
696 Journal of Lipid Research Volume 53, 2012

Copyright © 2012 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

 Supplementary key words cholesterol metabolism • cholesterol traf-
fi cking • ATP binding cassette transporter A1 • human immunodefi -
ciency virus 

 Impairment of cholesterol metabolism plays a key role 
in pathogenesis of many disorders, most importantly car-
diovascular and neurodegenerative diseases. Many infec-
tious agents, from prions to parasites, affect cholesterol 
metabolism of the host. Microorganisms modify host cho-
lesterol metabolism for two main reasons: to satisfy their 
own requirements for cholesterol at different stages of 
their life cycle, and to weaken the immune response of 
the host. These modifi cations may cause “unintended” 
consequences, triggering development of diseases that 
are not directly related to infection. This situation is 
exemplifi ed by the increased risk of atherosclerosis coin-
cident with HIV infection. Targeting cholesterol me-
tabolism for antimicrobial intervention, while at the 
same time correcting metabolic consequences of the 
infection, is a tempting possibility limited by the lack of 
knowledge about mechanisms of interaction between 
microorganisms and pathways of cholesterol metabolism 
in host cells. 

       Abstract   HIV infection, through the actions of viral acces-
sory protein Nef, impairs activity of cholesterol transporter 
ABCA1, inhibiting cholesterol effl ux from macrophages and 
elevating the risk of atherosclerosis. Nef also induces lipid 
raft formation. In this study, we demonstrate that these ac-
tivities are tightly linked and affect macrophage function 
and HIV replication. Nef stimulated lipid raft formation in 
macrophage cell line RAW 264.7, and lipid rafts were also 
mobilized in HIV-1-infected human monocyte-derived mac-
rophages. Nef-mediated transfer of cholesterol to lipid rafts 
competed with the ABCA1-dependent pathway of choles-
terol effl ux, and pharmacological inhibition of ABCA1 func-
tionality or suppression of ABCA1 expression by RNAi 
increased Nef-dependent delivery of cholesterol to lipid 
rafts. Nef reduced cell-surface accessibility of ABCA1 and 
induced ABCA1 catabolism via the lysosomal pathway. De-
spite increasing the abundance of lipid rafts, expression of 
Nef impaired phagocytic functions of macrophages. The in-
fectivity of the virus produced in natural target cells of 
HIV-1 negatively correlated with the level of ABCA1.   
These fi ndings demonstrate that Nef-dependent inhibition 
of ABCA1 is an essential component of the viral replication 
strategy and underscore the role of ABCA1 as an innate anti-
HIV factor.  —Cui, H. L., A. Grant, N. Mukhamedova, T. 
Pushkarsky, L. Jennelle, L. Dubrovsky, K. Gaus, M. L. Fitzger-
ald, D. Sviridov, and M. Bukrinsky.  HIV-1 Nef mobilizes lipid 
rafts in macrophages through a pathway that competes with 
ABCA1-dependent cholesterol effl ux.  J. Lipid Res.  2012.  53: 
 696–708.   
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the effect of Nef on lipid rafts. In this study, we investi-
gated the association among Nef, ABCA1, and lipid rafts. 
We hypothesized that HIV Nef is responsible for either in-
hibition or subversion of the ABCA1-dependent pathway 
of cholesterol traffi cking, redirecting the fl ow of intracel-
lular cholesterol from cholesterol effl ux to formation of 
lipid rafts, and that this phenomenon is essential for HIV 
infectivity. Our results demonstrate that inhibition of 
ABCA1 is critical for Nef-dependent modulation of lipid 
rafts and illustrate consequences of this modulation for 
the cell and the virus. 

 MATERIALS AND METHODS 

 Cells 
 N7 mouse macrophage cell line was obtained from the Centre 

for AIDS Reagents (NIBSC). These cells were derived from the 
RAW 264.7 mouse macrophage cell line and are stably trans-
fected to express a low level of HIV-1 viral protein Nef that is 
inducible by treatment with cadmium chloride (CdCl 2 ) ( 14 ). 
HeLa-ABCA1 cells stably expressing GFP-tagged ABCA1 ( 15, 16 ) 
were a kind gift of Dr. A. Remaley. Peripheral blood leukocytes 
and monocyte-derived macrophages were isolated and main-
tained as described previously ( 3 ). 

 Antibodies for Western blot analysis 
 The monoclonal antibody against ABCA1 was from Novus Bio-

logicals, anti-JR-CSF Nef monoclonal antibody was from NIH 
AIDS Research and Reference Reagent Program; antibodies to 
Notch 3, Integrin 5 � , and GAPDH were from Santa Cruz Biotech-
nology; and anti- � -actin monoclonal antibody was from Sigma. 
Horseradish peroxidase cholera toxin subunit B conjugate for 
detection of GM1 and transferrin receptor antibodies were from 
Invitrogen. 

 Isolation of apoA-I 
 High-density lipoprotein (1.083 < d < 1.21 g/l) was isolated by 

sequential centrifugation in KBr solutions, delipidated, and 
apoA-I was purifi ed by gel fi ltration chromatography as previ-
ously described ( 17 ). 

 siRNA experiments 
 Cells were treated with TO-901317 (0.5 µM) for 18 h, and then 

transfected with ABCA1- or Nef-specifi c siRNA or scrambled 
siRNA (control) using Lipofectamine 2000 TM  (Invitrogen). 
ABCA1 siRNA and scrambled siRNA were from Ambion. Nef 
siRNA was custom designed and manufactured by Invitrogen. 

 Analysis of HIV-1 infectivity 
 Monocyte-derived macrophages were infected with HIV-1 ADA 

and maintained for 10 days until infection reached the plateau 
(5 × 10 3  cpm/ml of RT activity). Cells were transfected with 
ABCA1-targeting or control siRNA twice with a 24 h interval, 
washed, and cultured for two days after the second transfection. 
Virus was collected from the supernatant, concentrated, adjusted 
according to p24 content, and used to infect indicator TZM-bl 
cells ( 18 ). At 48 h after infection, luciferase activity was measured 
on PerkinElmer luminescence counter. 

