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Abstract The capacity of HDL to remove cholesterol from
macrophages is inversely associated with the severity of angi-
ographic coronary artery disease. The effect of human im-
munodeficiency virus (HIV) infection or its treatment on the
ability of HDL particles to stimulate cholesterol efflux from
human macrophages has never been studied. We evaluated
the capacity of whole plasma and isolated HDL particles
from HIV-infected subjects (n = 231) and uninfected controls
(n = 200), as well as in a subset of 41 HIV subjects receiving
highly active antiretroviral therapy (HAART) to mediate cho-
lesterol efflux from human macrophages. Plasma cholesterol
efflux capacity was reduced (—12%; P = 0.001) in HIV pa-
tients as compared with controls. HIV infection reduced by
27% (P < 0.05) the capacity of HDL subfractions to promote
cholesterol efflux from macrophages. We observed a reduced
ABCAl-dependent efflux capacity of plasma (—27%; P <
0.0001) from HIV-infected subjects as a result of a reduction
in the efflux capacity of HDL3 particles. HAART adminis-
tration restored the capacity of plasma from HIV patients to
stimulate cholesterol efflux from human macrophages (9.4%;
P = 0.04) .08 During HIV infection, the capacity of whole
plasma to remove cholesterol from macrophages is reduced,
thus potentially contributing to the increased coronary heart
disease in the HIV population. HAART administration re-
stored the removal of cholesterol from macrophages by
increasing HDL functionality.—El Khoury, P., M. Ghislain,
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Coronary heart disease rates are expected to be higher as
the human immunodeficiency virus (HIV) population ages.
Controversy still exists as to whether HIV infection per se
or its treatment increases the rate of coronary heart dis-
ease. Highly active antiretroviral therapy (HAART) has
been associated with the occurrence of cardiovascular
events in HIV-infected patients (1, 2). However, in the Strat-
egies for Managment of Antiretroviral Therapy (SMART)
trial, the episodic use of HAART was associated with an
increased risk of CVD when compared with continuous
HAART use (3). It is now well-established that atherosclerosis
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is a lipid-inflammatory-oxidative disease. Undoubtedly, en-
dothelial dysfunction, immune activation, inflammation, and
alterations in plasma lipids (4) are dynamic features of both
untreated HIV infection and atherosclerosis (5, 6). Obvi-
ously HIV infection and its treatment exert differential ef-
fects on plasma lipids. The early epidemiological studies point
up to the occurrence of dyslipidemia in early HIV infection
far before HAART initiation (7). The most pronounced effect
is attributed to HIV-induced hypocholesterolemia, charac-
terized by a reduction in total cholesterol (TC), LDL cho-
lesterol (LDL-C), and HDL cholesterol (HDL-C) levels (8,
9). Reverse pronounced changes are seen after HAART.
While levels of LDL and TC are recovered or even increased,
those of HDIL-C are not. Low levels of HDIL-C constitute a
major risk factor for atherosclerosis (10). However, until now,
therapeutic strategies aimed at increasing HDL-C levels have
failed to significantly reduce cardiovascular mortality (11), in-
dicating that circulating HDL-C levels constitute a weak
marker to evaluate HDL particle functionality (12). There-
fore, systemic availability of functional HDL is essential to
maintain their anti-atherogenic actions, such as antioxidant
and anti-inflammatory roles, as well as effective reverse choles-
terol transport (RCT) pathway (13, 14). Importantly, the ca-
pacity of HDL to remove cholesterol from macrophages, thus
representing a metric of HDL function, has been shown to
be clinically relevant, as it is strongly and inversely associ-
ated with both carotid intima-media thickness and the
severity of angiographic coronary artery disease; such ob-
servations being independent of HDL-C levels (15).

Earlier studies reported no significant alteration in the
capacity of plasma from HIV-infected patients to mediate
cholesterol efflux either from mouse or human macro-
phages (16, 17). However, the relative contribution of the
ABCAL, scavenger receptor class B type I (SR-BI)/Clal,
and ABCGI1 pathways to cholesterol export from macro-
phages is species specific (18). In human macrophages,
ABCAL is considered to be the major cholesterol trans-
porter which interacts preferentially with lipid-poor ApoAl
(19, 20). Of secondary importance, the SR-BI/Cla-1 receptor
promotes bidirectional cholesterol fluxes and interacts
mostly with large HDL particles in order to facilitate the
exit of free cholesterol (FC) from macrophages (21). The
ABCGI transporter plays an important role in cholesterol
efflux from mouse macrophages, however its contribution
to promoting cholesterol efflux from human macrophages
is mostly insignificant (18, 22).To date, no study has inves-
tigated the effect of HIV infection or its treatment on the
ability of HDL particles to stimulate cholesterol efflux
from human macrophages. We hypothesize that HIV in-
fection might induce the appearance of dysfunctional
HDL particles, thus reducing cholesterol efflux from hu-
man macrophages and favoring atherosclerosis progres-
sion. Chronic inflammation may directly lead to alterations
in HDL composition, decreasing their ability to promote
cholesterol from macrophages. Indeed, in patients with
rheumatoid arthritis, an inverse correlation between
markers of inflammation and the ability of HDL to pro-
mote cholesterol efflux was observed (23). Equally, an im-
pairment of RCT from macrophage to feces has been

