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considered to be important for its biological function in 
cholesterol effl ux ( 7, 8 ). Recently, several small amphip-
athic peptides including 18A, 37pA, and 4F have been re-
ported ( 9, 10 ). Although these apoA-I mimetics have been 
shown to promote cholesterol effl ux in cell culture sys-
tems, no evidence has demonstrated that the peptides can 
indeed mimic apoA-I to form HDL particles. One of the 
peptides, D4F, synthesized with D-amino acids has been 
shown to reduce atherosclerosis in apoE-null mice ( 11, 
12 ). In these studies, D4F increased pre- �  HDL level. How-
ever, direct formation of HDL-like particles by D4F was 
not demonstrated. Moreover, in these studies HDL parti-
cles were identifi ed using anti-apoA-I antibody for detec-
tion; there was no evidence that the 4F peptide was 
defi nitively within the HDL particles. One of the diffi cul-
ties in demonstrating that these peptide mimetics directly 
form HDL particles is the lack of detection antibodies 
against these peptides. Although Wool et al. ( 13 ) and 
Meriwether et al. ( 14 ) attempted to use biotinylation of 4F 
peptide and [ 14 C]4F, respectively, to track the profi le of 
peptide/lipoprotein association, no direct evidence is 
available to show that the peptide and apoA-I are in the 
same HDL particle. 

 In this study, we generated a peptibody by fusing 4F pep-
tide to the Fc fragment of mouse IgG (mFc-2X4F). The ra-
tionale of using Fc is to generate a multivalent structure 
containing multiple amphipathic helices to examine whether 
multiple helices are superior for effl ux compared with a mo-
nomeric helix. We also studied whether the peptibody is ca-
pable of forming HDL-like particle, inasmuch as apoA-I also 
contains multiple helices. Moreover, using an antibody 
against mouse Fc (mFc) as detection antibody, we were able 
to determine and track the size and distribution of HDL-like 
particles generated by mFc-2X4F in vitro and in vivo. 

      Abstract   The aim of this study is to investigate the capabil-
ity of an apoA-I mimetic with multiple amphipathic helices 
to form HDL-like particles in vitro and in vivo. To generate 
multivalent helices and to track the peptide mimetic, we 
have constructed a peptibody by fusing two tandem repeats 
of 4F peptide to the C terminus of a murine IgG Fc frag-
ment. The resultant peptidbody, mFc-2X4F, dose-dependently 
promoted cholesterol effl ux in vitro, and the effl ux potency 
was superior to monomeric 4F peptide. Like apoA-I, mFc-
2X4F stabilized ABCA1 in J774A.1 and THP1 cells. The pep-
tibody formed larger HDL particles when incubated with 
cultured cells compared with those by apoA-I. Interestingly, 
when administered to mice, mFc-2X4F increased both pre- �  
and  � -1 HDL subfractions. The lipid-bound mFc-2X4F was 
mostly in the  � -1 migrating subfraction. Most importantly, 
mFc-2X4F and apoA-I were found to coexist in the same 
HDL particles formed in vivo.   These data suggest that the 
apoA-I mimetic peptibody is capable of mimicking apoA-I to 
generate HDL particles. The peptibody and apoA-I may 
work cooperatively to generate larger HDL particles in vivo, 
either at the cholesterol effl ux stage and/or via fusion of 
HDL particles that were generated by the peptibody and 
apoA-I individually.  —Lu, S-C., L. Atangan, K. Won Kim, M. 
M. Chen, R. Komorowski, C. Chu, J. Han, S. Hu, W. Gu, M. 
Véniant, and M. Wang.  An apoA-I mimetic peptibody gener-
ates HDL-like particles and increases alpha-1 HDL subfrac-
tion in mice.          J. Lipid Res . 2012.  53:  643–652.   

 Supplementary key words apolipoprotein AI • atherosclerosis • ATP 
binding cassette transporter A1 • cholesterol effl ux • 4F peptide • high 
density lipoprotein 

  HDL has been identifi ed as a potential target for the 
treatment of atherosclerotic vascular disease. Nascent 
HDL is formed by the interaction of apoA-I and ABCA1, 
which triggers the cholesterol and phospholipid effl ux 
from cells, the fi rst step of reverse cholesterol transport 
( 1, 2 ). ApoA-I has also been shown in animal models and 
humans to have the therapeutic potential of reversing ath-
erosclerosis ( 3–5 ). ApoA-I is a 243 amino acid protein with 
amphipathic  � -helices ( 6 ). This amphipathic structure is 
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Beckman scintillation counter. Data were presented as percent 
cholesterol effl ux. 