 Lipid raft cholesterol content analysis 
 To assess the transfer of cholesterol to lipid rafts, we used three 

approaches. The fi rst approach utilized a selective binding of 

 It has been established that HIV infection interferes 
with cholesterol metabolism of host cells, particularly mac-
rophages, elevating the risk of atherosclerosis; however, 
the mechanisms of this connection are not completely un-
derstood (for review, see Ref.  1 ). We have reported that 
HIV replication is associated with impairment of both lo-
cal and systemic elements of the reverse cholesterol trans-
port pathway ( 2, 3 ), which plays a key role in maintaining 
cellular cholesterol homeostasis. HIV, via the viral acces-
sory protein Nef, inhibits activity of the ATP binding cas-
sette transporter A1 (ABCA1), an integral transmembrane 
lipid transporter ( 4 ), and impairs cholesterol effl ux from 
macrophages, causing accumulation of cholesterol in 
these cells and their transformation into foam cells, a hall-
mark of atherosclerosis ( 3 ). Furthermore, extracellular 
Nef secreted by HIV-infected cells can inhibit cholesterol 
efflux from uninfected cells and cause impairment of 
systemic reverse cholesterol transport ( 5 ). On the other 
hand, stimulation of cholesterol effl ux through activation 
of ABCA1 suppresses HIV-1 infection ( 6 ). These fi ndings 
suggest that interaction between Nef and ABCA1 may be a 
key to both viral replication and impairment of cellular 
lipid metabolism. The cellular mechanisms of Nef interac-
tion with ABCA1 and how this interaction translates into 
physiological effects related to HIV replication and mac-
rophage functions remain unknown. Understanding the 
mechanisms of Nef effects on ABCA1 may provide impor-
tant information for elucidating novel pathways responsi-
ble for regulation of ABCA1 abundance and functionality. 
The involvement of these pathways may not be limited to 
HIV infection, as they may represent a physiological regu-
lation of cellular cholesterol metabolism exploited by HIV 
and possibly by other infections. 

 Nef exerts pleiotropic effects during viral infection, and 
although Nef expression is not strictly essential for viral 
replication in vitro, it signifi cantly enhances infectivity of 
nascent virions ( 7 ). One mechanism by which Nef controls 
viral infectivity is through increasing cholesterol content 
of lipid rafts ( 8 ). Nef induces a number of genes involved 
in cholesterol synthesis ( 8, 9 ) and can facilitate cholesterol 
delivery to lipid rafts ( 8, 10 ). This activity is consistent with 
membrane localization of Nef due to myristoylation ( 8, 11, 
12 ); nonmyristoylated Nef did not affect lipid rafts ( 8 ). 
Lipid rafts are the preferential sites of HIV-1 assembly and 
budding, and cholesterol content of lipid rafts determines 
the cholesterol content of virions, which is critical for vi-
rion infectivity. Cholesterol depletion of HIV-infected cells 
reduces infectivity of released virions, which was shown to 
correlate with the amount of virion-associated cholesterol 
and the activity of Nef ( 6, 13 ). In addition, depletion of 
cellular cholesterol, which reduces the abundance of rafts, 
also reduces HIV-1 particle production ( 6, 10 ). Therefore, 
primary cholesterol-related activity of Nef may be to in-
crease the abundance of lipid rafts, thus stimulating pro-
duction and infectivity of nascent HIV virions. How this 
capacity of Nef relates to cellular pathways involved in 
maintaining cholesterol homeostasis and, specifi cally, why 
and how Nef inhibits ABCA1 remains unclear. It is also 
unknown what role, if any, inhibition of ABCA1 plays in 
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debris removed by low speed centrifugation, and the membrane 
fraction was isolated as described above. Equal amounts of pro-
tein were mixed with UltraLink Plus immobilized streptavidin gel 
and incubated for 18 h at 4°C. After extensive washing, beads 
were mixed with loading buffer containing 50 mM DTT, heated 
at 37°C for 30 min, and then the gel was pelleted. The pelleted 
gel was separated by SDS-PAGE and blotted with antibodies to 
ABCA1 and GAPDH. 

 Confocal microscopy 
 For imaging, HeLa-ABCA1-GFP cells were grown on 35 mm 

glass-bottom cell culture dishes. GM1 staining was performed 
using Alexa Fluor 555/CT-B conjugate (Invitrogen). Lysosome 
labeling was performed using Organelle Lights TM  specifi cally 
labeling lysosome-associated membrane protein-1 (LAMP-1). 
Twenty four hours prior to imaging, cells were transduced with 
the Organelle Lights Lysosomes-RFP reagent according to the 
manufacturer protocol (Invitrogen). Images were captured with 
a Zeiss LSM 510 Confocal Microscope equipped with integrated 
on-stage incubator chamber. The chamber provides constant 
temperature at 37°C and is supplied with humidifi ed 5% CO 2 . 
Two-channel confocal time series were captured at pixel resolu-
tion of 0.175  � m; image frames measured 512 × 512 pixels. Emis-
sion fi ltering was achieved by inserting on the backward light 
path high-pass 545 and 490 beam splitters in addition to a high-
pass 505 fi lter. Images were taken by sequential line acquisition. 

 Quantitative colocalization was assessed using Volocity software 
(PerkinElmer). For colocalization, the images were fi rst subjected 
to intensity threshold to eliminate the dark current registered at 
the image, followed by extracting the product of the differences 
from the mean (PDM). Positive PDM was determined for a single 
cell, in which pixel intensities of GFP and RFP vary synchronously 
and more positive PDM indicates a stronger degree of colocaliza-
tion. We used the positive PDM as indicator for colocalizing pix-
els, as by defi nition, these pixels represent higher than the main 
pixel value (over threshold) for both channels and reduce the 
probability of including adjacent structures in the colocalization 
outcome. This protocol was applied to 10 cells per sample. 

 Cholesterol effl ux 
 Cholesterol effl ux was measured as described previously ( 20 ). 

Briefl y, cells were incubated in serum-containing medium sup-
plemented with [ 3 H]cholesterol (75 kBq/ml) for 48 h. Cells were 
then washed with PBS and incubated for 4 h in serum-free me-
dium containing LXR agonist TO-901317. Apolipoprotein A-I 
was then added to the fi nal concentration of 20  � g/ml. Aliquots 
of medium and cells were counted. The effl ux was calculated as a 
proportion of radioactivity moved from medium to cells (minus 
effl ux to medium without acceptors). 

 Cholesteryl ester biosynthesis 
 Cells were incubated for 18 h in serum-containing medium in 

the presence of 50  � g/ml of acetylated LDL (AcLDL). Choles-
teryl ester biosynthesis was then assessed by incorporation of 
[ 14 C]oleic acid into cholesteryl esters over 2 h as described previ-
ously ( 3 ). 

 MTT assay 
 One hundred microliters of 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) was added per 500 µl cell 
culture media, and cultures were incubated at 37°C for 3 to 4 h. 
The MTT/media mixture was removed, and 200 µl of an isopro-
panol/HCl mixture (500 ml isopropanol, 1.667 ml 12 M HCl) was 
used to dissolve cell pellets. The resulting supernatant was plated 
into 96-well plates and read in an ELISA reader at 570 nm. 

cholera toxin subunit B (CT-B) to GM1, a marker of rafts. The 
cells were treated with 0.5 µM of liver X receptor (LXR) agonist 
TO-901317 and treated or not with 10 µM CdCl 2  for 24 h, washed 
with PBS, detached by trypsin, washed again, and incubated for 
1 h at 4°C in serum-containing medium with FITC-CT-B conjugate 
(Invitrogen) (fi nal concentration 0.5  � g/ml). Cells were then fi xed 
with 5% formaldehyde and analyzed by fl ow cytometry. 

