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Abstract We previously reported that a substantial amount
of newly synthesized apoE in mouse macrophages is de-
graded prior to secretion; a portion of this pool of apoE can
be rescued by the addition of HDLs to the incubation me-
dium. In the present studies, the location and nature of the
intraceltular degradation of apoE were more closely exam-
ined. Inhibitors of protein trafficking (brefeldin A) as well as
a number of protease inhibitors were used. The experiments
using brefeldin A (5 ug/ml) clearly established that neither
the endoplasmic reticulum nor the Golgi complex are the
sites of apoE degradation. Using a pulse-chase design,
[33S]apoE cannot be chased out in the presence of brefeldin
A and remains undegraded within the cell. The accumulated
apoE lacks the sialic acid residues, indicating that this final
stage of processing must occur in the trans-Golgi network or
later. Lysosomotropic agents, ammonium chloride and chio-
roquine, on the other hand, inhibit apoE degradation by over
70 and 80%, respectively, while total cell protein degradation
remains unaffected. Similarly, a cocktail consisting of four
lysosomal protease inhibitors (pepstatin, E-64, chymostatin,
and antipain), inhibits specifically apoE degradation by over
60%. In contrast, ALLN, an inhibitor of Ca?*-dependent cys-
teine proteases, has a moderate effect on apoE degradation
(30% inhibition) and a more pronounced effect on total
protein degradation. These data suggest that the site of intra-
cellular apoE degradation in the macrophage is the lysosome.
These conclusions are supported by light and electron mi-
croscopy of macrophages, clearly showing the presence of
immunoreactive apoE (along with cathepsin D) in the endoso-
mal/lysosomal compartment of control and lysosomotropic
agent-treated cells. In contrast, little or no labeling is seen in
this compartment in brefeldin A-treated cells. At lower con-
centrations of the lysosomotropic agents, the extent of inhibi-
tion of apoE degradation is compensated for by its increased
secretion, in a manner analogous to the effect of these agents
on lysosomal enzymes. Higher concentrations of these
agents, which lead to a profound inhibition of apoE degrada-
tion, also specifically block apoE secretion. The block in apoE
secretion in the presence of high concentrations of chloro-
quine leads to undiminished or higher concentrations of
immunoreactive apoE in the endosomal/lysosomal compart-
ment, suggesting that apoE is targeted for lysosomal degrada-
tion directly, without prior secretion or surface association.
OB These data strongly suggest pH-dependent sorting of
apoE in macrophages to the degradative and secretory path-
ways and imply a protein-protein interaction in the proc-
ess.—Deng, J., V. Rudick, and L. Dory. Lysosomal degrada-

tion and sorting of apolipoprotein E in macrophages. J. Lipid
Res. 1995. 36: 2129-2140
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Apolipoprotein (apo)E plays an important role in
cholesterol transport. It is a key component of choles-
terol-rich lipoproteins (1), where it serves as a ligand for
the removal of these particles from the circulation
through a specific receptor on the hepatocyte plasma
membrane (2-6). Over-expression of circulating apoE
in transgenic mice leads to decreased plasma cholesterol
levels (7), while apoE-deficient mice generated by tar-
geted gene disruption exhibit large increases in plasma
cholesterol levels and develop premature atherosclero-
sis (8-11).

Although the liver is the major site of apoE synthesis
and secretion (12-14), a number of other peripheral
tissues have been shown to express this protein (13-18).
Macrophages, especially cholesterol-loaded foam cells,
express a significant amount of apoE (19-23). While
these cells actively synthesize apoE, our previous work
demonstrated that a significant portion of apoE is de-
graded prior to secretion (24). Furthermore, when HDL
is present in the incubation media, it is able to “rescue”
a substantial portion of the apoF. destined for intracel-
lular degradation and direct it to secretion (24). Recent
studies on apoE metabolism in the HepG2 hepatoma

Abbreviations: apo, apolipoprotein; TGN, trans-Golgi network;
DMEM, Dulbecco’s modified Eagle’s medium; SDS-PAGE, sodium
dodecylsulfate polyacrylamide gel electrophoresis; BFA, brefeldin A;
AC, ammonium chloride; CQ, chloroquine; ALLN, N-acetyl-leucyl-
leucyl-norleucinal; CHO, Chinese hamster ovary; FITC, fluorescein-
B-isothiocyanate; TRITC, tetramethyl rhodamine isothiocyanate;
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; ER, endoplasmic
reticulum; acLDL, acetylated low density lipoprotein; HDL, high
densnty lipoprotein.