 ABCA1 stabilization in vitro 
 Cells were plated at 300,000 cells per well in 24-well cell cul-

ture dishes. THP1 cells were differentiated for 3 days with 100 
nM PMA (Sigma). THP1 macrophages were treated for 18 h with 
4  � M TO901317 (Sigma), and J774A.1 cells were treated with 
0.3 mM 8-bromo-cAMP to boost ABCA1 expression. Cells were 
washed twice and then treated for 4 h (J774A.1) or 24 h (THP1) 
with vehicle, apoA-I, or mFc-2X4F at various concentrations. Fol-
lowing treatment, cells were washed with cold PBS and lysed with 
lysis buffer (30 mM Tris-HCl, 150 mM sodium chloride, 0.5 mM 
ethylenediaminetetraacetic acid, 10% glycerol, 1% NP-40, 0.5 
mM PMSF, 1 mM sodium orthovanadate, 40 mM sodium fl uo-
ride, and protease inhibitor cocktail tablet). Lysates were col-
lected and centrifuged at 13,000 rpm for 10 min at 4°C. Cleared 
lysates were normalized using the DC protein assay kit (Biorad; 
Hercules, CA). Western blots were analyzed using the Licor Od-
yssey imager. 

 Determination of plasma cholesterol level 
 Total cholesterol and HDL-cholesterol (HDL-C) were mea-

sured using an Olympus Analyzer (Olympus; Center Valley, PA). 
LDL-cholesterol was determined using a commercially available 
kit (Wako; Richmond, VA). 

 Measurement and analysis of HDL particles 
 The conditioned medium from ABCA1-expressing cells was 

fractionated by size-exclusion chromatography using a Superose 
6 10/300 GL column (Amersham Biosciences; Piscataway, NJ) 
attached to a Beckman Gold System HPLC instrument. An on-
line Beta-Ram Model 2 radiometric detector (IN/US Systems) 
was used to detect the [ 3 H]cholesterol. Mouse serum samples 
were fractionated by size-exclusion chromatography by incorpo-
rating two Superose 6 10/300 GL columns (Amersham Biosci-
ences) in tandem, as described previously ( 19 ). Cholesterol, 
cholesteryl ester, and phospholipid contents were measured us-
ing the Colorimetric Cholesterol E Kit (Wako). The indicated 
fractions were run on 4–12% NuPAGE Bis-Tris gels (Invitrogen; 
Carlsbad, CA) and transferred onto nitrocellulose membrane 
(Invitrogen). ApoA-I was detected using an apoA-I antibody (Me-
ridian Life Science; Saco, ME), and mFc-2X4F was detected using 
an anti-mouse Fc antibody (Sigma). For immunoprecipitation, 
the indicated mouse serum fractions were mixed with 5  � g apoA-I 
antibody (Meridian Life Science), apoB antibody (Abcam; Cam-
bridge, MA), or anti-mouse Fc antibody (Sigma) and incubated 
overnight with gentle rotation at 4°C. Protein A and G agarose 
beads (Invitrogen) were then added to the samples and allowed 
to rotate for another 4 h. The immunoprecipitation complexes 
were then washed fi ve times. Following the fi nal wash, complexes 
were aspirated dry and prepared for Western blotting by adding 
Laemmli sample buffer (Biorad). 

 Two-dimensional nondenaturing gradient gel 
electrophoresis 

 ApoA-I-containing HDL subfractions were determined by two-
dimensional nondenaturing gradient gel electrophoresis (2D-
PAGE) as described previously ( 20, 21 ). Briefl y, 5  � l of serum was 
separated by agarose (0.75%) gel electrophoresis in Tris-Tricine 
buffer (25 mM, pH 8.6) containing 3 mM calcium lactate at 4°C. 
Agarose gel strips were excised and annealed to 4–30% polyacryl-
amide gradient gels (CBS Scientifi c; Del Mar, CA) for separation 
in the second dimension. Electrophoresis was performed at 120 V 
for 24 h at 4°C in Tris-borate buffer (90 mM Tris, 80 mM boric 

 MATERIALS AND METHODS 

 Materials and cell culture 
 An ABCA1 antibody was obtained from Novus Biologicals 

(Littleton, CO), and apoA-I was obtained from Calbiochem 
(Rockland, MA). Lipoprotein-defi cient serum (LPDS), phorbol 
12-myristate 13-acetate (PMA), and TO901317 were purchased 
from Sigma (St. Louis, MO). All cells were obtained from Ameri-
can Type Culture Collection. HEK 293 cells were maintained in 
DMEM containing 10% FBS and penicillin/streptomycin. HEK 
293 hABCA1 stable cell lines were generated in-house and main-
tained in DMEM containing 10% FBS and 400  � g/ml Geneticin. 
J774A.1 cells were maintained in DMEM containing 10% FBS 
and penicillin/streptomycin. HepG2 cells were maintained in 
MEM containing 10% FBS. THP1 monocytes were maintained in 
RPMI-1640 with 10% FBS and 0.5 mM 2-mercaptoethanol. THP1 
monocytes were differentiated for 3–4 days in media containing 
100 nM PMA. 3T3-L1 cells were cultured in high-glucose DMEM 
supplemented with 10% fetal calf serum and antibiotics. At con-
fl uence, adipocyte differentiation was initiated as described pre-
viously ( 15 ). 

