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Freeman and collaborators (1) report in the current is-
sue of the Journal of Lipid Research important findings in-
dicating that cholesterol-loaded macrophages secrete
unesterified cholesterol (UC) complexes that are depos-
ited as microdomains within the cell surface of the macro-
phages, as well as in their secreted extracellular matrix
(ECM). Furthermore, the experiments indicate that these
microdomains participate in the initial steps of the reverse-
cholesterol pathways (1). The UC-microdomains are rich
in cholesterol monohydrate aggregates that are recog-
nized by MAb 58B1, an antibody generated against choles-
terol crystals and that specifically recognizes ordered arrays
with a minimum of 12 cholesterol monohydrate molecules
(2). Deposition of the ECM and cell surface UC-choles-
terol microdomains required overloading of macrophages
with cholesterol as well as functional ABCA1 and ABCG1
transporters (3). Importantly, Freeman et al. show that the
deposition of cholesterol-rich microdomains in the macro-
phage’s surface and in the ECM as a consequence of acety-
lated (Ac)-LDL loading could be inhibited by the presence
of 50 pg/ml apoAl in the incubation. However, when in-
tact HDL was used at a similar concentration, it did not
inhibit deposition of the UC-microdomains in the cell sur-
face, although this did occur when HDL was used at a con-
centration of 200 pg/ml.

These findings are the most recent product of sustained
research from this laboratory about phenomena taking
place in the interface between macrophages and the extra-
cellular environment and their potential significance in
atherosclerosis. The implications of these experimental ob-
servations can be best appreciated by placing them within a
framework of what we know about the interplay between
cells, ECM, and lipoproteins in the arterial intima in athero-
genesis. In order to guide the reader through our com-
ments, we will use the diagrams in Fig. 1. In the 1A frame
are summarized the processes that have led to formulation
of the current response-to-retention hypothesis of athero-
sclerosis (4-6). In 1B, we inserted (shaded area) the most
relevant findings from the current article by Freeman et al.
(1) and from previous findings from their laboratory (1, 2).

One important tool used in the experiments reported by
Freeman et al. is the MAb 58B1 that was developed and
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characterized in 1996 by Perl-Treves et al. (7) at the Weizmann
Institute in Israel. Ong and collaborators (2) have previ-
ously used this MAb for similar experiments with macro-
phage cultures as well as for showing that in human aortic
early lesions, rich in foam cells, UC-microdomains exist in
association with Oil Red O-positive foam cells. The authors
concluded that the immuno-histochemical results are com-
patible with the hypothesis that UC-rich microdomains are
generated by foam cells (macrophages) in human lesions.
However, because these observations with MAb 58B1 were
made in lesions from only one subject, we do not yet know
how prevalent such structures are in human lesions. Like-
wise, there are not yet publications about the detailed bio-
chemical composition of the UC-microdomains, neither
from human lesions nor from macrophage cultures. Such
characterizations, once available, would put on a more solid
base their hypothesis about similarities of the structures de-
tected in cell cultures and those found in human lesions.
However, we speculate that because the MAb recognizes a
small structure containing few UC molecules, the micro-
domains in the cell culture model and those present in lesion
may differ in their associated phospholipids and proteins. A
previous publication from Ong et al. (2) indicates that the
cholesterol aggregates may require phospholipids and
apok in order to be secreted from differentiated cholesterol-
loaded macrophages. The possible contribution of apoE to
generation and secretion of the UC-microdomains is sup-
ported by findings described in the article by Freeman et al.
(1) in this issue of the JLR. Freeman et al. show that the liver
X receptor (LXR) agonist TO901317 increases the deposi-
tion of cholesterol microdomains in the ECM produced by
macrophages. It is known that, besides upregulation of
ABCAI and ABCG1, LXR agonists both in vivo and in vitro
upregulate apoE expression (8). Future colocalization ex-
periments with MAb(s) against the microdomains and
against apoE in cell cultures and in human lesions could be
informative in this respect.