'To whom correspondence should be addressed.

Journal of Lipid Research Volume 36, 1995 2129

2T0Z ‘2T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

cell line also indicate a substantial intracellular degrada-
tion of this protein by a neutral, Ca?*-dependent cysteine
protease (25). Intracellular degradation of apoB in
HepG2 cells (26, 27) and HMG-CoA reductase in CHO
cells (28) by Ca®*-dependent cysteine proteases has also
been recently described. The intracellular degradation
of these proteins appears to play a role in their post-
translational regulation of expression. In light of these
observations, we decided to examine intracellular meta-
bolism of apoE in primary mouse peritoneal macro-
phages. Our results suggest that the lysosome is the
compartment of apoE degradation in primary mouse
macrophages. Furthermore, the present results suggest
direct sorting of apoE into the endosomal/lysosomal
compartment, bypassing the secretory pathway. These
observations identify additional regulatory steps in apoE
expression in peripheral tissues. The specific, pH-de-
pendent secretion of apoE further points to the com-
plexity of apoE sorting in macrophages. Our results also
eliminate the endoplasmic reticulum and the Golgi com-
plex as the sites of degradation and neutral cysteine
proteases as the enzymes responsible for significant
intracellular degradation of apoE in macrophages.

MATERIALS AND METHODS

Materials

Chloroquine, ammonium chloride, leupeptin, and
brefeldin A were obtained from Sigma. ALLN (calpain
inhibitor I), antipain, pepstatin, chymostatin, and E-64
were obtained from Boehringer Mannheim. Metabolic
labeling of proteins was carried out using EXPRE35835S
protein labeling mixture (sp act > 1,100 Ci/mmol; NEN
DuPont). Rabbit antiserum to cathepsin D was pur-
chased from H.T.I. Bioproducts, Inc., and FITC and
TRITC coupled secondary antibodies were from Biodes-
ign International and Sigma, respectively. Gold-labeled
rabbit anti-goat IgG (5 nm) was obtained from Amer-
sham Life Sciences. All culture media, including DMEM,
methionine-free DMEM, fetal bovine serum, and antibi-
otics were purchased from Gibco.

Cell culture

Mouse peritoneal macrophages were obtained from
male Swiss-Webster mice (14-18 g; Harlan) 4 days after
an intraperitoneal injection of 1.5 ml of sterile 4%
thioglycolate broth. Cells were harvested and cultured,
as previously described (23). On the second day of
culture, the cells were routinely incubated with 25-hy-
droxycholesterol (0.8 pg/ml); this treatment did not
change the cellular sterol content or distribution, as
previously shown, but resulted in a 3-fold transcriptional
induction of apoE expression (24). After the oxysterol
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treatment, cells were washed and incubated in DMEM
for an additional 24-h period prior to the experiments.

Pulse-chase studies

Prior to the labeling, the cells were incubated briefly
(10 min) in methionine-free DMEM. They were then
pulsed for 60 min with [35S]methionine (40 uCi/ml) in
the presence or absence of individual protease inhibi-
tors in methionine-free DMEM. After the pulse period,
the cells were washed and then chased for up to 60 min
in DMEM containing the appropriate inhibitor. At each
time point of the chase period the cell-associated and
media [3%SlapoE was quantitatively immunoprecipi-
tated, as previously described (23). The sum of cell-asso-
ciated and media apoE activity at each time point repre-
sents total recovery, and is expressed as a percentage of
the cell-associated activity at the beginning of the chase
period (0 time chase). The difference between the
amounts of apoE recovered at 60 min of chase (cells and
media) and that present in the cells at 0 time of chase is
defined as the extent of degradation. Previous work and
additional experiments for these studies established that
the extent of [35S]apoE degradation in the media is
negligible (24). Parallel studies on the fate of total
cellular protein were also performed. Incorporation of
[35S]methionine into cellular and media proteins was
determined by trichloroacetic acid precipitation of an
aliquot of cell lysate or media, respectively, on a What-
man #5 filter paper disc.