 Animals 
 All mouse studies were conducted at Amgen, Inc. (Thousand 

Oaks, CA) and approved by the Institutional Animal Care and 
Use Committee. Male C57BL/6 mice were purchased from 
Charles River Laboratories (Frederick, MD). Mice were single-
housed in a temperature-controlled environment with a 12 h 
light and 12 h dark cycle (06:30–18:30), and had free access to a 
standard chow diet (Harlan Teklad; Madison, WI) for at least 2 
weeks before injection of the experimental materials. Com-
pounds including apoA-I and mFc-2X4F were formulated in PBS 
in 100 µl volume at the indicated dose level. Mice were treated via 
intravenous (IV) injection, and blood samples were collected 4 h 
after each treatment. 

 Construction and purifi cation 
 ApoA-I mimetic peptide 4F (Ac- DWFKAFYDKVAEKFKEAF-

NH2) was custom-ordered from Midwest Biotech (Fishers, IN) 
and synthesized from  L -amino acids. The mFc-4F (DWFKAFYDK-
VAEKFKEAF) and mFc-2X4F (DWFKAFYDKVAEKFKEAF-KVE-
PLRA-DWFKAFYDKVAEKFKEAF) ( 16 ) were constructed by 
fusing the peptides to the C-terminal end of mFc using overlap-
ping oligonucleotides and PCR ( 17 ). The PCR fragment was in-
serted into the expression plasmid pAMG21, between the  Nde I 
and  BamH I sites. This plasmid was then transformed into  Escheri-
chia coli  for expression. The expression of the peptibody was pri-
marily in inclusion bodies. The protein was purifi ed by protein A 
chromatography followed by ion exchange chromatography as 
described previously ( 18 ). All the purifi ed material had endo-
toxin level <1EU/mg. 

 Cholesterol effl ux assay 
 Cellular cholesterol was labeled with 1  � Ci/ml [ 3 H]choles-

terol (PerkinElmer Life Sciences; Waltham, MA) for 24 h in me-
dia supplemented with 1% LPDS. Cells were then washed twice 
and equilibrated for 18 h in media containing 0.2% FA-free BSA 
(Sigma). For J774A.1 cells, when indicated, ABCA1 level was in-
duced with 0.3 mM 8-bromo-cAMP (Enzo; New York, NY). Cho-
lesterol effl ux was initiated with vehicle and various concentrations 
of apoA-I or peptide mimetics and incubated for 4 h. Cell media 
were collected and centrifuged at 3,000 rpm for 5 min to sepa-
rate any cell debris. The cell monolayer was washed once with 
PBS and then lysed with 0.5 N NaOH. Cell media and cell lysates 
were transferred to individual scintillation vials and counted in a 
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When adjusted for the number of amphipathic helices, the 
order of potency did not change. The Fc fragment of the 
peptibody did not interfere with the effl ux activity of 
the peptide. When the cells were treated with mFc frag-
ment alone, no effl ux activity was found (data not shown), 
indicating that the mFc part of peptibody was inert. The 
ability to remove cellular cholesterol by mFc-2X4F was 
ABCA1 dependent, because no effl ux was observed in 293 
parental cells using mFc-2X4F concentrations up to 3  � M 
( Fig. 2B ,  P  < 0.001 vs. DMSO). To study whether the effects 
could also be observed in cells expressing endogenous 
ABCA1, mFc-2X4F was tested in J774A.1 and HepG2 cells. 
Interestingly, while apoA-I had greater ability to effl ux 
cholesterol in J774A.1 cells, mFc-2X4F promoted effl ux 
with higher effi ciency than did apoA-I in HepG2 cells ( Fig. 
2C, D ). In addition to macrophage and hepatoma cells, 
adipocytes have also been reported to effl ux cholesterol. It 
has been shown that the ABCA1 gene is strongly induced 
upon differentiation of 3T3-L1 preadipocytes to mature 
fat cells and apoA-I promotes effl ux in differentiated 
3T3-L1 cells ( 15 ). Here we tested the ability of apoA-I, 4F, 
and mFc-2X4F in promoting effl ux in differentiated 
3T3-L1 cells. The mFc-2X4F-mediated effl ux was at a level 
similar to that by apoA-I, but greatly exceeded 4F-medi-
ated effl ux ( Fig. 2E ,  P  < 0.05 vs. vehicle). 

