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Abstract We previously reported that the endogenous
ATP-binding cassette transporter (ABC)A7 strongly associ-
ates with phagocytic function rather than biogenesis of
high-density lipoprotein (HDL), being regulated by sterol-
regulatory element binding protein (SREBP)2. Phagocytic
activity was found enhanced by apolipoprotein (apo)A-I and
apoA-II more than twice the maximum in J774 and mouse
peritoneal macrophages. Therefore we investigated the mo-
lecular basis of this reaction in association with the function
of ABCA7. Similar to ABCAl, ABCA7 was degraded, likely
by calpain, and apoA-I and apoA-II stabilize ABCA7 against
degradation. Cell surface biotinylation experiments demon-
strated that endogenous ABCA7 predominantly resides on
the cell surface and that the apolipoproteins increase the
surface ABCA7. The increase of phagocytosis by apolipo-
proteins was retained in the J774 cells treated with ABCA1
siRNA and in the peritoneal macrophages from ABCAI-
knockout mice, but it was abolished in the J774 cells treated
with ABCA7 siRNA and in the peritoneal macrophages from
ABCA7-knockout mice. Phagocytosis was decreased in the
cells in the peritoneal cavity of the ABCA7-knockout mouse
compared with the wild-type control.ll We thus concluded
that extracellular helical apolipoproteins augment ABCA7-
associated phagocytosis by stabilizing ABCA7. The results
demonstrated direct enhancement of the host defense sys-
tem by HDL components.—Tanaka, N., S. Abe-Dohmae, N.
Iwamoto, M. L. Fitzgerald, and S. Yokoyama. Helical apoli-
poproteins of high-density lipoprotein enhance phagocyto-
sis by stabilizing ATP-binding cassette transporter A7. J. Lipid
Res. 2010. 51: 2591-2599.
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ATP-binding cassette transporter (ABC)A7 (1) is a
membrane protein highly homologous to ABCA1 that me-
diates biogenesis of high-density lipoprotein (HDL) with
cellular lipid and helical apolipoproteins (2-7). ABCA7
mediates formation of HDL when exogenously transfected
and expressed (8-10). However, endogenous ABCA7 was
shown to have no significant impact on generation of HDL
(11-13) and was found associated with phagocytosis (13,
14). Interestingly, expression of ABCA7 is regulated by
sterol-regulatory element binding protein (SREBP)2 (13),
in an opposite direction to the regulation of the ABCAl
gene by the liver X receptor (LXR) with respect to the in-
duction by change in cellular sterol level. Given these di-
vergent findings, function of ABCA7 may be involved in
more fundamental cellular processes other than just elimi-
nation of cell cholesterol.

Phagocytosis is one of the fundamental functions of ani-
mal cells. It is an important responsive reaction to infec-
tion, injury, and apoptosis. Rapid and efficient clearance
of foreign bodies/exogenous materials or apoptotic cells
by phagocytic reactions of scavenger cells prevents the re-
lease of proinflammatory components. Some ABC trans-
porters were reported to relate to the phagocytic function
of cells (15-18). It is important to investigate the involve-
ment of ABCA7 in phagocytic function in detail, especially
as the ABCA7 gene is apparently regulated by a sterol-

Abbreviations: ABC, ATP-binding cassette transporter; ApoA, apo-
lipoprotein A; CytD, cytochalasin D; LXR, liver X receptor; sulfo-NHS-
SS-biotin, sulfosuccinimidobiotin; SREBP, sterol regulatory element
binding protein.
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related mechanism, to shed light on the relationship
between sterol homeostasis and the host defense system.

MATERIALS AND METHODS

Reagents and antibodies

Apolipoporteins (apo)A-I and apoA-II were isolated from hu-
man plasma HDL (19, 20). Cycloheximide was purchased from
Wako. Calpeptin was purchased from Calbiochem. Antibodies
against HSP110 (610510) and BIP/GRP78 (610978) were pur-
chased from BD Transduction Laboratories. Anti-ATPase (Na/K)
al antibody (NB300-146) and anti B-actin antibody (A5441) were
from Novus and Sigma, respectively. Monoclonal antibodies
against mouse ABCA1 (MABI98-4) and ABCA7 (MABI97-17)
were generated in rats against peptides corresponding to the C
terminus of each protein, NF AKD QSD DDH LKD LSL. HKN
(ABCA1) (21) and PG RQH PKR VSR FLE DPS SVE TMI
(ABCA7) (13), respectively, at the MAB Institute (Yokohama,
Japan) as described previously.