 The second approach relied on increased susceptibility for 
oxidation of cholesterol in cholesterol-rich domains by extracel-
lular cholesterol oxidase as was described previously ( 19 ). Briefl y, 
RAW 264.7 or N7 cells were treated with 0.5 µM TO-901317, 
treated or not with 10 µM CdCl 2 , and simultaneously labeled for 
24 h with [ 3 H]cholesterol (Amersham-GE, specifi c radioactivity 
1.81 TBq/mmol; fi nal radioactivity 75 kBq/ml) at 37°C. Final 
amount of labeled cholesterol in the cells was similar for all cells 
and conditions. Cells were then treated with cholesterol oxidase 
for 3 h at 4°C. Lipids were extracted and samples together with 
lipid standards were fractionated by TLC ( 19 ). 

 The third approach analyzed physicochemical properties of 
the cell plasma membrane by Laurdan 2-photon microscopy. 
RAW 264.7 or N7 cells were plated in 24 well plates at 0.1 × 10 6  
cells/well. The cells were treated with 0.5 µM TO-901317 for 24 h 
and treated or not with 10 µM CdCl 2  for 24 h. Cells were labeled 
with 5 µM Laurdan (6-dodecanoyl-2-dimethylaminonaphtalene; 
Invitrogen) for 30 min at 37°C, washed three times with PBS, and 
fi xed in 4% paraformaldehyde at room temperature for 20 min. 
Images were obtained using TCS SP5 2-photon microscope (Le-
ica) equipped with photomultiplier tubes and acquisition soft-
ware (Leica). Laurdan dye was excited at 800 nm with a 2-photon 
laser (Mai-Tai HP; Spectra-Physics), and emission intensities were 
recorded simultaneously in the ranges of 400–460 nm and 470–
530 nm. Laurdan dye intensity images for each pixel were con-
verted into generalized polarization (GP) images using 
custom-made algorithm. The GP is defi ned as: GP = (I (400–460)   �  
I (470–530)  / (I (400–460)  + I (470–530) ), where I is the emission intensity. 
GP distributions were obtained from the histograms of the GP 
images, normalized (sum = 100), and fi tted to Gaussian distribu-
tions using a nonlinear fi tting algorithm. 

 Cell fractionation 
 To isolate the membrane fraction, RAW 264.7 and N7 cells 

were washed with cold PBS, resuspended in 5 mM Tris buffer, 
incubated for 30 min at 4°C, and freeze-thawed twice. Debris was 
removed by low-speed centrifugation, and supernatant was 
subjected to centrifugation at 100,000  g  for 1 h at 4°C. The 
pellet was resuspended in buffer containing 50 mM Tris, pro-
tease and phosphatase inhibitors cocktail (Roche), 2 mM  � -
mercaptoethanol, and 1% Triton X-100. 

 Lipid rafts from membrane fraction of RAW 264.7 and N7 
cells labeled with [ 3 H]cholesterol were isolated by centrifugation 
in OptiPrep density gradient medium (Sigma) according to man-
ufacturer’s instructions. Fractions were analyzed by Western blot 
developed with anti-GM1 and anti-ABCA1 antibodies. 

 Isolation of intracellular and membrane fractions of HeLa-
ABCA1 cells was performed using commercially available Pierce 
Cell Surface Protein Isolation Kit (Thermo Scientifi c) following 
manufacturer’s protocol. Equal amounts of protein were loaded 
on the purifi cation column. Fractionation was assessed via West-
ern blot for membrane and cytosolic protein markers. 

 Biotinylation of ABCA1 
 Cells were activated with TO-901317 (0.5  � M), treated with 

CdCl 2  (10  � M) for 24 h, and incubated for 30 min at 4°C in PBS 
with Sulfo-NHS-SS-Biotin (Pierce) (fi nal concentration 0.5 mg/
ml). Cells were scraped into PBS containing protease and phos-
phatase inhibitor cocktail (Roche) and homogenized. Large 
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rafts; therefore, we used three independent methods to 
assess the effect of Nef on the abundance of lipid rafts. 
First, we used fl ow cytometry to assess binding to cells of 
cholera toxin subunit B, which binds specifi cally to the ac-
cepted marker of rafts, GM1. Results of these experiments 
are presented in   Fig. 2A  . Binding of CT-B to N7 cells ex-
pressing Nef increased 2-fold compared with the parent 
RAW 264.7 cells, and increased further upon stimulation 
of Nef expression by CdCl 2 . Although CdCl 2  slightly de-
creased binding of CT-B to RAW 264.7 cells, the difference 
was not statistically signifi cant. Both Nef-targeted and con-
trol siRNAs reduced CT-B binding, but the specifi cally tar-
geted siRNA reduced binding to the level observed in 
RAW 264.7 cells, whereas CT-B binding to N7 cells treated 

 Phagocytosis assay 
 RAW 264.7 and N7 cells were activated with LXR agonist 

TO-901317 (0.5  � M) and, where indicated, treated with CdCl 2  
(10  � M) for 24 h. Phagocytosis was assessed using Phagocytosis 
Assay (Invitrogen) according to the manufacturer’s instructions. 
For induced phagocytosis, cells were preconditioned by incuba-
tion for 18 h at 37°C with 1  � g/ml of lipopolysaccharide (LPS). 

 Endocytosis assay 
 RAW 264.7 and N7 cells were washed extensively with PBS, in-

cubated for 1 h at 4°C (binding) or 37°C (internalization + bind-
ing) in serum-containing medium with FITC-CT-B conjugate 
(Invitrogen) (fi nal concentration 0.5  � g/ml), and then scraped 
and analyzed by fl ow cytometry. Binding data is reported as mean 
fl uorescence intensity (MFI) of cells maintained at 4°C. 

 Statistics 
 Unless indicated otherwise, the fi gures show the results of a 

representative experiment out of 2–4 identical experiments. Sta-
tistical analysis was performed using one-way ANOVA. Unless in-
dicated otherwise, means ± SEM of quadruplicate determinations 
are presented. 

 RESULTS 

 In this study, we used mouse macrophage cell line N7, 
which is derived from RAW 264.7 cells and is stably trans-
fected with HIV-1 Nef under Cd-activated promoter ( 14 ). 
This cell line was used because it is the only available cell 
line stably transfected with Nef under control of a regu-
lated promoter and parent RAW 264.7 cells were previ-
ously used to study the effects of Nef ( 3 ). Activation of N7 
cells with CdCl 2  led to a time-dependent elevation of the 
abundance of Nef, which leveled off after 24 h (  Fig. 1A  ). 
However, low-level expression of Nef was observed in N7 
cells not activated with CdCl 2 , necessitating comparison of 
N7 cells with parent RAW 264.7 macrophages. To provide 
an additional control in these circumstances, we also tested 
three anti-Nef siRNAs at two concentrations. All siRNAs 
achieved over 70% reduction of Nef expression in N7 cells 
( Fig. 1B ). In the subsequent experiments, we used siRNA Nef #3 
at concentration 20 nM. 