observed in a rodent subacute endotoxemia model (24).
The purpose of this study was to evaluate, in a large popu-
lation, the effects of HIV infection, in the absence of anti-
retroviral therapy, on the capacity of plasma or isolated
HDL particles to mediate FC efflux from human macro-
phages and from various cellular models, each representa-
tive of one specific efflux pathway. Then we assessed the
impact of the HAART regimen on HDL functionality.

MATERIALS AND METHODS

Patients

The study was conducted in a total of 231 HIV-infected adult
patients (177 men and 54 women) included in the metabolic sub-
study of the ANRS-Inserm COPANA Cohort (4), a longitudinal
study of recently diagnosed HIV-infected patients naive from
HAART at entry. A total of 200 HIV-uninfected patients (147
men and 53 women) displaying fasting plasma lipid values within
the normal range (TC <250 mg/dl, LDL-C <160 mg/dl, TGs
<150 mg/dl) served as control subjects (Table 1). None of the
control or HIV-infected patients were under current lipid-lowering
therapy or obese (BMI <30 kg/mz). Approximately 38% of
HIV-infected patients and 22% of HIV-uninfected subjects were
current smokers. Clinical parameters of the HIV-infected popula-
tion are presented in supplementary Tables 1 and 2. A subset of
41 subjects from the initial HIV-untreated population received
antiretroviral therapy for at least 3 months and up to 5 years (31.5
+17.5 months) (Table 1). HAART regimens consisted of two re-
verse transcriptase inhibitors (tenofovir and emtricitabine) in as-
sociation with either a protease inhibitor (atazanavir or lopinavir)
boosted with ritonavir (n = 19 patients) or a non-nucleosidic tran-
scriptase inhibitor (efavirenz) (n = 22 patients).

The study was performed in accordance with the ethical prin-
ciples set forth in the Declaration of Helsinki. Written informed
consent was obtained from all subjects.

Biochemical analyses

Lipids and apolipoproteins of plasma and in isolated lipopro-
tein fractions were determined by using an autoanalyzer (Konelab
20) and commercial reagent kit from Roche Diagnostics for TC,
from Thermo-Electron for TGs, HDL-C, apoAl, and apoB, from
Diasys for phospholipids and FC, and from Pierce for total protein
quantification (bicinchoninic acid assay reagent). Fasting plasma
LDL-C was calculated using the Friedewald formula. Endogenous
cholesteryl ester transfer from HDL to apoB-containing lipopro-
teins was assayed as previously described (25). Individual lipopro-
tein subfractions were isolated from plasma by isopycnic density
gradient ultracentrifugation for 48 h at 40,000 rpm using a Beck-
man XL70 centrifuge and a SW41 rotor as previously described
(26). All lipoprotein subfractions were analyzed for their lipid and
protein contents. Total lipoprotein mass was calculated as the sum
of the mass of individual lipid and protein components.

FC efflux assays

Efflux assays were performed using human THP-1 macro-
phages and several cellular models, FubAH, CHO-K1, CHO-
hABCGI1, and CHO-hABCAI, as previously described (27).
3H-cholesterol-labeled cells were incubated for 4 h at 37°C in the
presence of 40-fold diluted total plasma or individual HDL sub-
fractions [15 pg phospholipid/ml for cholesterol loaded-THP-1
macrophages; 10 pg phospholipid/ml for FubAH (SR-BI-dependent
efflux); 5 wg phospholipid/ml for CHO-K1 and CHO-hABCG1;
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TABLE 1.

Clinical and biological characteristics of HIV-infected patients and HIV-uninfected controls

HIV-Infected Patients

HIV-Uninfected Before HAART Before HAART After HAART
Controls (n =200) (n=231) (n=41) (n=41)

Clinical parameters

Age, years 43.3+12.8 37.2 +9.4" 38.3+11.5

Gender, M/F 147/53 177/54 36/5

BMI, kg/m2 27.1 +4.7 23.6 + 3.4" 23.8+3.8 24.1+4.3
Plasma parameters (mg/dl)

TC 203.2 + 43.9 173.0 + 42.3“ 161.4 + 25.3 198.6 + 34.5°

TGs 110.5 + 49.5 104.1 + 66.4 112.7 £ 39.2 116.3 + 44.7

LDL-C 130.7 £ 41.2 108.2 + 35.8" 103.7 + 28.6 126.2 + 35.1°

HDL-C 50.3 + 16.4 442 +13.8" 35.2+8.1 49.1 +12.6°

apoB 102.6 + 27.3 81.8 + 23.4" 77.9+12.7 85.9 +19.2°

apoAl 144.4 + 32.7 108.3 + 23.4" 97.2+17.1 126.0 + 21.9°
Endogenous plasma CETP activity (%) 29.7+7.2 27.6+ 7.4 26.9+6.5 29.0 + 6.7

“P<0.0001 versus HIV-uninfected controls.