Animals and cells

ABCA7-knockout mouse was generated and backcrossed to
C57BL/6 background more than 10 times at Lipid Metabolism
Unit and Partners Center for Genetics and Genomics, Massachu-
setts General Hospital (11), and bred on the same background at
the Animal Experiment Facility of Nagoya City University Gradu-
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ate School of Medical Sciences. ABCAl-knockout mice were bred
from the heterozygous mice (DBA/1-Abcaltmljdm/J) (22) pur-
chased from Jackson’s Animal Laboratories (Stony Brook, NY)
and backcrossed at least 10 times to make the background of
C57BL/6 at the Nagoya City University facility (21). Each mouse-
derived fibroblast was obtained from the embryos between 12.5
and 14.5 days, and each cell line was established after the thirti-
eth subculture. The cells were cultured in DF medium (1:1 mix-
ture of DMEM and Ham’s F12 medium) with 10% fetal calf
serum (10% FCS/DF). Mouse resident peritoneal macrophages
were obtained from over 11-week-old mice after overnight starva-
tion. The cells were seeded in a 96-well tray and cultured in 10%
FCS/RPMI1640 medium. 774 cells and BALB/3T3 cells were
obtained from the Riken Cell Bank and cultured in 10% FCS/
RPMI1640 medium and 10% FCS/DF medium, respectively. All
cells were maintained at 37°C in humidified atmosphere of 5%
COy. The animal experiment protocols were approved by the In-
stitutional Animal Welfare Committee.

Cell surface biotinylation assay

Surface ABCA7 was probed by its biotinylation (23, 24). J774
cells, BALB/3T3 cells, and mouse fibroblasts were subcultured at
a density of each 3 x 106, 1 x 106, and 2 x 10° cells/60 mm dish for
one day. After overnight incubation in the presence of apoA-l,
10 pg/ml, cells were washed twice with ice-cold Dulbecco’s PBS
containing 1 mM CaCl, and 1 mM MgCl, (PBS-CM), and surface
protein was biotinylated with sulfosuccinimidobiotin (sulfo-
NHS-SS-biotin; Pierce) for 30 min at 4°C. The biotinylation
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Enhancement of phagocytosis by apoA-I and apoA-IL. J774 cells (A) were subcultured in a 96-well

tray at a density of 4 x 10%cells/ well for one day. Mouse peritoneal macrophages (B) were subcultured in a
96-well tray at a density of 1 x 10 *cells/well for six days. After overnight incubation in the presence or ab-
sence of 10 pg/ml of apoA-I or apoA-Il, quantitative phagocytosis assay was performed as described. The
results were expressed as phagocytic activity relative to the blank background control (without apolipopro-
tein, 0.02% BSA). Dose-dependent data of apoA-I (ug/ml) are also displayed with a negative control of 10
pM CytD in the presence of apoA-I (10 pg/ml) to inhibit phagocytosis (A and B). The microspheres were
precoated with apoA-I or apoA-II prior to incubation with J774 cells as described (C). The results are ex-
pressed as the activity relative to each control, activity of the cells for beads precoated and preincubated in
0.02% BSA only as the blank control. The data represent the means + SD for eight samples. Statistical analy-
sis was performed by Tukey’s test to give significance levels of **#P < 0.001; **P< 0.01; *P< 0.05 to the con-
trol or between the data indicated. The microscopic photo data represent typical results of three independent
experiments performed. ApoA, apolipoprotein A; CytD, cytochalasin D.
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reaction was quenched for 10 min at 4°C by removal of the sulfo-
NHS-SS-biotin solution. Cells were washed with ice-cold PBS-CM,
lysed with RIPA buffer, and homogenized. Then 150 pg of pro-
tein was added to 40 pl of streptavidin-Sepharose beads (Neutr-
Avidin Agarose Resin; Thermo Scientific) and incubated for 1 h
on a platform mixer at 4°C. After pull-down of streptavidin, the
supernatant was incubated with another 40 ul of streptavidin-
Sepharose beads for 1 h on a platform mixer at 4°C. The pellet
(biotinylated) and supernatant (not biotinylated) were prepared
for Western blotting.