As mentioned, secretion and deposition of the UC-micro-
domains at the cell surface and within the ECM secreted
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LDL immobilized in the intima extracellular
matrix (ECM) by proteoglycans (PG) ( 3-5,11)

LDL aggregation, enzymatic and oxidative modifications
facilitated by LDL-PG complex formation; generation
of inflammatory products ( 11,15-18)

LDL-PG complex increase non-saturable uptake
of modified LDL by macrophages ( 11,15)

Unesterified cholesterol (UC)/esterified cholesterol(EC)
cycling in macrophages (9)

Excess UC in macrophages, together with
phospholipids (PL), transported by ABCA1/ABCG1 to
acceptors in the cell surface, apoAl-rich HDL) ( 3)

Excess UC can cause macrophages lysis when the
apoAl-rich acceptor particles are at low concentration (5)

UC and CE released from macrophages debris can
originate cholesterol crystals in the intima ( 5)

UC in HDL is esterified in circulation by LCAT
and partially transferred to VLDL and LDL by CETP ( 18 )

CE in VLDL, LDL and HDL are targeted mainly to liver (18)

\

B

LDL immobilized in the intima extracellular
Matrix (ECM)by proteoglycans (PG) ( 3-5,11)

LDL aggregation and enzymatic and oxidative modifications
are facilitated by LDL-PG complex formation; generation
of inflammatory products (11,15-18)

LDL-PG complex increase non-saturable uptake
of modified LDL by macrophages (11,15)

Unesterified cholesterol (UC)/esterified cholesterol(EC)
cycling in macrophages ( 9)

(ABC) A1 and G1 in intima macrophages export UC,
together with phospholipids and apoE, into the cell
surface and ECM and are deposited as cholesterol-rich
microdomains (1,2)

At low concentrations of apoAl-rich particles the UC-
Microdomains may accumulate in the cell surface and the
(ECM) probably leading to crystal formation (1,2)

ApoAl-rich HDL decreases UC-microdomains deposition
in the cell surface and ECM (1,2)

FC in HDL is esterified in circulation by LCAT

and partially transferred to VLDL and LDL by CETP ( 18)

CE, in VLDL, LDL and HDL are targeted mainly to liver (18)

Fig. 1. Possible steps contributing to atherogenesis initiated by apoB-100 lipoprotein
deposition in the arterial intima. A: Steps according to the response-to-retention hypothesis
(4-6). B: Outline including the additional steps associated with deposition of cholesterol
microdomains in the extracellular matrix (shaded area) (1, 2). The numbers in parenthe-

ses are those of pertinent references.

by macrophages requires overloading the cells with LDL
cholesterol. However, this can only be achieved in macro-
phages with LDL that has been modified (9). The modifi-
cation used in the current experiments is acetylation of
amine groups of amino acids in the LDL apoB-100 (1, 2).
This modification reduces markedly the net positive
charge of LDL and blocks recognition of LDL by the LDL
receptor. In addition, this Ac-LDL no longer binds to hep-
aran sulfate proteoglycans that are on the macrophage’s
cell surface (glycocalix) or to the chondroitin/dermatan
sulfate proteoglycans present in the ECM secreted by cul-
tured macrophages (10). Thus, the modified LDL used by
Freeman et al. probably remains in solution during the
incubations, as indicated by the fact that it can be washed
out from the cell cultures, as described (1). Although Ac-
LDL is much used in experiments aimed to overload mac-
rophages with LDL cholesterol, this covalent modification
has not been observed in humans. The better documented
modifications of LDL in arterial tissue are: aggregation,
oxidative changes of unsaturated fatty acids and formation
of covalent adducts with apoB, proteolysis of apoB-100,
and hydrolysis of LDL phospholipids (11, 12). These mod-
ifications appear to follow retention of LDL particles
caused by rapid binding of arginine and lysine-rich spe-
cific surface segments of the apoB-100 to the ECM proteo-
glycans (13). It should be stressed that in animal models
of atherogenesis (14) and in human developing lesions,
apoB-100 lipoprotein accumulation in the ECM of intima-
media seems to precede macrophage accretion in the
same regions (15, 16). Several of the modifications that
appear to take place in the intima have been shown in vitro
to induce uncontrolled uptake by macrophages. They
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include complex formation with arterial proteoglycans (17,
18), oxidative alterations (11, 19), and enzymatic hydroly-
sis of phospholipids (20). LDL oxidation and hydrolysis of
its phospholipids induce increase in negative charge of
the lipoproteins. It is then possible that in vivo, in a situa-
tion where nonmodified and modified apoB-100 lipopro-
teins exist, the deposition of UC-microdomains may be
different to that observed in experiments in which only
negatively charged LDL is available, as those discussed by
Freeman et al. (1). This could be the case if apoE-contain-
ing microdomains and native LDL compete for proteogly-
can binding sites in the macrophage-secreted ECM. This
possibility could be explored in experiments where native
LDL is coincubated with LDL that has been modified by
aggregation, oxidation, or enzyme treatment.