 To confi rm the effect of Nef on cholesterol homeostasis 
in this model, we assessed cholesteryl ester biosynthesis, a 
surrogate measure of cholesterol accumulation, in these 
cells. Consistent with our previous fi ndings in HIV-infected 
human macrophages ( 3 ), incorporation of [ 14 C]oleic acid 
into cholesteryl esters in N7 cells after loading with choles-
terol by incubation with AcLDL was 50% higher than in 
RAW 264.7 cells ( Fig. 1C ). Knockdown of Nef expression 
in N7 cells with Nef siRNA brought cholesteryl ester bio-
synthesis in these cells to the level observed in RAW 264.7 
cells, whereas transfection with control siRNA had no ef-
fect ( Fig. 1C ), showing that the observed effects were me-
diated by Nef and were not due to clonal variation between 
RAW 264.7 and N7 cell lines. For subsequent experiments, 
we compared N7 cells directly with RAW 264.7 cells. 

 Nef stimulates formation of lipid rafts 
 There is no commonly accepted approach to evaluate 

the amount of cholesterol in rafts and/or abundance of 

  Fig.   1.  Analysis of cholesteryl ester biosynthesis in RAW 264.7 
and N7 cells. A: Nef expression in N7 cells. N7 cells were incubated 
for the indicated periods of time with CdCl 2  (10  � Mol/l), and the 
abundance of Nef in total cell lysate was analyzed by Western blot. 
Left lane: lysate of RAW 264.7 cells. B: The effect of transfection of 
N7 cells with siRNA on the abundance of Nef. siRNA C , control 
(scrambled) siRNA; siRNA Nef , siRNA to Nef. C: Cholesteryl ester 
biosynthesis assessed as described in  Materials and Methods . Both N7 
and RAW 264.7 cells were treated with CdCl 2 . Mean ± SEM of qua-
druplicate determinations. * P  < 0.05 (versus RAW 264.7 cells);  #  P  < 
0.01 (versus untransfected N7 cells).   
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( 23, 24 ). The lipophilic dye Laurdan aligns itself parallel 
with the hydrophobic tails of the phospholipids in mem-
branes and undergoes a shift in its peak emission wave-
length from approximately 500 nm in fl uid membranes to 
approximately 440 nm in ordered membranes due to 
partial penetration of water molecules into more fl uid 
membranes ( 23 ). A normalized ratio of the two emission 
regions, calculated as the general polarization, provides a 
relative measure of polarity that can be equated to mem-
brane order ( 24 ). Analysis of RAW 264.7 and N7 cells 
using this approach demonstrated that Nef expression in-
creased the GP value ( Fig. 2C ), indicating an increase in 
membrane order, which is the biophysical hallmark of 
lipid rafts. Thus, although each raft detection method in-
dividually may not be unequivocal, data from each of the 

with siRNA C  was still signifi cantly higher than binding to 
RAW cells ( Fig. 2A ). 

 Second, we used a biochemical approach assessing the 
susceptibility of plasma membrane cholesterol to oxida-
tion by external cholesterol oxidase. Cholesterol accessible 
to the external enzyme has been suggested to be located 
in cholesterol-rich domains of the plasma membrane ex-
posed to the cell surface, including caveolae ( 19 ) and lipid 
rafts ( 22 ). [RAW 264.7 cells and presumably N7 cells de-
rived from RAW 264.7 cells do not have caveolae ( 21 ).] 
Results of these experiments are presented in  Fig. 2B  and 
show that Nef increased the proportion of cholesterol ac-
cessible to oxidation relative to total cholesterol. 

 Third, we measured membrane fl uidity by analyzing 
Laurdan fl uorescence recorded by a 2-photon microscopy 

  Fig.   2.  Nef induces transport of cholesterol to lipid rafts. A: RAW 264.7 cells, N7 cells, and N7 cells acti-
vated with CdCl 2  were treated with cholera toxin B subunit (0.5  � g/ml); binding of CT-B to GM1 (a marker 
of rafts) was analyzed by fl ow cytometry. Results are presented as mean fl uorescence intensity ± SEM of qua-
druplicate determinations. * P  < 0.05 (versus RAW 264.7 cells);  #  P  < 0.01 (versus N7 cells). B: RAW 264.7 cells, 
N7 cells, and N7 cells activated with CdCl 2  were labeled with [ 3 H]cholesterol and treated with cholesterol 
oxidaze for 3 h on ice as described in  Materials and Methods . Lipids were extracted and separated using TLC. 
Ratio of [ 3 H]oxysterol to [ 3 H]cholesterol is an indication of susceptibility of plasma membrane cholesterol 
to oxidation by extracellular cholesterol oxidase refl ecting proportion of cholesterol in cholesterol-rich 
domains. Mean ± SEM of quadruplicate determinations. * P  < 0.05 (versus RAW 264.7 cells). C: RAW 264.7 
cells, N7 cells, and N7 cells activated with CdCl 2  were stained with Laurdan dye (5 µM). GP value at the 
plasma membrane was analyzed in 20 images using 2-photon microscopy as described in  Materials and Meth-
ods . * P  < 0.05 (versus RAW 264.7 cells). D: Monocyte-derived macrophages were infected or not with HIV-1 
ADA and 14 days post infection were treated with FITC-conjugated CT-B at 4°C. Results are presented in a 
contour plot.   
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  Fig.   3.  Effect of ABCA1-traffi cking inhibitors and ABCA1 knockdown on raft abundance. A–D: The effect 
of ABCA1-dependent traffi cking inhibitors on cholesterol effl ux and raft abundance. RAW 264.7 (A, C) or 
N7 (B, D) cells were labeled with [ 3 H]cholesterol, treated with a CdCl 2 , and treated for 4 h with one of the 
BLT compounds (fi nal concentration 10  � M for BLT-1 and 80  � M for BLT-4) or a vehicle. Cells were then 
washed and incubated with apoA-I (20  � g/ml) for 2 h, and cholesterol effl ux was measured as described in 
 Materials and Methods  (A, B). Alternatively, cells were treated with cholesterol oxidase for 3 h on ice, and oxi-
dation of plasma membrane cholesterol was assessed as described in  Materials and Methods  (C, D). Mean ± 
SEM of quadruplicate determinations are presented. A: * P  < 0.05 (versus vehicle). B:  #  P  < 0.01 (versus RAW 
264.7 cells treated with vehicle), * P  < 0.05 (versus N7 cells treated with vehicle). C: No signifi cant differences 
between groups. D:  #  P  < 0.01 (versus RAW 264.7 cells treated with vehicle), * P  < 0.01 (versus N7 cells treated 
under identical conditions). E–G: RAW 264.7 or N7 cells were treated with CdCl 2 , labeled with [ 3 H]choles-
terol, and either mock-transfected or transfected with ABCA1 siRNA (siRNA ABCA1 ) or a control siRNA 
(siRNA C ) as described in  Materials and Methods . E: Western blot showing ABCA1 abundance in cell lysate of 
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function without altering its abundance is suffi cient to en-
hance effects of Nef. 