 MFc-2X4F stabilized ABCA1 in vitro 
 ApoA-I has been shown to stabilize ABCA1 on the cell 

surface and to inhibit calpain-mediated proteolysis of 
ABCA1 ( 22 ). Consistent with previous fi ndings, apoA-I 
dose-dependently stabilized ABCA1 in J774A.1 cells in-
duced with 8-bromo-cAMP (  Fig. 3A  ). MFc-2X4F exhibited 
a similar activity in stabilizing ABCA1 in J774A.1 cells in a 
dose-dependent manner ( Fig. 3B ). Both apoA-I and mFc-
2X4F also stabilized ABCA1 protein levels to a similar de-
gree in THP1 cells ( Fig. 3C ). These results indicate that 
mFc-2X4F may increase cholesterol effl ux at least partly by 
stabilizing ABCA1 protein. 

 MFc-2X4F generated HDL-like particles in vitro 
 To characterize the nascent HDL particles generated by 

mFc-2X4F, 293-ABCA1 recombinant cells were loaded 

acid, and 2.5 mM EDTA). Separated lipoproteins were trans-
ferred to nitrocellulose membrane (0.45  � m; Invitrogen) at 50 V 
for 16 h at 4°C. The distribution of apoA-I-containing lipopro-
teins was detected with goat anti-mouse apoA-I antibody (Merid-
ian Life Science) followed by rabbit anti-goat-HRP secondary 
antibody (Invitrogen). Mouse Fc was detected by goat anti-mouse 
mFc–HRP antibody (Santa Cruz Biotechnology; Santa Cruz, CA). 
Blots were visualized by enhanced chemiluminescence (Super-
signal West Dura substrate; Thermo Scientifi c) by using an Alpha-
Ease FC imager (Alpha Innotech; Santa Clara, CA). The intensity 
of the signal was quantifi ed by densitometry. 

 Statistical analysis 
 Data analysis and EC 50  values was estimated using Prism soft-

ware (GraphPad Software, Inc.) All values are expressed as the 
mean ± SEM. Comparisons across groups were done using one-
way ANOVA. When the ANOVA yielded a signifi cant difference, 
post hoc analysis was done using Tukey’s honestly signifi cant dif-
ference test. 

 RESULTS 

 Structure of mFc-2X4F peptibody 
 Sequences and schematic presentation of 4F, mFc-4F, 

and mFc-2X4F are shown in   Fig. 1  . The molecular mass of 
full-length mFc-2X4F is about 62 kDa (dimer). When mFc-
2X4F was run on reducing gel where the disulfi de bonds 
between the Fc fragments were disrupted, the monomeric 
size was about 31 kDa. The sequence KVEPLRA was cho-
sen as a linker to provide a fl exible hinge domain as de-
scribed previously. It was reported that the KVEPLRA 
fragment did not affect the effl ux activity ( 16 ). 

 MFc-2X4F promoted cholesterol effl ux in 
several cell lines 

 In this study, we fi rst compared the effi cacy and potency 
of reagents with different copy numbers of peptide helices 
in promoting cholesterol effl ux. ApoA-I, 4F, mFc-4F, and 
mFc-2X4F had similar maximum effi ciency in promoting 
cholesterol effl ux in 293-ABCA1 recombinant cells. The 
potency of these molecules based on molar concentration 
units were in the order of apoA-I > mFc-2X4F > mFc-4F  ~  4F 
(  Fig. 2A  ). The EC 50  value of mFc-2X4F is about 0.45  � M. 

  Fig.   1.  Sequences and schematic presentation of 4F, mFc-4F, and mFc-2X4F.   
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minutes on fast-protein liquid chromatography (FPLC). 
The size of the HDL particles correlated with the molecu-
lar mass of mFc-2X4F (62 kDa) and apoA-I (28 kDa). The 
peak fractions from mFc-2X4F or apoA-I were run on 
SDS-PAGE. Western blotting analysis using anti-apoA-I 
and anti-mouse Fc antibodies showed that the nascent 
HDL generated by apoA-I and mFc-2X4F consisted of 
the apolipoprotein and the peptibody mimetic, respec-
tively ( Fig. 4B ). The results suggest that mFc-2X4F could 
mimic apoA-I not only to effl ux cholesterol, but also to 
form HDL-like particles. 