’P < 0.05 versus HIV-uninfected controls after adjustment for LDL-C, HDL-C, TG, age, and BMI.
‘P < 0.05 versus HIV-infected patients before HAART (n = 41).
P < 0.05 versus HIV-infected patients before HAART (n = 41) and after adjustment for LDL-C, HDL-C, TG,

age, and BMIL.

10 g apoAl/ml for CHO-hABCAL]. Fractional cholesterol efflux
was calculated as the amount of the label recovered in the medium
divided by the total label in each well. The background choles-
terol efflux obtained in the absence of any acceptor was sub-
tracted from the efflux obtained with samples. ABCGl-dependent
efflux was calculated as the difference between efflux to CHO-
hABCGI1 and CHO-K1 cells. For CHO-hABCALI, the expression
of ABCA1 was induced by tetracycline (1 pg/ml). The ABCAl-
dependent efflux was calculated as the difference between efflux
to activated CHO-hABCAI and non-activated cells. Plasma efflux
capacity was expressed as a relative efflux obtained by dividing
the fractional efflux of sample values by those obtained with the
standard plasma. The capacity of individual HDL subfractions
to mediate FC efflux is expressed as the percentage of choles-
terol efflux per mole of acceptor particle, as previously described
(27). All efflux experiments were performed in triplicate for each
sample.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 4 and
the R statistical software 2.12.2. Numerical variables are presented
as mean * SD. Mean differences between HIV-infected patients
and HIV-uninfected controls were compared using an unpaired
ttest. A paired #test was used to assess the differences between base-
line (before treatment) and following HAART (after treatment).
In order to compare continuous variables between HIV-infected
patients and HIV-uninfected controls, we used multivariate linear
regression analysis adjusted for age and BMI. We considered the
comparative parameter (cholesterol efflux measurements) as the
predicted variable, whereas HIV infection, age, and BMI were con-
sidered as predictive variables. All Pvalues are presented after ad-
justment for age and BMI differences and for plasma lipid levels or
inflammatory makers when indicated. The results were considered
to be statistically significant at < 0.05.

RESULTS

Impact of HIV infection and HAART on plasma lipid
and apolipoprotein levels and on lipoprotein subspecies
distribution

HIV-infected patients displayed significant reductions
in plasma levels of TC, LDL-C, and apoB compared with
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HIV-uninfected controls (Table 1). HIV-infected patients
were equally characterized by significant reductions in
HDL-C and apoAl levels as compared with uninfected con-
trols. Similar fasting plasma TG levels were observed be-
tween HIV-infected patients and controls. Endogenous
plasma cholesteryl ester transfer protein (CETP) activity
was significantly reduced by 7.3% (P < 0.003) in HIV-
infected patients in comparison with HIV-uninfected con-
trols. However, it is important to note that HDL-C, LDL-C,
TG, sex, and BMI represent independent modulators of
endogenous plasma CETP activity (28). The difference in
CETP activity between HIV-infected patients and HIV-
uninfected controls remained significant after adjustment
for those parameters (P< 0.05, Table 1).

As shown in supplementary Table 2, additional analyses
were performed by dividing HIV-infected patients accord-
ing to circulating levels of CD4+. Our analyses revealed
that patients with the lowest CD4+ levels (<200 cells/ mm”)
displayed significantly reduced plasma levels of TC (—11%;
P=0.02), LDLC (—18%; P = 0.006), apoB (—10%; P =
0.005), and apoAI (—9%; P=0.007) when compared with
the subgroup with the highest levels of CD4+. Patients
with the lowest CD4+ count (<200 cells/mm”) displayed
significantly higher TG levels (47%) than those belonging
to the highest quartile of CD4 cell count. Equally, levels of
inflammatory markers such as IL-6, as well as those of viral
charge, were significantly elevated in the subgroup of pa-
tients with the lowest CD4+ count. These observations sug-
gest that the subgroup of patients with the lowest CD4+
count display a high risk to develop acquired immune de-
ficiency syndrome (AIDS). Indeed, it has been previously
reported that patients with AIDS displayed an increase in
plasma TG levels and hepatic lipogenesis, as well as a de-
crease in TG clearance (29). By contrast, patients with HIV
infection displayed plasma TG levels within the normal
range, shedding light on the possibility that the decrease
in TG clearance leading to an increase in plasma TG levels
observed in patients with AIDS represents a consequence
of AIDS development. HDL-C levels trend toward reduction



(—13%) in patients with low CD4+ levels (<200 cells/mm”)
as compared with those with higher CD4+ levels; however,
such reduction did not reach statistical significance (P =
0.06). Interestingly, similar conclusions were reached when
considering CD4+ count as a continuum (supplementary
Table 3).