RNA interference

SiRNAs (Stealth Select RNAi) for ABCAl and ABCA7 were
purchased from Invitrogen. They were transfected by nucleofec-
tion (Nucleofector Kit V for J774, MEF Nucleofector Kit 2 for
mouse fibroblast; AMAXA Biosystems). Two different siRNAs
were tested for each and yielded similar results. The data pre-
sented represent a typical set.

Cellular lipid and lipid release assay

J744 cells were subcultured in a 6-well tray in 10% FCS/
RPMI1640 medium for two days. The cells were washed with PBS
and incubated in 1 ml/well of the RPMI1640 medium containing
0.02% BSA for 24 h in the presence of 10 pg/ml apoA-I. Lipid
content of cells was determined by colorimetric enzymatic assay
(25). Mouse fibroblasts were treated with ABCA7 siRNA and in-
cubated in 0.02% BSA/DF medium overnight. The cells were
then incubated with 10 pwg/ml apoA-I in the medium for 24 h,
and lipid in the medium was measured (25). Cellular protein was
dissolved in RIPA buffer and then determined with the BCA Pro-
tein Assay Kit (Pierce).

Quantitative analysis of mRNA

Total RNA was isolated by ISOGEN (Wako) and reverse-tran-
scribed by SuperScript III (Invitrogen) with oligo dT primers.
Quantitative expression analysis by real-time reverse transcrip-
tion PCR was performed in StepOnePlus Real-Time PCR system
(Applied Biosystems) using SYBR Green technology. The follow-
ing PCR primers were used for amplification of mouse RNAs:
ABCA7, 5-GCC AGT ATG GAA TCC CTG AA-3’ (forward) and
5-ATG GAG ACA CCA GGA ACC AG-3’ (reverse); B-actin, 5- CTG
TAT TCC CCT CCA TCG TG-3’ (forward) and 5-AGG TGT GGT
GCC AGA TCT TC-3’ (reverse).

Quantitative phagocytosis assay

We used fluorescent polystyrene microspheres, 1 pwm diame-
ter, with carboxylate groups on the surface (15702, Polysciences)
that could be activated for the covalent coupling of proteins to
quantify in vitro phagocytosis. Alternatively, Staphylococcus aureus
conjugate of Alexa Flour 488 (523371, Invitrogen) was used as a
fluorescent phagocytosis probe. For polystyrene beads uptake,
J774 cells or mouse peritoneal macrophages subcultured in a 96-
well tray in 10% FCS/RPMI1640 medium were washed twice with
PBS, and then incubated with 50 pl of 0.02% BSA/RPMI1640
medium, with or without 10 wg/ml apoA-I or apoA-II overnight
at 837°C, and the same medium, 50 pl, was added. Another 50 pl
of each medium containing 4.55 x 10° of the microspheres prein-
cubated in the medium containing 10 pg/ml apoA-l, apoA-Il, or
BSA at 37°C for 1 h was added 30 min later and incubated for
1 h. Alternatively, microspheres precoated with apoA-I or apoA-II
as above were washed before adding to the cells pretreated with-
out apolipoproteins. Cells were washed carefully four times with
PBS to remove remaining extracellular beads, and then fixed by
4% paraformaldehyde. Photographs were taken at 10 regular po-

sitions of each well at 40-fold magnification in a fluorescence mi-
croscope BZ-800 (Keyence) with a Plan Fluor ELWD 20x lens
(Nicon). Numbers of cells and engulfed beads in the cells were
counted in the fields, and the average number of beads engulfed
per cell was calculated. For Staphylococcus aureus uptake, ] 744 cells
were cultured in a 24-well tray as above and incubated with 6 x
10° bacteria/well for 1 h. Cells were washed thoroughly and care-
fully with PBS twice, and then treated with 200 ul of 1 mg/ml
lysozyme for 25 min at 37°C. After washing cells, fluorescence
intensity was measured in a plate reader FL600 (BioTek Inc.).
Validity of the method was confirmed by inhibition of the phago-
cytic reaction by adding 10 pM of cytochalasin D (Merck), a
known phagocytosis inhibitor, for 30 min at 37°C before the
phagocytic assay (by 33% and 60% significant inhibition for J774
cells and mouse peritoneal macrophages, respectively).