with [ 3 H]cholesterol and treated with vehicle, apoA-I 
(1  � M) or mFc-2X4F (1  � M) for 4 h. The conditioned 
media containing nascent HDL were harvested and sub-
jected to size-exclusion chromatography according to the 
protocol described above. Consistent with previous fi nd-
ings ( 23, 24 ), microparticles were formed by 293-ABCA1 
recombinant cells (  Fig. 4A  ). Large amounts of radiola-
beled cholesterol were also released by the recombinant 
cells when treated with mFc-2X4F and apoA-I, respectively. 
The size of the nascent HDLs formed by mFc-2X4F was 
larger than those formed by apoA-I, based on the elution 

  Fig.   2.  Cholesterol effl ux promoted by apoA-I and apoA-I mimetic peptides. A, B: 293 ABCA1 recombi-
nant cells. C: J774A.1 macrophage cells. D: HepG2 hepatoma cells. E: 3T3-L1 cells. Cellular cholesterol was 
labeled with 1  � Ci/ml [ 3 H]cholesterol for 24 h in media supplemented with 1% LPDS and equilibrated 
overnight before the treatment. J774A.1 was treated with cAMP to boost ABCA1 expression. Cells were 
treated with apoA-I or the indicated peptide mimetic for 4 h. The data are representative of three indepen-
dent experiments with similar results. Data are expressed as mean ± SEM, n = 3 per group. * P  < 0.05 com-
pared with vehicle control; *** P  < 0.001 compared with DMSO control.   
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of mFc-2X4F was located in particles larger than apoA-I 
(fractions 54–60) ( Fig. 5C ). It is noteworthy that the 
apoA-I-containing particles in the mFc-2X4F plasma 
shifted toward larger size compared with the apoA-I and 
PBS groups ( Fig. 5C ). Interestingly, these larger HDL 
particles also contain mFc-2X4F, suggesting that the for-
mation of these particles may have involved both apoA-I 
and mFc-2X4F. Further, as the particle size increases in 
the samples from the mFc-2X4F-treated animals, there 
are still signifi cant levels of mFc-2X4F, whereas the apoA-I 
level continues to diminish ( Fig. 5C ), suggesting that at 
least the formation of the large particles was mainly medi-
ated by mFc-2X4F. 

 The phospholipid and cholesteryl ester levels were mea-
sured in HDL fractions. The area under the curve for 
phospholipid did not signifi cantly vary between the mFc-
2X4F- and PBS-treated samples (PBS: 90.36 ± 0.82 mg/dl; 
mFc-2X4F: 93.76 ± 1.04 mg/dl). Treatment with mFc-2X4F 
did not change cholesteryl ester levels when compared 
with PBS controls (PBS: 4.65 ± 0.23 mg/dl; mFc-2X4F: 
5.03 ± 0.34 mg/dl). 

 MFc-2X4F treatment also increased particles that match 
the LDL size ( Fig. 5B ; fractions 36–52). All of these frac-
tions contain mFc-2X4F and apoB ( Fig. 5C  and supple-
mentary  Fig. IA ), whereas fractions 42–52 also contain 
small amounts of apoA-I. The apoB content in fractions 
42–52 from mFc-2X4F-treated mice was similar to those 
from vehicle-treated mice. To determine whether apoB and 
mFc-2X4F coexist in the same particles, we immunopre-
cipitated apoB-containing fractions using an apoB antibody 
followed by Western blotting with an anti-mFc antibody. 

 MFc-2X4F generated HDL particles in vivo 
 To examine whether mFc-2X4F forms HDL particles 

in vivo, C57BL/6 mice were treated via IV injection with PBS, 
apoA-I (0.35  � mol/kg) or mFc-2X4F (0.35  � mol/kg). 
Blood samples were collected 4 h after the treatment, and 
plasma was prepared and analyzed for total, HDL, and 
LDL cholesterol. MFc-2X4F signifi cantly increased total 
cholesterol level (  Fig. 5A  ,  P  < 0.01). HDL-C showed a 
trend of increase when the animals were treated with 
mFc-2X4F ( Fig. 5A ,  P  = 0.06; PBS vs. mFc-2X4F). Although 
apoA-I treatment resulted in trends of increased total cho-
lesterol and HDL-C, neither reached statistical signifi cance 
( Fig. 5A ). LDL-cholesterol levels were not signifi cantly 
changed with all treatments (PBS: 15.29 ± 2.330 mg/dl; 
apoA-I: 24.54 ± 3.352 mg/dl; mFc-2X4F: 17.82 ± 1.928 
mg/dl). Furthermore, the plasma samples were also frac-
tionated using size-exclusion chromatography, and cho-
lesterol levels were measured in each fraction using the 
Colorimetric Cholesterol E Kit (Wako). The major HDL 
peak from mFc-2X4F-treated animals was slightly shifted 
leftward, with a shoulder around fractions 51–58 when 
compared with PBS- and apoA-I-treated animals ( Fig. 5B ). 
This suggests that the HDL particles generated by mFc-
2X4F are slightly larger in size ( Fig. 5B ). To determine the 
distribution of apoA-I and mFc-2X4F in the HDL frac-
tions, the even-numbered fractions 36–70 covering LDL 
and HDL peaks were run on 4–12% SDS-PAGE and im-
munoblotted to detect apoA-I and mFc-2X4F, respectively 
( Fig. 5C ). More apoA-I was detected in the HDL-containing 
fractions in the apoA-I- and mFc-2X4F-treated samples 
compared with PBS-treated samples ( Fig. 5C ). The majority 