Immunofluorescent microscopy

Macrophages growing on sterilized glass coverslips
were washed twice and incubated in DMEM + 100 pM
CQ for 2 h before fixation with 2% formaldehyde for 10
min at room temperature. Fixed cells were then washed
twice with 5 mil DPBS and permeabilized by incubating
for 10 min at RT in DPBS containing 0.1% Triton X-100
and 0.05% SDS. After three DPBS washes, intracellular
apoE and cathepsin D were labeled by incubating the
permeabilized macrophages with a mixture of purified
goat anti-rat apoE IgG and DEAE purified rabbit antis-
erum to cathepsin D for 60 min at room temperature.
Nonspecific binding was determined by an identical
procedure, except that a mixture of non-immune goat
IgG and non-immune rabbit antiserum was used in place
of the specific antibodies. In addition, cells were incu-
bated separately with either anti-apoE or anti-cathepsin
D. After washing in DPBS containing 1% Triton X-100,
coverslips were then incubated with either a mixture of
rabbit anti-goat IgG conjugated with FITC (apoE label-
ing) and goat anti-rabbit IgG conjugated with TRITC
(cathepsin D labeling) or the appropriate separate sec-
ondary antibody for single labeling for 60 min at room
temperature. All coverslips were then washed three
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times with DPBS before mounting in Mowiol containing
2.5% DABCO. All primary and secondary antibodies
were diluted with DPBS containing 3% BSA. Macro-
phages were viewed with a Zeiss Photomicroscope Il and
photographed using Kodak TMZ p3200 film.

Electron microscopy and immunocytochemistry

Cryofixation for the preparation of frozen sections
was accomplished as follows. Macrophages grown in
6-well plates were fixed with 0.2% glutaraldehyde/4%
formaldehyde in 0.125 M PIPES buffer, pH 7.4, and then
scraped immediately into conical centrifuge tubes. The
centrifuged cell pellet was resuspended in 1% BSA,
re-centrifuged, and the supernatant was removed. Fresh
fixative was then placed on the cells for 2 h at room
temperature. After centrifugation the cell pellets were
infiltrated overnight at room temperature with 2.1 M
sucrose in PIPES buffer with gentle agitation, placed on
stubs, and plunged into liquid N2. Sections of 80-100
nm thickness were cut using an Ultracut S microtome
and cryoattachment (Leica Inc., Deerfield, IL) and col-
lected on formvar carbon-coated nickel grids that had
been negatively charged before use. For immunostain-
ing, grids were washed 3 times for 5 min each with 0.1
M phosphate buffer, pH 7.4, then with 0.02 M glycine in
the same buffer twice for 7 min each, and finally with
the blocking agent (5% BSA, 0.85% NaCl, and 0.021%
MgCls - 6H20 in the same buffer) for 15 min. Blocked
grids were incubated with the appropriate concentra-
tion of anti-apoE antibody either for 20 h at 4°C or for
1 h at room temperature. After two washes in phos-
phate-buffered 0.1% BSA and three washes of distilled
water, a 5-nm IgG-gold probe was placed onto the grid
for 1 h. After washes, each grid was transferred onto a
drop of 2% methyl cellulose containing 0.2% wuranyl
acetate for 10 min, then the methyl cellulose was re-
moved and the grid was dried and viewed. Sections were
observed with a Hitachi 600 electron microscope (Hita-
chi Instruments, San Jose, CA) and pictures were taken
using Kodak SO-163 negative film. Appropriate con-
trols, omitting either primary or secondary antibodies
and substituting non-immune serum or non-related an-
tibody in their place, were performed.

Analytical procedures

Protein determinations were carried out according to
Lowry et al. (29) and SDS-PAGE by the method of
Laemmli (30). ApoE immunoprecipitates were resolved
in reduced, SDS-containing 10% polyacrylamide gels.
The apoE bands, identified by the use of mol wt and
apoE standards, were cut out, dissolved overnight in
30% hydrogen peroxide, and quantified by scintillation
spectroscopy. The cell lysate and media 35S-labeled pro-
tein precipitates on filter paper discs were washed ex-

tensively (2 x 12 h) in 10% trichloroacetic acid, 100%
ethanol, and ether. The dry discs were placed in scintil-
lation vials and counted after the addition of scintilla-
tion fluid.