Figure 1 represents the distribution of apoB- and apoAl-
containing lipoproteins isolated by isopycnic density gra-
dient ultracentrifugation from HIV-infected patients and
control subjects. As shown in Fig. 1A, similar plasma levels
of TG-rich lipoprotein subfractions, i.e., VLDL and IDL,
were observed in both groups of subjects. By contrast,
HIV-infected patients displayed a significantly reduced
LDL concentration (—21.6%; P < 0.0001) as compared
with uninfected controls. Interestingly, such a reduction
primarily reflected a marked and specific decrease in
plasma levels of light LDL subspecies, LDL-1 (—43.7%; P<
0.0001) and LDL-2 (—54.1%; P< 0.0001), and to a lesser
extent in those of LDL subfractions of intermediate den-
sity, LDL-3 (—20.3%; P < 0.0001), in comparison with
controls. By contrast, plasma levels of the denser LDL
subfractions appeared to be significantly increased (LDL-
4, 24.2%; P < 0.05). Analysis of the distribution of apoAl-
containing lipoprotein subspecies revealed that HIV
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infection was associated with a significant reduction
(—18.2%; P < 0.005) in the mean plasma of HDL2 levels
(124.3 +13.4 mg/dl and 151.9 + 21.8 mg/dl in HIV-infected
patients and controls, respectively), whereas those of the
HDLS3 subfraction were not significantly modified (113.2 +
8.8 mg/dl and 105.1 + 17.3 mg/dl in HIV-infected patients
and controls, respectively). When individual HDL subfrac-
tions were considered, we observed a specific reduction in
plasma levels of the largest HDL2b subfraction (—29.1%:;
P < 0.0001) in HIV-infected patients as compared with
controls (Fig. 1B). HIV infection equally modified the
qualitative features of circulating lipoprotein particles
(supplementary Tables 4, 5).

HAART induced a significant increase in plasma levels
of TC, LDL-C, and HDL-C (Table 1). After an adjustment
for HDL-C, LDL-C, and TG plasma levels, we observed a
significant increase in CETP activity following HAART ini-
dation (7.8%; P = 0.006). We presently observed that
HAART corrects the apoB-containing lipoprotein profile
toward an anti-atherogenic pattern. Indeed, HIV-infected
subjects displayed a significant increase in light LDL-1
(1.5-fold; P < 0.005) and LDL-2 (1.7-fold; P < 0.0001)
subfractions. In contrast, we observed a significant de-
crease in the small dense pro-atherogenic LDL-4 (—50.4%;
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Impact of HIV infection on plasma levels of lipoprotein subclasses isolated by gradient ultracentri-

fugation in HIV-infected subjects (n = 231; closed bars) and HIV-uninfected controls (n = 200; open bars)
(A, B) and in a subset of HIV-infected patients before (n = 41; closed bars) and after HAART (n = 41; hatched
bars) (C, D). A-C: Bar graphs showing levels of VLDL, IDL, and LDL subclasses. B-D: Bar graphs showing
HDL subfraction levels. Values are mean + SEM. *P < 0.05 versus controls; 1P < 0.05 versus HIV-infected pa-

tients before treatment.
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P < 0.0003) and LDL-5 (—32.6%; P < 0.0005) in HAART-
treated patients (Fig. 1C). In addition, plasma levels of
large HDL2b subfractions significantly increased (26.9%;
P = 0.009) following HAART administration (Fig. 1D),
whereas those of small HDL were significantly reduced fol-
lowing HAART initiation (HDL3a, —19.6%; P< 0.005 and
HDL3b, —17.5%; P< 0.05).

HIV infection reduces plasma and HDL efflux capacity
via ABCA1 and SR-BI pathways independently of HDL
subfraction levels: impact of HAART