  Fig.   3.  ABCA1 stabilization by mFc-2X4F in J774A.1cells (A, B). C: THP1 cells. Differentiated THP1 mac-
rophages were treated for 18 h with 4  � M TO901317, and J774A.1 cells were treated with 0.3 mM cAMP to 
boost ABCA1 expression. Cells were then treated for 4 (J774A.1) or 24 (THP1) h with vehicle (PBS), apoA-I, 
or mFc-2X4F at indicated concentrations.   
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full-length mFc-2X4F ( � 31 kDa). Immunoprecipitation 
using anti-mFc was also performed with the same fractions; 
however, neither apoA-I nor mFc-2X4F signal was found 
(data not shown). We believe that the Fc portion of mFc-
2X4F could be sterically blocked or folded differently 
when bound to HDL, so that it is not accessible by the an-
tibody. In summary, our data suggest that mFc-2X4F and 
apoA-I coexisted in the same HDL particle ( Fig. 6B ). 

 MFc-2X4F increased pre- �  and  � -1 HDL subfractions 
in vivo 

 To further investigate whether the distribution of the 
HDL subfractions was changed with mFc-2X4F treatment, 
plasma from PBS- and mFc-2X4F-treated mice was run on 
2D-PAGE. Two identical sets of samples were run and then 
immunoblotted with apoA-I (  Fig. 7A  ) and mFc ( Fig. 7B ) 
antibodies, respectively. Densitometry scanning was used 
for quantitative analysis for each subfraction. Treatment 
of mFc-2X4F signifi cantly increased pre- �  HDL by 75% 
and the large  � -1 HDL particles by 100% ( Fig. 7C ). In con-
trast, the peptibody reduced  � -3 HDL by about 25%. No 
signifi cant change in  � -2 HDL subfraction was observed. 
Interestingly, the majority of mFc-2X4F was located in the 
 � -1 migrating HDL particles ( Fig. 7B , right panel). The 
increase in large  � -1 HDL particles was consistent with the 
result obtained using size-exclusion column where HDL-C 
peak was left-shifted ( Fig. 5B ). 

 DISCUSSION 

 In this study, we demonstrated that the apoA-I mimetic 
4F peptibody, mFc-2X4F, is capable of mimicking apoA-I 
in promoting ABCA1-dependent cholesterol effl ux, stabi-
lizing ABCA1 protein and most importantly, forming 
HDL particles in vitro and in vivo. The 4F peptide has 
been shown to promote cholesterol effl ux and to stabilize 
ABCA1 in the J774A.1 macrophage cell line ( 25 ). Here, 
we showed that the fusion of the N-terminus of 4F peptide 
to an Fc did not impair the activity of promoting choles-
terol effl ux and stabilizing ABCA1. On the contrary, the 
effl ux activity was blunted when the C terminus of the 
peptide was fused to an Fc (data not shown). This result 
suggests that the C terminus of 4F peptide is important 
for interacting with the membrane. Furthermore, fusion 
of two tandem 4F peptides with an Fc fragment to form 
four helix complexes further increased the potency of 
promoting cholesterol effl ux ( Fig. 2 ). This result is con-
sistent with previous studies showing that the number of 
helix repeats affects the ability of cholesterol effl ux ( 16, 
26, 27 ). 

 It is interesting to note that mFc-2X4F had different 
effi ciency in promoting cholesterol effl ux compared with 
apoA-I in different cell types. MFc-2X4F promoted effl ux 
with higher effi ciency than did apoA-I in HepG2 cells ( Fig. 
2D ). HepG2 cells were found to secrete apoA-I naturally, 
and the secreted apoA-I promoted cholesterol effl ux from 
the cells ( 28 ) in an autocrine fashion. The effl ux mea-
sured in the mFc-2X4F-treated cells could represent the 

No mFc-2X4F was detected in the apoB-containing particles 
(see supplementary  Fig. IB ). The results suggest that the 
peak increase in fraction 36–39 does not represent LDL 
particles; rather, it is probably the larger HDL particles 
containing mFc-2X4F with a size similar to that of LDL 
particles. 