In vivo phagocytosis assay

Carbon ink (Platinum Carbon Ink Black) was diluted 10-fold
with PBS and injected into the mouse peritoneal cavity by 10
rl/g body weight. After overnight starvation of mice, peritoneal
macrophages were recovered. Over 400 cells of each sample were
counted, and the phagocytosis index was calculated as the rela-
tive number of cells that engulfed carbon ink particles per total
cells.

Other methods

Western blotting was performed as described previously (21)
by using loading controls of Na/K ATPase as a membrane pro-
tein and B-actin as a housekeeping cellular protein. Chemilumi-
nescence signal of the bands were integrated by an LAS-3000mini
Image Reader (Fuji Film) and analyzed by Multi Gauge v. 3.0

ABCA1 T ABCA1 - - - -
ABCA7 - . ABCA7 - ew - .
Na/K ATPase sl i/ Na/K ATPase | e S e’
B-actin | - —— p-actin )
Incubationtime 0 2 € 24h Incubation time 0 2 6 24 h
4
B J774 D Mouse Fibroblast
E= €=
£E SE 3 O mRBNA
3 S g gl!?)l:le‘?n 8 S O Protein
@ s s .
~® ke 2
<= <5
8 Qs
o< % < 1
0 0
0 10 20 30 0 10 20 30

Incubation time, h Incubation time, h
Fig. 2. Increase of ABCA7 by incubation of the cells with apoA-I.
J774 cells (A and B) and mouse fibroblasts (C and D) in a 6-well
tray (2 x 10°and 1 x 10°, respectively) were pretreated overnight in
the serum-free medium (RPMI1640 and DF, respectively) contain-
ing 0.02% BSA, and added with apoA-I, 10 wg/ml. Proteins and
mRNAs of ABCA1 and ABCA7 were analyzed at the time points of
incubation with apolipoproteins as indicated. The mRNA was ex-
tracted and quantitative expression analysis was performed in a
StepOnePlus Real-Time PCR system using SYBR Green technology.
The protein was extracted with RIPA buffer for Western blotting (A
and C). Chemiluminescence of ABCA7 band was quantified as de-
scribed. Results were expressed as fold change relative to the mRNA
level and the protein level at 0 h (B and D). Data represent the
mean + SD for 12 samples. Statistical analysis was performed by
Wilcoxon signed rank test, to give significance levels of **P < 0.01;
*P < 0.05 to the zero time data. ABC, ATP-binding cassette trans-
porter; ApoA, apolipoprotein A.
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software (Fuji Film). Density of the ABCA7 band was largely pro-
portional to dose. Samples for polyacrylamide gel electrophoresis
were treated with RIPA buffer containing protease inhibitors
cocktail (Sigma P2714) unless described otherwise. Data were
statistically analyzed by Wilcoxon signed rank test, #test, or one-
way ANOVA with Tukey’s test. P < 0.05 was accepted as statisti-
cally significant.