 Next, we used siRNA to knock down ABCA1 in RAW 
264.7 and N7 cells. In both cell types, approximately 80% 
knockdown effi ciency was achieved ( Fig. 3E ), resulting in 
an almost complete elimination of specifi c cholesterol ef-
fl ux to apoA-I (not shown). When the abundance of rafts 
was assessed by cholesterol oxidase susceptibility, knock-
down of ABCA1 caused a statistically signifi cant increase of 
lipid rafts in both RAW 264.7 and N7 cells; however, the 
magnitude of the effect was much greater in N7 cells acti-
vated with CdCl 2  ( Fig. 3F ). When lipid raft abundance was 
assessed by CT-B binding, knockdown of ABCA1 did not 
affect abundance of rafts in RAW 264.7 cells, but it caused 
a statistically signifi cant increase in raft abundance in N7 
cells ( Fig. 3G ). 

 In summary, both functional inhibition of the ABCA1-
dependent cholesterol traffi cking pathway and knock-
down of ABCA1 increased the capacity of Nef to transfer 
cholesterol to lipid rafts. Nef may do it directly, as sug-
gested by Peterlin’s group ( 8 ), or indirectly, for example, 
by interfering with normal cholesterol traffi cking pathways 
connecting cholesterol synthesis, lipid raft formation, and 
effl ux. Combined with our recent fi nding that stimulation 
of ABCA1 expression by LXR agonists decreases Nef-
dependent cholesterol delivery to rafts ( 6 ), these results 
indicate that Nef does not utilize ABCA1 for cholesterol 
traffi cking to rafts. Rather, Nef-dependent inhibition of 
ABCA1 may contribute to raft modulation. 

 Nef reduces ABCA1 stability and promotes its 
relocalization away from the cell surface 

 To better understand the Nef-dependent inhibition of 
ABCA1, we next analyzed the effect of Nef on catabolism 
and intracellular distribution of ABCA1 in macrophages. 
To assess the rate of catabolism of ABCA1, cells were 
treated with LXR agonist TO-901317 for 24 h to maximally 
stimulate expression of ABCA1 ( 26 ). TO-901317 was then 
withdrawn, effectively halting ABCA1 production, and 
abundance of ABCA1 was followed for another 24 h in the 
presence or absence of apoA-I. Results of this experiment 
are shown in   Fig. 4A  . In the presence of apoA-I, the abun-
dance of ABCA1 in RAW 264.7 cells did not change after a 
24 h incubation, even when ABCA1 transcription was 
effectively stopped by withdrawal of TO-901317 (lane 2 
versus 1); however, ABCA1 abundance decreased by ap-
proximately 40% in the absence of apoA-I (lane 3 versus 
1). In N7 cells, the abundance of ABCA1 decreased by 
60% in the presence of apoA-I (lane 5 versus 4) and by 
90% in the absence of apoA-I (lane 6 versus 4). These dif-
ferences were not due to differences in  ABCA1  expression, 

three methods support the conclusion that the presence 
of Nef increased the abundance of lipid rafts. 

 We further confi rmed this fi nding using HIV-infected 
monocytes. Consistent with the fi ndings in N7 cells, the 
percentage of cells with measurable CT-B binding in-
creased from 4.2% to 14.3% when uninfected cells were 
compared with HIV-infected monocyte-derived mac-
rophages ( Fig. 2D ), indicating that HIV-1 infection in-
creases the abundance of lipid rafts in natural infection 
and validating N7 cells as a model for analysis of Nef ef-
fects in macrophages. 

 Inhibition of ABCA1 stimulates Nef-dependent 
formation of rafts 

 Given that Nef inhibits ABCA1-dependent cholesterol 
effl ux while increasing the abundance of cholesterol in 
rafts, we investigated whether these two cholesterol-traf-
ficking pathways (Nef-dependent and ABCA1-depen-
dent) are connected. One possibility was that Nef 
“hijacks” ABCA1 and uses the ABCA1-dependent path-
way to transfer cholesterol to rafts, instead of transfer-
ring it to an extracellular acceptor. Alternatively, Nef may 
compete with ABCA1 for cholesterol. To distinguish be-
tween these two possibilities, we inhibited ABCA1-depen-
dent cholesterol traffi cking and investigated the effect of 
this inhibition on Nef-dependent traffi cking of choles-
terol to rafts. We expected that if ABCA1 is critical to 
Nef-dependent cholesterol traffi cking, inhibition of 
ABCA1 would also inhibit Nef-dependent cholesterol de-
livery to lipid rafts. 

 First, we used functional inhibitors of cholesterol traf-
fi cking, blocking lipid transfer (BLT) compounds. BLT 
compounds inhibit ABCA1 and scavenger receptor type 
B1 (SR-B1)–dependent traffi cking of cholesterol for ef-
fl ux without affecting the abundance of the transporters 
( 25 ). Two BLT compounds, BLT1 and BLT4, effectively 
inhibited ABCA1-dependent cholesterol effl ux to apoA-I 
from RAW 264.7 cells (  Fig. 3A  ). Consistent with our previ-
ous report showing suppression of cholesterol effl ux by 
Nef ( 3 ), the effl ux from N7 cells was about half of that 
from RAW 264.7 cells ( Fig. 3B ). Only BLT1 caused a small 
further inhibition of cholesterol effl ux, presumably 
through cross-inhibition of SR-B1–dependent effl ux ( 25 ). 
Abundance of rafts in this experiment was assessed using 
the cholesterol oxidase method. BLT compounds did not 
have a statistically signifi cant effect on the abundance of 
rafts in RAW 264.7 cells ( Fig. 3C ). However, in N7 cells, 
BLT compounds signifi cantly increased the abundance of 
rafts ( Fig. 3D ). Similar results were obtained using the 
CT-B binding method of lipid raft analysis (supplementary 
Fig. I). These fi ndings indicate that inhibition of ABCA1 

activated RAW 264.7 and N7 cells, untransfected (control) or transfected with scrambled siRNA (siRNA C ) or 
ABCA1 siRNA (siRNA ABCA1 ). Abundance of GAPDH was used as loading control. F: Cells were treated with 
cholesterol oxidase for 3 h on ice, and oxidation of plasma membrane cholesterol was assessed as described 
in  Materials and Methods . Mean ± SEM of quadruplicate determinations. * P  < 0.05 (versus cells treated with 
siRNA C );  #  P  < 0.05 (versus cells treated with CdCl 2  + siRNA C ). G: Cells were treated with FITC-labeled cholera 
toxin (CT-B). Binding of CT to GM1 (a marker of rafts) was analyzed by fl ow cytometry. Mean ± SEM of 
quadruplicate determinations. * P  < 0.05 (versus siRNA C ).   
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as the abundance of  ABCA1  mRNA was not affected by Nef 
( Fig. 4B ). Thus, Nef may increase degradation of ABCA1. 