 MFc-2X4F and apoA-I coexisted in the same HDL particle 
 The distinct distribution of apoA-I and mFc-2X4F sug-

gests that some apoA-I-containing particles could contain 
mFc-2X4F, whereas other particles may contain apoA-I de-
void of the peptibody and vice versa. To further investigate 
whether mFc-2X4F and apoA-I coexist in the same parti-
cle, immunoprecipitation using anti-mouse apoA-I was 
performed with different fractions. Fraction 66 was se-
lected for immunoprecipitation because it contained the 
highest level of apoA-I, whereas factions 54 and 56 were 
selected for mFc-2X4F content. Interestingly, apoA-I and 
mFc-2X4F were coimmunoprecipitated in all of the frac-
tions we examined (  Fig. 6A  ). Consistent with the data 
shown in  Fig. 5C , fractions 54 and 56 had the highest levels 
of mFc-2X4F. There were two major bands representing 
mFc-2X4F; the lower band may be a clipped product of the 

  Fig.   4.  Analysis of nascent HDL in 293-ABCA1 recombinant cells. 
A: FPLC elution profi le of the conditioned media generated by 
apoA-I or mFc-2X4F in 293-ABCA1 recombinant cells. The 293-
ABCA1 recombinant cells were treated with vehicle (PBS), apoA-I, 
or mFc-2X4F (1  � M) for 4 h. Media were collected from each treat-
ment and concentrated 10-fold. Size-exclusion chromatography 
was performed using a Superose 6 10/300 GL column. An online 
Beta-Ram Model 2 radiometric detector (IN/US Systems) was used 
to detect the [ 3 H]cholesterol (1 V = 1,000 cpm). B: Western blot of 
the HDL peaks. The HDL peaks were collected, and 10  � l of each 
sample was run on SDS-PAGE and immunoblotted using antibody 
against apoA-I and mFc.   
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were more apparent at lower concentration of apoA-I, 
before cells reached their maximum capacity for effl ux. 
These data suggest that apoA-I and mFc-2X4F may work 
cooperatively to effl ux cholesterol. 

 One important fi nding in this study is that mFc-2X4F is 
capable of mimicking apoA-I to form nascent HDL parti-
cles in 293-ABCA1 recombinant cells. The FPLC elution 
profi le of the medium from cells treated with the peptibody 

combined effects of the mimetic and the secreted apoA-I. 
Our results suggest that mFc-2X4F and apoA-I could have 
an additive effect in promoting cholesterol effl ux in hepa-
tocytes. This notion was also supported with the data 
obtained using 293-ABCA1 recombinant cells. The amount 
of cholesterol effl ux from the cells was larger in the mFc-
2X4F and apoA-I combination treatment than in the apoA-I 
alone (see supplementary  Fig. II ). The additive effects 

  Fig.   5.  Detection and analysis of HDL in C57BL/6 plasma. A: Total cholesterol and HDL level. C57BL/6 
mice were IV injected with vehicle (PBS), apoA-I (0.35  � mol/kg), or mFc-2X4F (0.35  � mol/kg), and plasma 
was collected 4 h after injection. Total cholesterol and HDL-C were measured using the Olympus Analyzer. 
B: Lipid profi le of plasma FPLC elutions. Plasma (100  � l) from individual mice was injected onto the column 
using an isocratic gradient of D-PBS containing 1.5 mM EDTA and 0.02% sodium azide. Fractions were col-
lected on 0.5 ml V-bottom Costar 96-well plates, and cholesterol was measured using the Cholesterol E Kit 
(Wako). C: Distribution of apoA-I and mFc-2X4F. Even-numbered fractions 36–70 covering LDL and HDL 
peaks were run on 4–12% SDS-PAGE and immunoblotted for the presence of apoA-I and mFc-2X4F. Repre-
sentative of n = 3 animals  . Data are expressed as mean ± SEM. **P<0.01 versus vehicle group.   
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studies will need to be performed to analyze the lipid-
bound conformation of the mFc-2X4F in the HDL 
particles. 

 We also measured the plasma cholesterol and lipopro-
tein distribution after the 4F peptibody treatment in mice 
( Fig. 5 ). Signifi cant increases in plasma total cholesterol 
and lipoprotein-containing HDL were observed after treat-
ment with 4F peptibody compared with PBS-treated con-
trols. The major peak of the HDL from mFc-2X4F-treated 
animals was left-shifted when compared with PBS- and 
apoA-I-treated animals. Previous studies using 4F or D-4F 
( 11, 13 ) reported no changes in total cholesterol levels 
and no apparent differences in the FPLC cholesterol trace 
after peptide treatment compared with PBS-treated mice. 
The most likely explanation for this difference is the effi -
cacy in cholesterol effl ux. Wool et al. reported that tan-
dem peptides are better than 4F in their ability to promote 
effl ux in a macrophage cell line ( 13 ). We showed in our 
study that mFc-2X4F has greater capability of promoting 
effl ux compared with 4F in both 293-ABCA1 recombinant 
cells and differentiated 3T3-L1 cells. Our results suggest 
that the administration of mFc-2X4F may increase HDL-C 
by increasing the cholesterol effl ux from peripheral cells 
and that mFc-2X4F may be superior to monomeric 4F pep-
tide in terms of therapeutic potential. 