RESULTS

We developed a quantitative phagocytosis assay system
using carboxylate polystyrene microspheres (see “Materials
and Methods”) and examined the effects of apolipopro-
teins on phagocytotic uptake of the spheres. In the pres-
ence of apoA-I or apoA-II, uptake of the microspheres by
J774 cells and peritoneal macrophages prepared from
wild-type mice was increased (Fig. 1A, B). ApoA-l facili-
tated phagocytosis in a dose-dependent manner in both of
these cell types (Fig. 1A, B). Inhibition of the reaction by
cytochalasin D confirmed that this is a phagocytic reac-
tion. The pretreatment of the microspheres by coating
with apoA-I, apoA-II, or BSA (as a control) for 1 h resulted
inirreversible binding of apolipoproteins (data notshown)
but did not enhance the phagocytosis of J774 cells (Fig. 1C)
or mouse peritoneal macrophages (data not shown), indi-
cating this effect was not mediated by the apolipoproteins
bound to the beads.
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ABCAY7 increased upon incubation with apoA-I in a
time-dependent manner in J774 cells and mouse fibro-
blasts (Fig. 2A, C). However, this increase was not accom-
panied by significant change in its mRNA (Fig. 2B, D),
indicating that the effects were not on the transcriptional
level. Decay of ABCA7 protein examined in the presence
of the protein synthesis inhibitor cycloheximide was re-
tarded by apoA-I and apoA-Il, similar to the findings with
ABCA1 (Fig. 3A, B, D, E). Calpeptin increased ABCA7
protein as well as ABCAI protein by retarding the decay-
ing rate (Fig. 3C, F) (with significance of P< 0.05 for three
experiments at each time point), indicating that calpain is
likely to mediate degradation of ABCA7 similar to ABCALI
(24, 26). In our previous work, immunofluorescent prob-
ing indicated that endogenous ABCA7 may be located in-
tracellularly (13). To seek greater clarity, ABCA7 in the
cell surface was estimated by a biotinylation technique
(24) in J774 cells, mouse fibroblasts, and BALB/3T3 cells
as described in “Materials and Methods.” A large portion
of endogenous ABCA7 was expressed in the surface cells
(Fig. 4A). Incubation of cells with apoA-I increased cell
surface ABCA7 (Fig. 4B).

In these experiments, there was no significant change in
cellular lipid in J774 cells (supplementary Fig. I), so the
effect of apolipoproteins was not directly related to sterol-
mediated transcriptional regulation of ABCA7. ApoA-I
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Fig. 3. Degradation of ABCA7 in J774 cells (A—C) and mouse fibroblasts (D-F). A and D: The cells were
pretreated overnight with apoA-I or apoA-II in a 6-well tray (2 x 10°and 1 x 10°, respectively). BSA indicates
blank background control of 0.02% BSA. Protein synthesis was inhibited by cycloheximide, 50 wg/ml, and
proteins were analyzed by Western blotting for ABCA7 and ABCALI at 0, 3, and 6 h of incubation. B and E:
ABCA7 bands in the experiments above were quantified as described. Data represent the mean + SD for six
samples. Statistical analysis by #test against the BSA control at each incubation time gave significance levels
of ¥**P< (.001; **P< 0.01; *P< 0.05. C and F: After overnight starvation of J774 cells and mouse fibroblasts
in the BSA control condition, the cells were preincubated with and without calpeptin, 50 uM, for 1 h, and
then incubated for 0, 3, and 6 h under inhibition of protein synthesis by cycloheximide. Protein was analyzed
by Western blotting for ABCA7 and ABCA1. ABC, ATP-binding cassette transporter; ApoA, apolipopro-

tein A.
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Fig. 4. Localization of endogenous ABCA1 and ABCA7. Surface
protein was biotinylated with sulfo-NHS-SS-biotin for 30 min at 4°C
for the cells in 60 mm dish. The biotinylated (surface) and nonbi-
otinylated (intracellular) proteins were prepared for Western blot-
ting after the treatment of cells with biotin as described. The letter
“W?” indicates the analysis of the whole cell lysate without biotynila-
tion. A: J774 cells and mouse fibroblasts were analyzed after the
treatment with various concentrations of biotin for ABCA7 (the
data represent the mean + SD). B: J774 cells and BALB/3T3 cells
were preincubated overnight in the absence and presence of
apoA-I, 10 wg/ml, prior to biotinylation (with 1 mM biotin).
HSP110 and BIP/GRP78 are controls for intracellular protein.
Lower bands should be considered as ABC proteins according to
their molecular weights. ABC, ATP-binding cassette transporter.

had no influence on glycosylation of ABCA1 or ABCA7
(supplementary Fig. II).

ABCA7 was downregulated by specific siRNAs of ABCA7 in
mouse fibroblasts as described in “Materials and Methods”
(supplementary Fig. ITI-A), and apoA-I-mediated cell lipid re-
lease was measured. No change was observed by knockdown
of ABCA7 in release of either cholesterol or phospholipid
(supplementary Fig. III-B). Thus, endogenous ABCA7 did
not play a significant role in apolipoprotein-mediated lipid
release or generation of HDL, which was consistent with our
previous findings in BALB/3T3 cells (13).