 We assumed that the impairment of ABCA1 functional-
ity and turnover by Nef may be related to changes in the 
subcellular localization of ABCA1. We fi rst hypothesized 
that, analogous to its effect on cholesterol distribution, 
Nef may also facilitate ABCA1 transfer to rafts, as Nef is 
known to transfer a number of proteins to lipid rafts ( 27, 
28 ). Such redistribution of ABCA1 from its usual nonraft 
location ( 29 ) may cause its dysfunction and instability. To 
test this hypothesis, we isolated raft and nonraft fractions 
of the plasma membrane and analyzed them for ABCA1. 
The abundance of ABCA1 in the raft fraction of N7 cells 
was 27% lower and in the nonraft fraction was 38% higher 
than that in RAW 264.7 cells ( Fig. 4C ). Thus, Nef did not 
increase the abundance of ABCA1 in rafts. Further, we as-
sessed the accessibility of ABCA1 to biotinylation, which 
shows the level of ABCA1 exposure on the cell surface. 
The abundance of biotinylated ABCA1 in N7 cells was ap-
proximately three times lower than that in RAW 264.7 cells 
( Fig. 4D ), despite similar levels of total ABCA1 ( Fig. 4A ). 
Therefore, we conclude that ABCA1 in Nef-expressing 
cells is not relocalized to the raft fraction but becomes less 
exposed at the cell surface, providing a possible explana-
tion for impaired functionality and/or increased turnover 
of ABCA1. 

 Nef induces degradation of ABCA1 in lysosomes 
 To further investigate the interaction of Nef and ABCA1, 

we employed another model, HeLa cells stably transfected 

  Fig.   4.  Effect of Nef on abundance and cellular localization of 
ABCA1 in macrophages. A: Western blot showing abundance 
of ABCA1 in cell lysates of RAW 264.7 and N7 cells after activation 
of ABCA1 transcription with TO-901317 (0.5  � M), followed by 
withdrawal of TO-901317 and incubation for 24 h in the presence 
or absence of apoA-I (20  � g/ml). B: ABCA1 expression in RAW 
264.7 and N7 cells stimulated or not with LXR agonist TO-901317 
was analyzed by real-time RT-PCR and is presented in relative units. 
C: Western blot showing abundance of ABCA1 in raft versus non-
raft fractions of plasma membrane in RAW 264.7 and N7 cells. 
Fractionation procedure is described in  Materials and Methods . 
D: Analysis of surface ABCA1 by biotinylation (see  Materials and 
Methods  for details). GAPDH is shown as loading control.   

with ABCA1-GFP. We previously demonstrated that 
ABCA1-GFP in this model functions effectively in promot-
ing cholesterol effl ux to apoA-I ( 15, 16 ). This model offers 
the advantage of fl uorescently tagged ABCA1 expression, 
which allows for easy tracking of ABCA1 traffi cking and 
localization. Furthermore, ABCA1 in these cells is under 
control of the CMV promoter, excluding any transcrip-
tional effects of Nef. 

 To assess the effect of Nef on ABCA1 distribution, HeLa-
ABCA1 cells transiently transfected with Nef or an empty 
vector were treated with biotin, lysed, and passed through 
an anti-biotin column; both bound and unbound fractions 
were analyzed by Western blot. The bound fraction repre-
sents ABCA1 exposed at the cell surface, whereas the 
unbound fraction represents ABCA1 in a mixture of mem-
branes, mainly intracellular, but also the inner leafl ets of 
the plasma membrane. The overall abundance of ABCA1 
in cells transfected with Nef was less than half compared 
with mock-transfected HeLa-ABCA1 cells. While the 
abundance of both cell surface and intracellular ABCA1 
was decreased, the effect of Nef on intracellular ABCA1 
was greater (  Fig. 5A  ). Consequently, the ratio of cell surface/
intracellular ABCA1 in Nef-transfected cells was 1.5-fold 
higher than in mock-transfected cells ( Fig. 5B ), despite an 
overall lower amount of cell surface ABCA1. 

 The same model, HeLa-ABCA1 cells, was used to fur-
ther investigate the mechanisms of Nef-induced redistri-
bution of ABCA1. Nef has been shown to reroute proteins 
such as CD4 to lysosomes for degradation ( 30 ). We hy-
pothesized that the same mechanism may be responsible 
for reduction of intracellular ABCA1 by Nef, whereas 
ABCA1 on the plasma membrane would be less suscepti-
ble. To investigate this possibility, we examined the colo-
calization of ABCA1 and the lysosomal marker LAMP-1 in 
the presence or absence of Nef. GFP-ABCA1 was clearly 
visible in control cells and in cells transfected with Nef. 
ABCA1-GFP and LAMP-1–RFP displayed increased colo-
calization in the presence of Nef, suggesting Nef-mediated 
targeting of ABCA1 to lysosomes ( Fig. 5C, D ). 

 The increased colocalization of ABCA1 and LAMP-1 in 
the presence of Nef suggests that Nef may stimulate ABCA1 
degradation via the lysosomal pathway. We tested this hy-
pothesis by examining the effect of a lysosomal inhibitor, 
chloroquine, on Nef-mediated ABCA1 degradation. Nef- 
or mock-transfected HeLa-ABCA1-GFP cells were treated 
with chloroquine for 48 h, and abundance of ABCA1 was 
examined by Western blot (  Fig. 6A , B ). Inhibition of lyso-
somal activity prevented Nef-mediated reduction of ABCA1 
protein abundance. Thus, Nef-mediated reduction of 
ABCA1 abundance depends, at least partially, on a lyso-
somal degradation pathway. This was further confi rmed 
when the effect of chloroquine on cholesterol effl ux was 
studied. When Nef- or mock-transfected HeLa-ABCA1 
cells were treated with chloroquine, Nef-mediated inhibi-
tion of ABCA1-specifi c effl ux was reversed ( Fig. 6C ). 

 The effect of Nef on macrophage functions 
 Inhibition of ABCA1 activity and increased abundance 

of lipid rafts in Nef-expressing cells may have signifi cant 
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fl uorescent dye pHrodo. Both LPS-stimulated ( Fig. 7B ) 
and unstimulated ( Fig. 7C ) phagocytosis was severely im-
paired in N7 cells compared with RAW 264.7 cells. Fur-
thermore, treatment of N7 cells with Nef siRNA restored 
the level of LPS-stimulated phagocytosis in these cells to 
that in RAW 264.7 cells ( Fig. 7B ). Therefore, Nef inhibits 
endocytic and phagocytic functions of macrophages. 