 One of our objectives, to design the 4F peptibody, was to 
address whether apoA-I and apoA-I peptide mimetic could 
coexist in the same HDL particles. Immunoblotting the 
fractions from FPLC with apoA-I and mFc antibody re-
vealed that apoA-I and mFc-2X4F both appeared in the 
same fractions ( Fig. 5C ; fractions 44–64). Using immuno-
precipitation   experiments, we demonstrated that apoA-I 
and mFc-2X4F are present in the same HDL particle ( Fig. 6 ). 
To our knowledge, this is the fi rst direct evidence that 
apoA-I and peptide mimetic are colocated in the same 
cholesterol-rich particles. MFc-2X4F treatment also gener-
ated larger mFc-2X4F-containing HDL particles (fractions 
36–39;  Fig. 5C  and supplementary  Fig. IB ). Taken to-
gether, there were at least two categories of HDL particles 
formed in the mFc-2X4F-treated mice: apoA-I- and mFc-
2X4F-containing particles and mFc-2X4F-containing par-
ticles. The peptibody-containing HDL particles could be 
derived from the fi rst step of cholesterol effl ux in the pe-
ripheral tissues. This hypothesis is supported by the fact 
that mFc-2X4F is capable of forming HDL-like particles in 
293-hABCA1 recombinant cells ( Fig. 4 ). On the other 
hand, these particles could also be derived from the modi-
fi cation of preassembled HDL, because 4F peptide and 4F 
tandems have been shown to displace apoA-I from mouse 
HDL in vitro ( 16 ). 

 In addition to the increased pre- �  HDL particles, 
plasma from mFc-2X4F-treated mice had higher large 
 � -1 HDL but lower  � -3 HDL ( Fig. 7 ). Interestingly, mFc-
2X4F was mostly present in the  � -1 migrating particles. 
The shift in the distribution of HDL subfractions may be 
due to increased effi ciency in HDL remodeling. HDL re-
modeling has been described as a mechanism for removal 
of lipid from atherosclerotic lesions ( 31 ). Patients with 
coronary heart disease (CHD) are reported to have lower 

for 4 h was very similar to the apoA-I profi le ( Fig. 4A ). The 
nascent HDL generated by mFc-2X4F eluted at earlier 
minutes indicates that the particles are larger in size com-
pared with those generated by apoA-I. The difference in 
size refl ects the molecular mass of mFc-2X4F, which is big-
ger than that of apoA-I. Most interestingly, we demon-
strated that mFc-2X4F was present in the nascent HDL 
particles when analyzing the fractions using anti-mFc as a 
detection antibody. Duong et al. reported that the nascent 
HDL formed by apoA-I in J774A.1 macrophages contains 
two to four apoA-I molecules per particle ( 23 ). Studies us-
ing recombinant HDL particles reconstituted with POPC 
found that small discoidal HDL particles contained two 
antiparallel monomers of apoA-I (belt model) wrapped 
around a bilayer of phospholipids ( 29, 30 ). Larger HDL 
particles were also reported to contain up to four apoA-I 
molecules per particle ( 30 ). The nascent HDL particles 
formed by mFc-2X4F could also contain more than one 
molecule of mFc-2X4F per particle. When analyzing the 
HDL particles in mFc-2X4F-treated mice, we found that 
apoA-I and mFc-2X4F coexisted in the same HDL parti-
cles, and this could only be demonstrated when an anti-
apoA-I antibody was used as the pull-down reagent, 
followed with an anti-Fc antibody for immunoblotting. 
However, when we used the Fc antibody as the pull-down 
reagent followed with an anti-apoA-I antibody for immu-
noblotting, we could not detect any band. These data sug-
gest that the Fc part of the peptibody may have been 
sterically blocked and not available for detection. Further 

  Fig.   6.  ApoA-I and mFc-2X4F are colocated on HDL particles. A: 
Immunoprecipitation of HDL fractions. Indicated HDL fractions 
from  Fig. 5  were immunoprecipitated using apoA-I antibody as de-
scribed in Materials and Methods. The membrane was immunob-
lotted with anti-mFc antibody (top) and anti-apoA-I antibody 
(bottom). B: Schematic presentation of HDL particle generated by 
apoA-I and mFc-2X4F.   
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