Expression of ABCA1 or ABCA7 was downregulated by
siRNA in J774 (Fig. 5A), and quantitative phagocytosis as-
say was performed. Phagocytosis enhancement by apoA-I
and apoA-II was ablated in the cells by knockdown of
ABCA7 but remained after knockdown of ABCA1 (Fig. 5B,
C). Uptake of Staphylococcus aureus was also examined in

J775 cells (Fig. 6). It was also enhanced by apoA-I, but
knockdown of ABCA7 abolished this effect, reproducing
the results with polystyrene beads.
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Fig. 5. Knockdown of ABCA7 and ABCAl and phagocytosis.
siRNA specific for ABCA7 and ABCAl was transfected into 774
cells at a density of 6.2 x 10° cells/cuvette. The cells were seeded at
3 x 10°/well in a 6-well tray for SDS-PAGE analysis (A), and the re-
maining cells were subcultured in a 96-well tray at a density of 1 x
10" cells/well. After overnight incubation in the presence or ab-
sence of 10 pg/ml apoA-I and apoA-ll, quantitative phagocytosis
assay was performed (B). The results were shown as phagocytic ac-
tivity relative to that of control siRNA without apoA-I (0.02% BSA)
(C). The data represent the mean + SD for eight samples. Statistical
analysis was performed by Tukey’s test to give significance level of
##%P<(0.001 to the BSA data of each group. The microscopic photo
data represent a typical set of the two independent experiments
preformed. ABC, ATP-binding cassette transporter.

Enhancement of phagocytosis by apoA-I and apoA-II
was retained in the peritoneal macrophages prepared
from ABCAIl-knockout mice, whereas it was lost in those
obtained from ABCA7-knockout mice (Fig. 7A, B). The
effect of apoA-I on phagocytosis was demonstrated in the
peritoneal macrophages of ABCAl-knockout mice in a
dose-dependent manner but not in the peritoneal mac-
rophages of ABCA7-knockout mice (Fig. 7B). In aggre-
gate, these results indicate that apolipoproteins stimulate
macrophage phagocytosis and that this stimulation de-
pends on ABCA7, but not ABCA1, expression. Phagocytic
activity of macrophages in mice peritoneal cavity in vivo
was examined by measuring the uptake of carbon mi-
croparticles after injecting them into the peritoneal cavity.
Uptake of the particles by the peritoneal cells was de-
creased in ABCA7-knockout mice compared with that in
the wild-type mice (Fig. 7C). Uptake of the ink particles
was also decreased in ABCAl-knockout mice. Expression
of ABCA7 was decreased in ABCAl-knockout mice perito-
neal cells in vivo (Fig. 7C), although it was not decreased

ApoA-I enhances phagocytosis by stabilizing ABCA7 2595



A B siRNA Control ABCA7
ApoA- (-
g‘_ 400 s 1 ; —
€€ A
=35 300 1 Feete
2> ApoA-l (+) ?
€E 200} !
33
< 100 4
AAA
5 ol T + = aaed D Bank
o N QO 2 2000} ..] D Apoat |
\0(* Qov"v'c;\" £E
Q s) c
¥R £5 1500} ]
\'a @ 5
28 1000} I
33
o< Soo0f :
S
2 0

siRNA Control ABCA7

Fig. 6. Phagocytosis of Staphylococcus aureus by J774 cells. The cells were seeded in a 24-well plate and incu-
bated with or without apoA-I (10 pg/ml) overnight. CytD (10 uM) was added to the apoA-I samples for 30
min as a negative control. ABCA7 expression was knocked down as described in Fig. 5. Cell density was 5 x
10*/well and 1 x 10°/well for CytD and siRNA experiments, respectively. The medium containing Staphylococ-
cus aureus was added to each well and incubated for 1 h. After careful and thorough washing, the cells were
treated with lysozyme (2 mg/ml x 200 wl, for 25 min at 37°C) to remove remaining extracellular Staphylococ-
cus aureus, and fluorescence intensity was measured by a plate reader. A: Increase by apoA-I and inhibition
by CytD of the phagocytic uptake. B: Canceling the effect of apoA-I on the phagocytosis by knockdown of
ABCA7 expression by a specific siRNA. The microscopic photos represent a typical set of the two indepen-
dent experiments. The data in the graph represent the results of their quantification as the mean + SD for
four samples. Statistical analysis was performed by Tukey’s test to give significance levels of **P < 0.01 and
#k4P < 0.001 to the blank background control (C) of 0.02% BSA. ABC, ATP-binding cassette transporter;