 HIV-1 infectivity negatively correlates with ABCA1 
expression in host cells 

 We previously demonstrated that pharmacological 
stimulation of ABCA1 expression inhibits HIV-1 infectivity 
by depleting viral cholesterol ( 6 ). An intriguing consequence 

effects on macrophage immune functions ( 31 ). To investi-
gate this possibility, we fi rst assessed the effect of Nef on 
endocytosis. Using GFP-conjugated CT-B, which binds to 
lipid raft–associated GM1, we found increased CT-B bind-
ing to N7 cells versus RAW 264.7 macrophages (  Fig. 7A  ). 
This is consistent with Nef-mediated increase of lipid raft 
abundance. However, internalization of bound CT-B was 
much less effi cient in N7 than in RAW 264.7 cells: whereas 
mean fl uorescence intensity increased 5.6-fold when RAW 
264.7 cells were incubated at 37°C instead of 4°C, in N7 
cells, the increase was only 1.2-fold. A similar outcome was 
observed when another function of macrophages, phago-
cytosis, was analyzed using particles with pH-sensitive 

  Fig.   5.  Effect of Nef on abundance and cellular localization of ABCA1 in HeLa-ABCA1 cells. A: Western blot 
showing abundance of ABCA1 in plasma membrane and intracellular fractions in HeLa-ABCA1 cells trans-
fected with Nef-expressing or an empty vector (mock). B: Ratio of plasma membrane to intracellular ABCA1 
calculated by densitometry of Western blot data from three independent experiments. Results are presented 
in arbitrary units (AU) as mean ± SEM; * P  < 0.05. C: Confocal microscopy of mock-transfected (top row) and 
Nef-transfected HeLa-ABCA1 cells. Green, ABCA1; orange, LAMP-1. D: Quantitation of the colocalization of 
ABCA1 and LAMP-1 was performed by Volocity software. * P  < 0.05 versus mock-transfected cells.   
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virus produced by “low ABCA1” cell type PBL ( Fig. 8B ). 
This difference was eliminated when ABCA1 in MDM 
was suppressed by siRNA ( Fig. 8B ). Thus, high expres-
sion of ABCA1 in host cells is detrimental for HIV-1 
infectivity. 

of this fi nding is that HIV infectivity may be infl uenced 
by the level of ABCA1 abundance in infected cells. To 
investigate this possibility, we compared HIV infectivity 
in two human cell types that are the primary targets of 
natural HIV-1 infection, macrophages and T lympho-
cytes. Monocyte-derived macrophages (MDM) have high 
abundance of ABCA1, which was readily activated by 
LXR agonist TO-901317 (  Fig. 8A  ). Peripheral blood leu-
kocytes (PBL) have undetectable levels of ABCA1 under 
basal conditions, but ABCA1 expression in these cells 
can be upregulated with the LXR agonist. Consistent 
with our expectations, infectivity of HIV-1 produced by 
“high ABCA1” cell type MDM was about 30% of that of 

  Fig.   6.  Effect of chloroquine on Nef-induced downregulation of 
ABCA1 and cholesterol effl ux. A: Western blot showing abundance 
of ABCA1 in HeLa-ABCA1 cells transfected with Nef or empty vec-
tor (mock) and treated or not treated with chloroquine (50  � M). 
B: Densitometry of the ABCA1-specifi c bands. Results are pre-
sented as mean ± SEM of four independent experiments similar to 
that shown in  Fig. 4A . * P  < 0.05. C: Cholesterol effl ux to apoA-I 
from HeLa-ABCA1 transfected with Nef or an empty vector and 
treated or not treated with chloroquine (50  � M). Results are 
presented as mean ± SEM of three independent experiments. 
* P  < 0.01.   

  Fig.   7.  Effect of Nef on macrophage functions. A: Binding 
(4°C) and internalization (37°C) of FITC-labeled cholera toxin 
(CT-B) by CdCl 2 -treated N7 and RAW 264.7 cells. Results are 
presented as mean fl uorescence intensity of one representative 
experiment out of two performed. * P  < 0.001 (versus 4°C). B: 
LPS-stimulated phagocytosis in RAW 264.7 cells and N7 cells ac-
tivated or not with CdCl 2  was assessed by measuring fl uorescence 
of pHrodo pH-sensitive particles (Invitrogen). Results are pre-
sented as mean fl uorescent intensity ± SEM of three indepen-
dent experiments. * P  < 0.001. C: Unstimulated phagocytosis in 
RAW 264.7 cells and N7 cells activated or not with CdCl 2 . Results 
are presented as mean fl uorescent intensity ± SEM of three in-
dependent experiments. * P  < 0.001.   
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observation that pharmacological stimulation of ABCA1 
expression inhibits HIV infectivity ( 6 ), these fi ndings sug-
gest that HIV does not utilize ABCA1 to transfer choles-
terol to rafts but, rather, that the two pathways compete 
with each other. 

 We used two cellular models to investigate the mecha-
nisms of ABCA1 inhibition by Nef: RAW 264.7 mac-
rophages stably transfected with Nef and HeLa-ABCA1 
cells transiently transfected with Nef. In both cell types, 
the amount of ABCA1 on the surface of the cells was 
dramatically reduced by Nef, which may be one mecha-
nism of cholesterol effl ux inhibition in Nef-expressing 
cells. Surprisingly, in LXR agonist–stimulated macrophages 
stably transfected with Nef, the total abundance of ABCA1 
was not reduced, an observation in confl ict with the fi nd-
ings in a HeLa cell model and in other cells transiently 
transfected with Nef ( 3, 35 ). However, when LXR agonist 
was removed and cells were incubated in serum-free 
medium (to remove protection of ABCA1 from degrada-
tion by apoA-I), the amount of ABCA1 in Nef-expressing 
macrophages rapidly declined below its level in control 
cells under the same conditions. This fi nding suggests 
that the apparent redistribution of ABCA1 may be asso-
ciated with its enhanced degradation. Experiments 
in HeLa cells cotransfected with ABCA1 and Nef indi-
cated that this degradation is likely to take place in 
lysosomes. 

 Given that increased abundance of lipid rafts is consid-
ered pro-infl ammatory, whereas functional ABCA1 is con-
sidered anti-infl ammatory ( 4 ) and that lipid rafts function 
to promote endocytosis and phagocytosis in macrophages 
( 36 ), we expected to see an increase of raft-associated 
functional activities in Nef-expressing cells. Surprisingly, 
despite increased binding of CT-B to Nef-expressing or 
HIV-infected macrophages, endocytosis and phagocytosis 
in these cells were impaired. This fi nding is in confl ict with 
a previous report by Kedzierska et al. ( 37 ) who found that 
Nef does not inhibit phagocytosis of mycobacterium avium 
complex (MAC) by monocytes. However, that study did 
not identify any increase in phagocytosis by Nef, suggest-
ing that either phagocytosis in that model did not depend 
on lipid rafts or that phagocytosis stimulating and inhibit-
ing effects of Nef nullifi ed each other. The mechanism of 
endocytosis and phagocytosis impairment in our model is 
unclear, but it is Nef-mediated and may be related to the 
effects of Nef on traffi cking of membrane-bound proteins 
to and from rafts ( 38 ). 