Another aspect that needs further investigation is how
the UC-microdomains are deposited and retained in the
ECM and cell surface. In a previous article, Ong et al. (2)
suggest that apoE may be part of the complex secreted by
the cholesterol loaded macrophages. If this is the case,
apoE may be one of the ligands anchoring the UC-micro-
domains to heparin sulfate proteoglycans in the cell sur-
face and to chondroitin/dermatan sulfate proteoglycans
in the secreted ECM. It should be noted that apoB-100
and apoE share consensus positive sequences that bind to
sulfated proteoglycans from the cell surface and the ECM
(13). One important observation in the article of Freeman
etal. (1) is that when apoA-I at 50 pg/ml is present during
the cholesterol-overloading step, it completely blocks the
deposition of UC-microdomains in the cell surface and in
the ECM of macrophages. This is particularly interesting
because this occurs without altering the uptake of Ac-LDL



measured as '"®-Ac-LDL internalization (Fig. 5 in the arti-
cle). However, the increase in cell cholesterol content
caused by incubation with Ac-LDL was reduced when HDL
or apoA-I was present in the incubation media at similar
concentrations, but apoA-I was more efficient than HDL
(supplementary Fig. I for the article). In addition, HDL
was a less effective inhibitor of the deposition of UC-
microdomains on the cell surface and ECM than apoA-I at
similar concentrations, as shown by the signal intensity ob-
served with the MAb 58B1 (Fig. 3 in the article). The au-
thors suggest that this difference was related to the capacity
of apoA-I to associate with phospholipids from the cells to
form discoidal particles (there was no serum present in
the cell culture media during the incubations). This could
generate more efficient UC acceptors than HDL, which is
already loaded with CE and UC. As indicated by Freeman
et al. (1), when cells are present, the apoA-I acceptors
could compete more effectively than HDL for the UC-
microdomains deposition within the cell surface and ECM
and could also deplete better the components of those ag-
gregates already deposited. Additionally, the results sug-
gest that the differential inhibitory effects of apo-A-I and
HDL may result from their dissimilar capacity to reduce
cell-cholesterol content (supplementary Fig. I in the arti-
cle). Without kinetic data, it is difficult to assign the rela-
tive contribution of each of these possibilities.

The capacity of apoA-I acceptors to block the accumu-
lation of UC-microdomains in vitro and the ability that
they may have in vivo seems to be different. Freeman et al.
(1) found that 12.5 pg/ml of apoA-I was capable of block-
ing the appearance of UC-microdomains induced by in-
cubation with 50 pg/ml of Ac-LDL and that 50 pg/ml of
HDL blocked their deposition within the ECM. Then we
need to explain how in the arterial intima, with concen-
trations of apoA-I lipoproteins higher than 50 pg/g of tis-
sue (19), UC-microdomains can be generated and remain
as stable immuno-detectable structures (2). Although, ex-
trapolation from data obtained with cell cultures to the
far more complex situation in the arterial intima deserves
caution, the above apparent paradox needs to be ad-
dressed. A good starting point could be to evaluate the
prevalence of the UC-microdomains at different stages of
lesion development and from arterial lesions from several
subjects.

In conclusion, the data in the article by Freeman and
collaborators (1) supports the main hypothesis proposing
that macrophages may use several secretion pathways to
maintain nontoxic cellular levels of UC (21). Further-
more, the results presented clearly document the possibil-
ity that macrophages can use ABCAl- and ABCGl-mediated
secretion and deposition of UC-microdomains as extracel-
lular reservoirs, which can then donate UC to apoA-I con-
taining discoidal particles. As usual, such novel results
generate further questions, some of which we have tried to
describe. The authors addressed other issues as well, and
this made the article’s Discussion section valuable reading.
Experimental exploration of all of the issues raised will be
needed to ascertain the biological significance of the novel
observations presented in this article Bl
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