ApoA, apolipoprotein A; CytD, cytochalasin D.

in the peritoneal macrophages transferred to the culture
(Fig. 7A, B), agreeing with the apparent decrease in phago-
cytosis in vivo. The decrease of phagocytosis in ABCAI-
knockout mice could also be consistent with a rational
assumption that HDL and, consequently, apoA-I levels in
the peritoneal fluid should extremely be low in these
mutant mice (21), while they should be unchanged in
ABCA7-knockout mice (11) from their plasma HDL levels.

DISCUSSION

The findings in this study are summarized as follows:
(1) We confirmed that endogenous ABCA?7 is strongly as-
sociated with cellular phagocytic function; (2) Endoge-
nous ABCA7 is predominantly located on the cell surface,
and extracellular helical apolipoproteins, such as apoA-I
and apoA-II, stabilize it against the degradation presum-
ably mediated by calpain; and (3) Helical apolipopro-
teins increase surface ABCA7 and enhance phagocytic
function. The results thus indicated direct involvement
of HDL apolipoproteins in regulation of the host defense
system through modulation of the ABCA7 function.

Association of ABCA7 expression with phagocytic func-
tion of cells rather than cholesterol release is consistent with
previous observations (13, 14). The current study, however,
demonstrated that ABCA7 is expressed predominantly on
the cell surface, which is inconsistent with our previous con-
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jecture based on immunofluorescence staining (13) and
the inconclusive findings in other reports (12, 14). Never-
theless, the present findings by surface biotinylation and
stabilization of ABCA7 by extracellular apolipoproteins
against calpain strongly support its surface localization and
not our previous data. This discrepancy may be explained if
ABCAT rapidly turns over in the surface. An exon 5 splicing
variant of ABCA7 was found to remain intracellularly (27),
but the primers and antibody employed in the current study
for detection of ABCA7 mRNA and protein do not differen-
tiate the variant. The current findings with ABCA7 is very
similar to ABCAI, stabilized against its calpain-mediated
degradation by helical apolipoproteins when the HDL bio-
genesis reaction is ongoing (26, 28, 29), perhaps forming a
complex prior to the endocytotic internalization for its in-
tracellular proteolysis to recycle ABCAI to the cell surface
(24). HDL apolipoproteins were shown to stabilize ABCA7
in an apparently similar manner and to enhance phagocyto-
sis, although the detailed mechanism has not been demon-
strated. This hypothesis should be confirmed by more direct
evidence, such as a pulse-labeling experiment of ABCA7.
Phagocytosis is one of the most primitive but important host
defense reactions, and the results indicate its link with HDL
metabolism and, therefore, indirect link with cholesterol
homeostasis.

ABCALI, a key protein for cellular cholesterol release,
generates HDL particles from cellular phospholipids and
cholesterol (30). Its gene is relevantly upregulated by LXR
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Fig. 7. Phagocytosis by the peritoneal macrophages prepared from
the ABCAl-knockout mouse and the ABCA7-knockout mouse. A:
Peritoneal macrophages were collected from the ABCA7-knockout
mouse and the ABCAl-knockout mouse. The cells were subcultured
in a 96-well tray at a density of 3 x 10" and 4 x 10 cells/well, respec-
tively, for four days. After overnight incubation in the presence or
absence of 10 pg/ml apoA-I or apoA-ll, quantitative phagocytosis
assay was performed. B: The results were shown as phagocytic activity
relative to that without apolipoproteins (0.02% BSA as a back-
ground) (left). Dose-dependent data on apoA-I (pg/ml) are also
displayed as phagocytic activity relative to the blank background con-
trol (BSA) with a negative control of 10 pM CytD in the presence of
apoA-I (10 wg/ml) to inhibit phagocytosis (right). The data repre-
sent the means + SD for eight samples. The data represent a typical
set of three independent experiments performed. C: Phagocytic ac-
tivity was measured directly in the peritoneal cavity of the mice in
vivo. Diluted carbon ink was injected into the mouse peritoneal cav-
ity as described. After overnight starvation of mice, peritoneal mac-
rophages were recovered and over 400 cells were counted for
calculation of phagocytosis index as a relative number of cells that
engulfed carbon ink particles. Data represents mean + SD of n=9, 6,
and 23 for wild-type, ABCAl-knockout, and ABCA7-knockout mice,
respectively. Statistical analysis was performed by Tukey’s test to give
significance levels of **#*P < 0.001; **P < 0.01 compared to the con-
trol or between the groups indicated. Western blotting data show
expression of ABCAI and ABCA7 in mouse peritoneal cells from
wild-type, ABCAl-knockout, and ABCA7-knockout mice, analyzed
immediately after collection. J774 cells were analyzed as a control.
ABC, ATP-binding cassette transporter; ApoA, apolipoprotein A;
CytD, cytochalasin D; KO, knockout.