 Our fi nding that infectivity of HIV-1 virions produced 
by lymphocytes is much higher than infectivity of virions 
released by MDM and that this difference is eliminated 
when ABCA1 expression in MDM is knocked down by 
siRNA is consistent with our previous report that ABCA1 
inhibits HIV-1 infectivity via decreasing cholesterol in lipid 
rafts and thus limiting cholesterol incorporated into na-
scent HIV virions ( 6 ). However, this is the fi rst demonstra-
tion that such activity may have implications for HIV-1 
replication in natural target cells. Higher infectivity of viri-
ons produced from cells with low ABCA1 expression, such as 
nonactivated T lymphocytes or undifferentiated monocytes, 

 DISCUSSION 

 In this study, we investigated the interaction between 
viral and host pathways of cholesterol traffi cking: Nef-
mediated transfer of cholesterol to lipid rafts and ABCA1-
dependent cholesterol effl ux. Both pathways transfer 
cholesterol from intracellular compartments to the plasma 
membrane, but the eventual fate of cholesterol is differ-
ent: the Nef pathway utilizes cholesterol for formation of 
lipid rafts required for viral assembly, whereas ABCA1 fa-
cilitates cholesterol release from cells to an extracellular 
acceptor. The two pathways intrinsically oppose each 
other, as the Nef-dependent pathway results in formation 
of rafts and the ABCA1-dependent pathway leads to dis-
ruption of rafts ( 32, 33 ). Thus, it would be benefi cial for the 
virus to either subvert or suppress the ABCA1-dependent 
cholesterol traffi cking. We considered two possible inter-
actions between the viral and host pathways of cholesterol 
traffi cking. One possibility was that HIV hijacks the cellu-
lar ABCA1-dependent pathway, diverting the fl ow of cho-
lesterol away from nonraft sites suitable for effl ux ( 29 ) and 
to lipid rafts. The hijack strategy is often used by microor-
ganisms, especially viruses, to compensate for limitations 
in the size of their genome ( 34 ). Another possibility was 
that HIV suppresses ABCA1 functionality to preserve cho-
lesterol needed by the virus. 

 To distinguish between these two possibilities, we inves-
tigated whether inhibition of the ABCA1-dependent path-
way would affect Nef-dependent cholesterol traffi cking to 
rafts. We expected that if ABCA1 is hijacked by the Nef-
dependent pathway, functional and physical inhibition of 
ABCA1 would inhibit Nef-mediated cholesterol delivery to 
rafts. Contrary to these expectations, we observed a stimu-
lation of Nef-dependent traffi cking of cholesterol to rafts 
after reducing ABCA1 levels or after inhibiting ABCA1-
dependent cholesterol traffi cking. Combined with the 

  Fig.   8.  Analysis of HIV-1 infectivity. A: Western blot showing 
ABCA1 abundance in human monocyte-derived macrophages 
(MDM) and peripheral blood leukocytes (PBL) with or without 
activation with LXR agonist TO-901317 (1  � M). B: HIV-1 ADA col-
lected from MDM and PBL was normalized by p24 content, and 
viral infectivity was tested on TZM-bl indicator cells by measuring 
luciferase activity. MDM were transfected with ABCA1-directed or 
control siRNA (see  Materials and Methods ). Results of one represen-
tative experiment out of three performed with cells from different 
donors are presented in relative luminescence units (RLU) as 
mean ± SEM of triplicate determinations. * P  < 0.01 (versus PBL); 
 #  P  < 0.01 (versus siRNA C ).   
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life cycles depend upon raft cholesterol to achieve the 
same outcome.  

 The   TZM-bl reagent was obtained from Dr. John C. Kappes, Dr. 
Xiaoyun Wu, and Tranzyme, Inc., through the AIDS Research 
and Reference Reagent Program, Division of AIDS, National 
Institute of Allergy and Infectious Diseases, National Institutes 
of Health. The N7 mouse macrophage cell line was obtained 
from the Centre for AIDS Reagents, National Institute for 
Biological Standards and Control, United Kingdom. 
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may partially compensate for lower virus production by 
these cells. 

 Taken together, results of this study demonstrate that 
Nef triggers a relocalization of ABCA1, making it less ac-
cessible at the cell surface and more susceptible to degra-
dation, resulting in an inhibition of cholesterol effl ux and 
increased abundance of lipid rafts. We propose the follow-
ing model of this phenomenon (  Fig. 9  ). Under normal 
circumstances, ABCA1 recirculates between plasma mem-
brane, where it is located in nonraft compartments, and 
intracellular compartments, mainly early endosomes, late 
endocytic vesicles, and lysosomes ( 16 ) ( Fig. 9A ). Nef may 
affect recirculation by directly or indirectly preventing 
ABCA1 from returning to the cell surface, instead redi-
recting it to lysosomes. Reduced ABCA1 abundance on 
plasma membrane promotes formation of more rafts. On 
the other hand, Nef by itself may stimulate formation of 
rafts, reducing abundance of nonraft compartment suit-
able for ABCA1, shifting a balance between plasma mem-
brane and intracellular ABCA1 toward the latter. However, 
ABCA1 does not accumulate in the intracellular compart-
ments; instead, with possible assistance of Nef, the fl ow of 
ABCA1 shifts toward lysosomes, causing rapid degradation 
of ABCA1 ( Fig. 9B ). Preventing degradation of ABCA1 in 
the lysosomes apparently shifts the balance back toward 
the plasma membrane. The result of this activity is 2-fold: 
it promotes viral assembly and infectivity, and it affects 
functional capacity of targeted cells, in particular mac-
rophages. This study implicates ABCA1 as a key molecule 
targeted by HIV to facilitate viral propagation while at the 
same time disabling cellular defenses, and it underscores 
the role of ABCA1 as an innate anti-HIV factor. The mech-
anisms described in this study might not be unique for 
HIV and might be used by other microorganisms whose 

  Fig.   9.  Proposed model of the effect of Nef on ABCA1 abun-
dance. A: Under normal circumstances, ABCA1 (A) recirculates 
between plasma membrane, where it is located in nonraft compart-
ments and an intracellular compartment of mainly early endo-
somes (EE), late endocytic vesicles, (LEV) and lysosomes (L). R, 
raft. B: Nef may affect recirculation by preventing ABCA1 from re-
turning to the cell surface, instead redirecting it to lysosomes; re-
duced ABCA1 abundance on plasma membrane leads to the 
formation of more rafts. Nef may also stimulate formation of rafts 
by reducing the abundance of nonraft compartments suitable for 
ABCA1, thus shifting a balance between plasma membrane and in-
tracellular ABCA1 toward the latter. ABCA1 that is unable to reach 
plasma membrane is also redirected to lysosomes, possibly with the 
assistance of Nef.   
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