We explored the effect of HIV infection on the capacity
of plasma to stimulate cholesterol removal from cells via
each known specific efflux pathway. Interestingly, we ob-
served that plasma from HIV-infected patients displayed a
reduced capacity to stimulate cholesterol efflux via the
ABCALI pathway (—27%, P < 0.0001) in comparison with
HIV-uninfected controls (Fig. 2A). In order to evaluate
the contribution of various HDL subspecies in the reduced
plasma efflux capacity associated with HIV infection, we
evaluated the capacity of individual HDL subspecies to stim-
ulate cholesterol efflux. It is well-established that ABCAL1 in-
teracts preferentially with small lipid-poor apoAl-containing
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lipoprotein. In good agreement with the known mecha-
nism of action of ABCAI, we observed that large HDL2
particles isolated from HIV-infected or HIV-uninfected
patients were quite inefficient in mediating cellular cho-
lesterol efflux via the ABCAl pathway (Fig. 2B, supple-
mentary Fig. 1A). By contrast, HDL3 subspecies allowed
removal of cholesterol from cells in an ABCAl-dependent
manner, with the smallest HDL subspecies (HDL3b and
HDL3c) displaying the most potent ability for choles-
terol efflux. Interestingly, the ability of HDL3a and HDL3b
subfractions to mediate cholesterol efflux via ABCA1 was
markedly reduced in HIV-infected patients (HDL3a, —81%;
P<0.0001 and HDL3b, —34%; P=0.01) as compared with
controls.

Equally, HIV infection induced a significant reduction
in the capacity of the plasma to stimulate SR-BI dependent
efflux (—21% P < 0.0001; Fig. 2E). As apoB-containing li-
poproteins have been shown to equally contribute to cellular
cholesterol efflux via SR-BI (30), we thus confirmed our
observation by performing a cholesterol efflux assay using
apoB-depleted plasma. As shown in Fig. 3A, apoB-depleted
plasma from HIV-infected patients revealed a reduced
ability (—19.6%; P< 0.0001) to mediate SR-BI-dependent
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40-fold-diluted plasma or isolated HDL particles. E-H: Bar graphs showing SR-BI-dependent efflux capacity of plasma (E, G) or isolated
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that measured in the presence of 40-fold-diluted apoB-depleted
plasma. Values are mean + SEM. *P < 0.0001 versus controls; P <
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efflux as compared with apoB-depleted plasma from con-
trols. Evaluation of the capacity of isolated HDL particles
to mediate SR-Bl-dependent efflux revealed that all HDL
subspecies isolated from HIV-infected patients displayed a
significantly increased capacity to mediate cellular choles-
terol efflux via the SR-BI pathway (Fig. 2F, supplementary
Fig. 1C). By contrast, cellular cholesterol efflux via the
ABCGI1 pathway appeared not to be significantly affected
by HIV infection (supplementary Fig. 2A).

Taken together, our observations reveal that reduction
in the capacity of whole plasma from HIV-infected patients
to stimulate cholesterol efflux via the SR-BI pathway, as
shown in Fig. 2E, results from a reduction in SR-Bl-mediated
efflux toward both apoB- and apoAl-containing lipopro-
teins (Fig. 3A). Reduction in circulating levels of choles-
terol acceptors (Fig. 1A, B) primarily accounts for the
reduction of plasma efflux through SR-BI, rather than
from a defective ability of HDL particles to mediate cho-
lesterol efflux from SR-BI. Multiple regression analysis
indicated no significant difference in plasma efflux capac-
ity between HIV-patient subgroups divided according to
CD4+ levels, even after adjustment for plasma lipid levels
or inflammatory markers (ABCAL: = 0.04, P= 0.6; SR-BI:
B =0.06, P=0.37, and ABCGI1: B =0.01, P=0.8).

Interestingly, HAART significantly increased the capacity
of plasma to stimulate cholesterol efflux via the ABCAl
pathway (11%; P=0.001) (Fig. 2C). Mainly, we observed an
increase in the intrinsic capacity of small HDL3a (5.2-fold;
P<0.0001) and HDL3b (66%; P< 0.0001) to stimulate cho-
lesterol efflux via the ABCA1 pathway after HAART admin-
istration (Fig. 2D, supplementary Fig. 1B). Simultaneously,

HAART significantly increased the capacity of plasma to
stimulate cholesterol efflux via SR-BI (12%; P < 0.0001)
(Fig. 2G). However, the intrinsic capacity of all HDL sub-
fractions, with the exception of HDL3c, to stimulate choles-
terol efflux via SR-BI was not affected by HAART (Fig. 2H,
supplementary Fig. 1D). The capacity of apoB-depleted
plasma to stimulate cholesterol efflux via SR-BI was signifi-
cantly enhanced following HAART administration (10%;
P<0.0001) (Fig. 3B). HAART treatment increased the capac-
ity of plasma to simulate cholesterol efflux via SR-BI (Fig.
2G) by increasing cholesterol efflux toward both apoAl-
and apoB-containing lipoproteins (Fig. 3B) as a result of an
increase in circulating levels of HDL and LDL particles
(Fig. 1C, D), rather from an improvement of the intrinsic
ability of HDL particles for SR-BI-dependent efflux (Fig.
2H). In addition, the HAART regimen induced a reduction
in the capacity of plasma to stimulate cholesterol efflux via
the ABCGI pathway (—14%; P < 0.0001) (supplementary
Fig. 1B).