(31), and its activating ligand is oxysterol (32), a signal
for the increase of cellular cholesterol (33). However, as
ABCAL is also negatively regulated by sterol/SREBP2 in
hepatocytes (34), perhaps its opposite regulation is needed
in the liver to maintain cholesterol homeostasis for the
whole body. ABCA7, a protein highly homologous to
ABCALI (1), mediates generation of HDL, but it is choles-
terol-poor with helical apolipoproteins only when trans-
fected and overexpressed (8-10). However, endogenous
ABCA7 does not support HDL generation (11-13), and it
was associated with phagocytic function (13, 14). The
ABCA7 gene is regulated by SREBP2 (13), so ABCA7 may
be a key molecule to link cellular cholesterol homeostasis
and the host defense system.

Association of ABCA7 with phagocytosis was demon-
strated at least in fibroblast (13) and macrophage cells or
cell lines for polystyrene beads, Staphylococcus aureus, and
carbon microparticles. Our preliminary experiments
yielded similar results with zymosan and Escherichia coli,
indicating that ABCA7 seems to be a fundamental factor
involved in broad spectrum of the phagocytic pathways,
although it is not evident yet. Nevertheless, the present
findings are additional evidence that ABCA7 links choles-
terol metabolism and the host defense system through its
interaction with the HDL components.

Helical apolipoproteins of HDL, such as apoA-I, stabi-
lized ABCA7 similar to ABCAI, and they increased the
function of this membrane protein. The current findings
provided a strong indication with a concrete molecular
background that HDL plays a role in regulating cellular
phagocytic function through the action of ABCA7. Helical
apolipoproteins are carried by HDL, and they may dissoci-
ate from the lipoprotein particles in equilibrium (35). The
presence of HDL in interstitial fluid always provides a cer-
tain amount of free apolipoproteins, especially apoA-l,
and the interaction of free apoA-I with ABCA1 was shown
to be responsible for HDL biogenesis (36). It is quite rel-
evant to assume that HDL also provides ABCA7 with free
apoA-I to stabilize it and enhance phagocytosis. When the
cells are exposed to HDL, helical apolipoprotein dissoci-
ated from HDL interacts with ABCALI, directly or indi-
rectly, to stabilize it and generate HDL, and to reduce cell
cholesterol. Consequently, ABCA7 is upregulated via the
SREBP2 system. HDL also stabilizes ABCA7, perhaps simi-
larly to ABCAL, resulting in the increase of ABCA7 as
shown in this study. It is not completely clear yet whether
helical apolipoproteins bind directly to ABCA1 or ABCA7
to achieve these effects (9, 24), and it is possible that the
ABC transporters may be stabilized by alteration of mem-
brane microenvironment by modification of its lipid com-
position. This is a new insight to relationship among
cholesterol metabolism, helical apolipoproteins, and the
host defense system. The present observations may be re-
lated to other, previous reports indicating association of
macrophage functions with its cholesterol homeostasis
(37-39).

Interesting findings were described for human ABCAT:
it contains the extracellular domain homologous to SS-N,
an epitope of Sjogren’s syndrome (40), and ABCA7-positive
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cells were detected in plasma cells from the salivary glands
of patients with Sjogren’s syndrome (41). The incidence
of single nucleotide polynucleotide allele of HAI was dif-
ferent between Sjogren syndrome patients and control pa-
tients (42). These findings may not link directly to our
observations, but they might suggest a relationship be-
tween ABCA7 and the immune system Bl
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