with the indicated concentrations of sc-4F or L-4F. Data are mean � S.E. and represent 2 independent experiments; **, p � 0.001. A
representative flow cytometry histogram is shown at right.
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them, 4F has already been tested in high-risk cardiovascular
patients (33). Apolipoprotein mimetic peptides have more
recently also been shown to have anti-inflammatory activity in
lung, brain, and other peripheral organs, suggesting a wide-
ranging potential as human therapeutics. Some anti-inflamma-
tory mechanisms have been defined for these peptides, includ-
ing down-regulation of adhesion molecules, suppression of
cytokine induction, and remodeling of HDL (34). Nonetheless,
many questions remain about their biology and their efficacy
against inflammation at peripheral sites, in particular mucosal
surfaces, where there is a requirement for the complex trans-
vascular and -epithelial passage of leukocytes during disease.
Herein, we show that apolipoproteins and their mimetics reg-
ulate PMN influx into the LPS-exposed airspace, link this to
effects upon CXCR2-dependent PMN migration, and provide
evidence that apolipoprotein mimetics are themselves novel
PMN and monocyte chemoattractants. Using 3 different
apoA-I peptides (L-4F, L-37pA, and D-37pA) to explore struc-
ture-function relationships, we infer activity at several chemot-
actic receptors. Perhaps most notably, we specifically identify
the GPCR FPR2/ALX as a chemotactic receptor for L-37pA,

thus adding another ligand to the list of structurally divergent
agonists for this multirecognition receptor, a list that includes
serum amyloid A, lipoxin A4, amyloid-�, HIV-1 envelope pep-
tides, and humanin, among others (29, 30).
FPR2/ALX (formerly called FPRL1 or LXA4R) is a 351-a-

mino acid, 7-transmembrane GPCR that shares 69% of its
amino acids with FPR1, the high-affinity receptor for the pro-
totypical formylated peptide fMLF. FPR2/ALX and FPR1 dis-
play a similar tissue distribution, including hematapoietic
(PMNs, monocytes, T cells, immature dendritic cells) and
structural (epithelial cells, endothelial cells, hepatocytes) cells
(24, 29). Itself a low affinity receptor for fMLF (Kd � 430 nM (35,
36)), FPR2/ALX has recently been shown to have a long list of
peptide and non-peptide agonists and antagonists of varying
affinity (24, 36). FPR2/ALX agonists have generally been shown
to elicit chemotaxis, and in several, but not all cases, additional
functions, including superoxide generation, cytokine induc-
tion, and apoptosis suppression (31, 37–39). The distinct
downstream effects of different FPR2/ALX agonists may stem
fromnon-overlapping binding sites on FPR2/ALX (31, 39). Sev-
eral examples exist of FPR2/ALX agonists that desensitize cells

FIGURE 5. ApoA-I mimetic L-4F is a chemoattractant for human PMNs and monocytes. A, human PMNs purified from peripheral blood of normal, healthy
donors were assayed for chemotaxis up a concentration range of gradients of IL-8 (control), L-4F, or sc-4F. Data are mean � S.D. of chemotaxis index, which
represents the fold-increase in the number of migrated cells counted in three high-power fields in response to chemoattractants over spontaneous cell
migration to medium control (0)(*, p � 0.05 compared with medium control). B, chemotaxis of human peripheral blood monocytes in response to either fMLF
or L-4F was assayed as in A. C and D, human peripheral blood monocytes (C) and neutrophils (D) were tested for chemotaxis up gradients of COG1410. fMLF and
IL-8 were used as positive controls. *, p � 0.05 compared with medium control (� for monocytes; 0 for neutrophils).

Apolipoprotein Mimetics and Chemotaxis

43736 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 52 • DECEMBER 21, 2012

 by guest on Septem
ber 4, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


FIGURE 6. ApoA-I mimetic L-37pA induces chemotaxis and calcium flux by human monocytes and cross-desensitizes with a defined FPR2/ALX ligand.
A, human monocytes were assayed, as described in the legend to Fig. 5, for chemotaxis to a concentration range of D-37pA, L-37pA, or fMLF (*, p � 0.05
compared with medium control (chemotaxis index set to 1)). B-D, calcium flux in Fura-2-loaded monocytes under different stimulation conditions was
calculated as the ratio of fluorescence at 340 and 380 nm wavelengths using the FLWinLab program. B, calcium flux in response to a concentration range of
L-37pA. C, reduction of L-37pA-induced calcium flux by pre-exposure of monocytes to D-37pA, which itself does not induce a calcium flux. D, cross-desensi-
tization of L-37pA with MMK-1, a defined FPR2/ALX agonist. Pre-exposure of monocytes to MMK-1 and L-37pA reciprocally densensitizes calcium fluxes
induced by the other.

FIGURE 7. ApoA-I mimetic L-37pA induces FPR2/ALX-dependent calcium flux and chemotaxis. A-C, calcium flux in FPR2/ALX-transfected HEK293 cells was
assayed as described in the legend to Fig. 6. A, calcium flux was quantified in response to a concentration range of L-37pA. B, W peptide, a defined FPR2/ALX
ligand desensitizes subsequent calcium flux in response to L-37pA. C, D-37pA does not induce a calcium flux, but does reduce subsequent L-37pA-induced
calcium flux. D, chemotaxis by FPR2/ALX-HEK293 cells was quantified, as described in the legend to Fig. 6, up a concentration range gradient of L-37pA and
MMK-1 (*, p � 0.05 compared with medium control (0)). E, C57BL/6 mice were instilled intratracheally with saline, 0.25 �g of KC, 100 �g of L-37pA, or 100 �g
of scrambled L-37pA (sc-37pA) and bronchoalveolar lavage neutrophils (PMNs) and macrophages (M�) were counted 6 h later. Results are n � 5/condition and
are representative of 2 independent experiments.