Plasma and HDL-C efflux capacity from human
macrophages is altered by HIV infection and restored
following HAART

Inasmuch as we observed that HIV infection was associ-
ated with both major quantitative and qualitative altera-
tions in circulating lipoprotein subspecies as well as a
reduced plasma cholesterol efflux capacity via ABCA1 and
SR-BI, we therefore analyzed the consequences of these
alterations in human macrophages.

We observed that plasma from HIV-infected patients
displayed a reduced capacity (—12%; P = 0.001) to re-
move cholesterol from human macrophages when com-
pared with controls (Fig. 4A). Those observations remained
significant after adjustment for HDL-C, LDL-C, or TG lev-
els. Multiple regression analysis revealed no significant
difference in plasma efflux capacity from THP-1 between
HIV-patient subgroups divided according to CD4+ levels,
even after adjustment for plasma lipid levels or inflam-
matory markers (f = 0.07; P = 0.354). As we could not
exclude the possibility that either plasma may carry vi-
ral proteins that might affect cells and interfere with cho-
lesterol efflux process (31), we evaluated plasma efflux
capacity following pre-incubation of human THP-1 macro-
phages for 24 h in the presence of 10% plasma from either
HIV-infected patients or HIV-uninfected controls. Data
presented in supplementary Fig. 3 confirm that the ca-
pacity of plasma from HIV-infected patients to mediate
cholesterol efflux capacity from human macrophages is
reduced as compared with plasma from HIV-uninfected
subjects. Itis important to note that preincubation of cells
with plasma from HIV patients appears to have an inde-
pendent effect by reducing cholesterol efflux by approxi-
mately 30%. It is likely that such reductions primarily
reflect a reduced capacity of HIV-infected plasma for cho-
lesterol loading of THP-1 macrophages during the 24 h
preincubation period prior to efflux measurement. In-
deed, plasma from HIV-infected patients displays reduced
circulating levels of LDL-C as compared with that of HIV-
uninfected controls.
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Fig. 4. Bar graphs showing efflux capacity from cholesterol-

loaded human THP-1 macrophages of plasma (A, C) and isolated
HDL subspecies (B, D) determined in HIV-infected subjects (n =
231; closed bars) (A, B), in HIV-uninfected controls (n = 200; open
bars), and in a subset of HIV-infected patients before (n = 41;
closed bars) and after HAART (n =41; hatched bars) (C, D). Values
are mean + SEM. *P < 0.05 versus controls; $P < 0.05 versus HIV-
infected patients before treatment.

Next, we evaluated the impact of HIV infection on the
capacity of each HDL subfraction to remove cholesterol
from human lipid-loaded macrophages. As shown in Fig.
4B and supplementary Fig. 1E, we observed that most
HDL subspecies isolated from HIV-infected patients dis-
played a reduction in their capacity to stimulate macro-
phage cholesterol efflux when compared with HDL particles
isolated from controls.

Most importantly, HAART was associated with a signifi-
cant increase in plasma cholesterol efflux capacity from
human THP-1 macrophages (10%; P=0.04) (Fig. 4C). In-
terestingly, we observed that all individual HDL sub-
fractions isolated from treated HIV patients displayed an
increased intrinsic capacity to stimulate cholesterol efflux
through human macrophages; HDL2b (28.3%; P < 0.03),
HDI.2a (28.4%; P < 0.02), HDL3a (15.8%; P < 0.05),
HDL3b (53.7%; P< 0.003), and HDL3c (54.8%; P< 0.003)
(Fig. 4D, supplementary Fig. 1F).

In the context of our study, we did not observe any sig-
nificant difference in all measured parameters between
HIV-infected patients receiving 2NRTI (tenofovir and em-
tricitabine) in association with a protease inhibitor (ata-
zanavir or lopinavir) boosted with ritonavir (n =19 patients)
and those receiving 2NRTI (tenofivir and emtricitabine) in
association with a NNRTI (efavirenz; n = 22 patients).
Equally, we did not observe any significant impact of treat-
ment duration on plasma cholesterol efflux capacity and on
biological parameters (supplementary Table 6).
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DISCUSSION

For the first time, we presently demonstrate that HIV
infection reduces the capacity of the plasma to mediate
cholesterol efflux from human macrophages. Such an al-
teration in the initial step of the RCT pathway might con-
tribute to an accumulation of cholesterol into resident
macrophages within the atherosclerotic plaque and thus
might participate in the increased cardiovascular risk ob-
served in HIV-infected subjects. Indeed, recent studies
have correlated a decrease in cholesterol efflux from mac-
rophages with the occurrence of coronary artery disease
(15). First of all, our study demonstrates that HIV infec-
tion not only affects HDL-C levels but also, most impor-
tantly, HDL efflux capacities. Indeed HDL2b, HDL2a, and
HDL3a from HIV-infected patients displayed a major al-
teration in their intrinsic capacity to mediate cholesterol
efflux from human macrophages. Interestingly, and in
contrast with our present observations, it has been previ-
ously reported that there is no difference in the capacity of
plasma from HIV-infected patients to stimulate choles-
terol efflux from macrophages. However, it is important to
note that these latter studies have been conducted in a
small number of subjects (16, 17) or using mouse macro-
phages to evaluate cholesterol efflux (16).

Few studies have evaluated the impact of HIV infection
on HDL particle distribution. In particular, it has been
previously reported that total HDL particle number is re-
duced during HIV infection (32-34). However, and in
contrast with our present observations, it has been re-
ported that the concentration of cholesterol in large HDL
particles was unaltered in HIV-infected patients as com-
pared with uninfected controls (32). Interruption of
HAART was associated with a reduction in HDL particles
of medium and small size (35), or only in HDL particles of
medium size with no change in HDL particles of small size
(36). We presently observed a specific reduction of the
large HDL2b subfraction in HIV-infected patients when
compared with controls. It is likely that such apparent con-
flicting observations might primarily result from differ-
ences in the method used to identify HDL subspecies.

It is well-established that cholesterol efflux from human
macrophages primarily occurs through the ABCAI path-
way. Our present observations reveal that this major cho-
lesterol efflux pathway is altered by HIV infection. ABCA1
facilitates FC efflux toward lipid-free/poor apoAl (37).
However, there is a growing body of evidence indicating
that ABCAI not only promotes cholesterol efflux to lipid-
free apoAl but also to HDL particles. Indeed, fibroblasts
(38) and macrophages (18) isolated from patients carry-
ing mutations for the ABCAI gene exhibit an almost com-
pletely defective cholesterol efflux to apoAl, but equally a
marked reduction of cholesterol efflux to HDL particles.
Similarly, invalidation of Abcal in mice confirmed that
macrophage cholesterol efflux to HDL was markedly re-
duced in Abcal /~ mice, whereas cholesterol efflux to
apoAl was totally absent (39). Consistent with these latter
studies, we presently observed that HDL3 particles (HDL3c,
HDL3b, and HDL3a) are able to promote cholesterol



efflux via ABCAI, confirming that a subset of HDL sub-
fraction, not just lipid-free apoAl, can act as cholesterol
acceptors for ABCAL. Interestingly, HIV infection is associ-
ated with the appearance of circulating dysfunctional
HDL3a and HDL3b subfractions displaying a reduced
ability to remove macrophage cholesterol, likely via the
ABCAI pathway. A reduction in circulating levels of
lipid-free /poor apoAl, such as prebetal-HDL particles in
HIV-infected patients, might equally participate in the al-
teration of plasma efflux capacity via ABCAI. Indeed, it
has been previously reported that plasma levels of pre-
betal-HDL particles were markedly reduced, approximately
by 50%, in HIV-infected patients as compared with HIV-
uninfected controls (16).

As observed for ABCAI, our present study reveals that
SR-Bl-dependent plasma efflux capacity is significantly at-
tenuated by HIV infection. SR-BI contributes to choles-
terol efflux in human macrophages by interacting with
mature HDL particles (21). However, HIV infection ap-
pears to significantly influence the qualitative features of
HDL particles, as it improves their intrinsic capacity to
stimulate cholesterol efflux via the SR-BI pathway. This ob-
servation indicates that the qualitative features of HDL
particles induced by HIV infection are unlikely responsi-
ble alone for the observed reduction in SR-Bl-dependent
plasma efflux capacity. In good agreement with our obser-
vation, it has been previously reported that the capacity of
serum from patients displaying a chronic inflammatory
status displayed a reduced capacity to remove cholesterol
through the SR-BI pathway (40). In addition, it has been
previously demonstrated that apoB-containing lipopro-
teins participate in the flux of cholesterol to SR-BI along
with HDL lipoproteins (30). As a matter of fact, in vitro
studies have also demonstrated that SR-BI can interact
with LDL particles and mediate cellular cholesterol export
to large buoyant LDL particles (41). Our present study
demonstrates that HIV infection specifically reduces
plasma levels of the largest LDL subfractions; therefore, it
is likely that such modifications might partially contribute
to the reduced ability of plasma to mediate macrophage
cholesterol efflux via the SR-BI pathway. In the present
study, we used the release of labeled cell cholesterol to
quantify efflux. As cholesterol influx may occur during in-
cubation of cells in the presence of HDL- or apoB-containing
lipoproteins, we cannot exclude the possibility that under
our experimental conditions, isotopic release of cellular
cholesterol was associated with an increase in cellular cho-
lesterol content due to a significant level of cholesterol
influx into the cells, leading in some ways to an overesti-
mation of cholesterol efflux (42). Nonetheless, choles-
terol influx does not appear to be quantitatively significant
at short periods of cell incubation (4 h), as performed in
the present study, as compared with cholesterol efflux
(42-45). Interestingly, no significant impact of HIV infec-
tion on the capacity of plasma to stimulate cholesterol ef-
flux through the ABCGI pathway has been observed.
ABCGI1 has an important role in the removal of choles-
terol from mouse macrophages (46), however its contribu-
tion in cholesterol efflux from human macrophages has

been shown to be less important (18). We thus conclude
that HIV infection is associated with an altered capacity of
plasma to mediate removal of cholesterol from macrophages
as a result of defective ABCAI- and SR-BI-dependent cho-
lesterol efflux.