Apolipoprotein Mimetics and Chemotaxis

DECEMBER 21, 2012 • VOLUME 287 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 43737

 by guest on Septem
ber 4, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


to chemotaxis elicited through chemokine receptors (i.e. heter-
ologous desensitization). For example, W peptide down-regu-
lates CXCR2 (26) and F peptide and gp120 down-regulate
CXCR4 (16). Consistent with our in vivo findings in the present
report, small-molecule FPR2/ALX agonists that inhibit chemo-
kine-directed PMN chemotaxis through cross-desensitization
have recently been shown, upon systemic treatment of rodents,
to attenuate PMN migration to sites of inflammation in vivo
(40–42).
Given its EC50 of 	112 nM for calcium flux in monocytes,

L-37pA appears to be a medium-affinity ligand for FPR2/ALX,
much less potent than MMK-1 (EC50 �2 nM in FPR2-HEK293
cells (43)), but considerably more potent than the HIV-1 pep-
tides N36 (EC50 	 2.5 �M (44)), F (EC50 	 2.5 �M (16)), and V3
(EC50 	 1.5 �M (45)). Several low-affinity chemokine-receptor
interactions have previously been reported (e.g. growth-related
oncogene, neutrophil-activating peptide 2, and epithelial cell-
derived neutrophil-activating peptide 78 for CXCR1 (46)) and
shown to be important in contributing to leukocyte recruit-
ment to inflammatory foci in vivo (47). Nonetheless, it is impor-
tant to note, especially given the modest potency of the pep-
tides, that our ex vivo and in vivo findings are associative. The
inhibition of neutrophil migration observed in peptide-treated
micemay very possibly derive from additional or even different
mechanisms from those observed ex vivo (e.g. through possible
effects of the peptides upon leukocyte adhesion). Indeed,
L-37pA injection did not induce neutrophil migration into the
airspace, at least under the conditions tested. Although this
may possibly reflect technical issues (e.g. protein binding in
vivo), it clearly raises into question the status of apolipoprotein
mimetics as chemotactic agents in vivo and also dissociates
their chemotactic activity from their inhibitory action on
chemokine-directed neutrophil migration. In the case of
COG1410, we did not observe attenuation of MIP-2-directed
neutrophil chemotaxis ex vivo.Moreover, our data indicate that
apolipoprotein mimetic peptides and their native holoproteins
have distinct biological activities. Thus, whereas our systems of
apolipoprotein deficiency (i.e. gene-deleted mice) and excess
(i.e. peptide treatment) did show some opposing responses (e.g.
neutrophil recruitment into the chemokine-instilled airway),
caution is warranted in extrapolating biological insights
directly across the two systems.
Future studies are warranted to define the range of FPR2/

ALX ligands beyond L-37pA that are antagonized by D-37pA.
As it has recently been shown that endogenous FPR2/ALX
ligands are produced in vivo and attract PMNs to inflammatory
foci including lung (48), we speculate that therapeutic potential
may exist for D-37pA as an anti-inflammatory FPR2/ALX
antagonist. Moreover, it will be interesting to identify possible
functional responses of tissue-resident, FPR2/ALX-expressing
cells (e.g. epithelia) to L-37pA, as well as to profile possible
additional inflammation- and infection-relevant functional
responses elicited by L-37pA in PMNs. On this note, using a
standard cytochrome c reduction assay, we were unable to
detect superoxide generation by human PMNs exposed to
L-37pA (at a concentration up to 20 �M) either in the absence
or presence of prior LPS priming (data not shown). This sug-
gests that L-37pA does not induce the full suite of functional

responses that has been described for some FPR2/ALX ligands
(24, 29).
We report that L-4F and COG1410 possess chemotactic

activity, but provide evidence that their chemotactic receptors
are not likely to be GPCRs. To what extent the chemotactic
activity of L-4F (and L-37pA) relates to its known ability to
extract cholesterol from cell membranes is uncertain.
COG1410 (and its analogues) was designed tomimic the�-hel-
ical region of holo-apoE that binds to the low density lipopro-
tein receptor (LDLR). The anti-inflammatory activity of this
peptide reportedly correlateswith its�-helical secondary struc-
ture (6), a feature that is enhanced by its content of amino
isobutyric acid, a non-naturally occurring amino acid that
enhances �-helical character (49). It remains unclear whether
the reported anti-inflammatory properties of COG1410, in par-
ticular suppression of cytokine induction by leukocytes, are
LDL receptor-dependent, although recent evidence argues
against this (50). Future work will be required to define the
chemotactic receptors for COG1410 and L-4F. Moreover, our
findings do not exclude additional possible mechanisms by
which apolipoproteins/mimetics may impact leukocyte traf-
ficking to tissues, such as through affecting leukocyte adhesion.
In summary, we report that apoA-I and apoE and their

mimetics regulate PMN migration to the airway, and we link
this to novel and complex chemotactic properties of apolipo-
protein mimetic peptides. We speculate that our findings offer
an additional unifying mechanism for the efficacy of these pep-
tides against inflammatory disorders at multiple, disparate tis-
sue sites, and that, in a broader sense, they provide a novel and
intriguing link between apolipoproteins and leukocyte biology.
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