Approximately 15% of the HIV-infected patients pres-
ently studied displayed plasma levels of TGs above 1.5 g/ml.
Most of these patients belonged to the subgroup of HIV-
infected patients with the lowest CD4+ count (<200 cells/ mms) .
Hypertriglyceridemia is frequently associated with a low
HDL-C phenotype resulting from a reduction in large HDL
particles. Hydrolysis of TGs by hepatic lipase reduces
HDL particle size and favors dissociation of apoAl from
HDL. Such a reduction in the circulating level of large HDL
particles has been shown to be associated with reduced
SR-BI-dependent cellular cholesterol efflux, whereas the
increased fraction of lipid-poor/free apoAl could enhance
efflux via the ABCA1 pathway (47). However, in the context
of the present study, we did not observe a significant impact
of hypertriglyceridemia on plasma or HDL efflux capacity
among HIV-infected patients.

Importantly, our present study highlights the fact that
HAART is able to restore the capacity of plasma to stimu-
late cholesterol efflux from human macrophages as a re-
sult of an increase in both ABCAl- and SR-BI-dependent
efflux pathways. Interestingly HAART was able to restore
the intrinsic capacity of small HDL3b to stimulate choles-
terol efflux via ABCA1, which was markedly reduced in
HIV-infected patients.

Data reported here, together with those of the litera-
ture, allow us to propose an integrated mechanism of the
consequences of HIV infection and its treatment on cho-
lesterol homeostasis in human macrophages (Fig. 5). Both
intracellular and extracellular mechanisms of HIV inter-
act together and favor the progression of atherosclerosis.
HAART restores HDL-mediated cholesterol efflux from
macrophages either directly by acting on its metabolism or
indirectly by suppressing viral charge and thus eliminating
HIV adverse effects on HDL functionality. We thus pro-
pose that the overall increase in cardiovascular risk in HIV-
infected patients receiving HAART appears not to be
associated with an alteration of the initial step of the RCT
pathway, i.e., the capacity of HDL particles to stimulate
macrophage cholesterol efflux.

In conclusion, we demonstrate for the first time that
HDL particles generated as a consequence of HIV infection
are dysfunctional regarding their major anti-atherogenic
property, i.e., cellular cholesterol efflux, known as the
initial step of the RCT pathway. Plasma and HDL from
HIV-infected subjects displayed an alteration in their ca-
pacity to stimulate cholesterol efflux through ABCAI, the
main efflux pathway in human macrophages. We reveal a
beneficial role of antiretroviral therapy in restoring HDL-C
efflux capacity from human macrophages. In this con-
text, current therapeutic strategies aim to increase the
number of functional HDL particles by either increasing
the hepatic production of apoAl or by intravascular infu-
sion of reconstituted HDL or apoAl mimetic. Those thera-
peutic approaches have been demonstrated to reduce
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Fig. 5. Integrated mechanism of the intracellular and extracellular consequences of HIV infection that
control cholesterol homeostasis in human macrophages. HIV penetrates into macrophages through a direct
interaction with CCR5 and CXCR4 receptors. It has been formerly demonstrated that HIV-specific protein
Nef binds to ABCAI and inhibits its efflux functions in human macrophages (31). Thus, by reducing choles-
terol efflux through ABCAI toward circulating lipid-poor/lipid-free apoAl and to small HDL3 subspecies,
HIV infection potentially alters plasma cholesterol efflux capacity from human macrophages. In parallel,
following HIV infection, major structural and functional modifications in plasma lipoproteins occur result-
ing in a reduction of the capacity of HDL particles to stimulate cholesterol efflux through the ABCAI path-
way. Taken together those effects of HIV infection on human macrophage homeostasis might significantly
increase the risk of cardiovascular disease and favor the progression of atherosclerosis in HIV-infected pa-
tients. Increasing the capacity of plasma to stimulate cholesterol efflux via ABCAI, the major macrophage
cholesterol transporter, is an interesting approach to reduce cardiovascular risk in this population. HAART
restores HDL-mediated cholesterol efflux from macrophages either directly by acting on its metabolism or

indirectly by suppressing viral charge and thus eliminating HIV adverse effects on HDL functionality.
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