RESULTS

ApoE turnover in 25-hydroxycholesterol-treated
macrophages

Studies in other laboratories indicate that the extent
of apoB degradation in the liver cell is regulated by the
availability of triglyceride for VLDL assembly and secre-
tion (26, 31). Although apoE secretion and cholesterol
efflux from macrophage-foam cells are independent of
each other (24, 32), it is possible that, in a situation
analogous to what is found in the hepatocyte, the
amount of unesterified cholesterol potentially available
for efflux may determine the extent of intracellular
apoE degradation. In our previous studies we examined
the cellular apoE ty in acLDL-derived cholesterol-
loaded macrophages in the presence or absence of
HDLs (24). In the present studies we examine apoE
turnover in cells exposed to trace amounts of 25-hy-
droxycholesterol (0.8 ug/ml), sufficient to up-regulate
apokE expression 3-fold, without causing a measurable
change in cellular cholesterol mass and distribution
(24). The fate of metabolically labeled, cell-associated
apok during a chase period of up to 60 min in these cells
is shown in Fig. 1. Cell-associated apoE activity decays
steadily during the chase period, with an apparent ty of
22 + 2 min, in a manner identical to that seen in
cholesterol-loaded cells (24), accompanied by a steady
increase in media apoE. The accumulation of apoE in
the media is maximal at 60 min chase (additional times
were examined but are not shown). It is clear, however,
that as previously reported in cholesterol-loaded cells
(24), a significant portion (>50%) of the cell-associated
apokE lost during the 60-min chase period in these cells
is not recovered in the media. It should be noted that
we previously demonstrated that the extent of apoE
degradation in the media or re-uptake by cholesterol-
loaded macrophages is negligible (5%) during this pe-
riod (24). Thus, as with cholesterol-loaded cells, a signifi-
cant portion (>50%) of newly synthesized apoE in
oxysterol-treated cells is most likely degraded intracellu-
larly, prior to secretion. The identical ty; and extent of
intracellular degradation of apoE in oxysterol-treated
cells, when compared to macrophages loaded with
acLDL, suggest that cellular cholesterol and cholesteryl
ester mass have no effect on the extent of intracellular
apoL degradation or secretion.
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Effect of brefeldin A on apoE turnover and
processing

In order to localize the site of intracellular apoE
degradation, we first examined the endoplasmic reticu-
lum and the Golgi apparatus. We took advantage of the
BFA-mediated blockage of the vectorial transport of
newly synthesized proteins from the ER to the Golgi,
and continuous recycling of the Golgi enzymes and
membrane into the ER (33, 34). Consequently, if degra-
dation of apoE took place in the ER or the Golgi
compartments, BFA would not be expected to inhibit
apoE degradation. The recovery of immunoprecipitable
cellular apoE in the presence of BFA (5 pg/ml) at
various times after chase initiation is shown in Fig. 2,
and the disappearance of [3S]apoE from BFA-treated
cells is compared to that from control cells. Treatment
of macrophages with BFA prevents apoE degradation
completely (3.1 £ 1.8% vs. 53 + 4% in control cells). It
should be noted that, in control cells, the apoE immu-
noprecipitates at all time points contain multiple bands,
a reflection of extensive sialiation (incubation with neu-
raminidase eliminates all but the lowest mol wt band;
data not shown). In contrast, intracellular apoE in BFA-
treated cells migrates as a single, neuraminidase-resis-
tant band, indicating the lack of addition of the terminal
sialic acid. As expected, BFA also completely inhibits
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Fig. 1. [*S]apoE turnover in oxysterol-treated mouse peritoneal
macrophages. Cells were cultured and treated with 25-hydroxy-
cholesterol as described in Materials and Methods. ApoE turnover was
examined by a pulse-chase design: cells were pulsed for 60 min in
methionine-free DMEM containing 40 pCi [*S]-met/ml. After the
pulse period, cells were chased for the indicated periods of time. At
each time point of the chase both cell-associated (open circles) and
media apoE (closed circles) were quantitatively immunoprecipitated
and quantified, as described in Materials and Methods. Each point
represents an average * SEM of three separate experiments of three
dishes per experiment.

2132 Journal of Lipid Research Volume 36, 1995

Cell-associated Apo E

. ‘ ws . | Control

Asialo\
e e e .' BFA- treated

0 20" 40" 60’
Chase Period

Fig. 2. Disappearance of [**S]apoE from control and brefeldin A-
treated cells. An experimental design similar to that described in the
legend for Fig. 1 was used. BFA was used at 5 pg/ml and was present
0.5 h before and during the pulse as well as chase periods. Cell-asso-
ciated [**S]apoE at various chase times was compared by fluorography
of the quantitative immunoprecipitates resolved by SDS-PAGE. The
presence of the asialo form of apoE in BFA-treated cells was confirmed
by neuraminidase treatment (results not shown).

total protein secretion. These experiments indicate that:
1) BFA prevents both intracellular degradation and
secretion of [3S]apoE, and 2) BFA completely prevents
the addition of the terminal sialic acid residues, the final
stage of apoE processing prior to secretion. Based on
the known mechanism of BFA action, these results
indicate that neither the endoplasmic reticulum nor the
Golgi components are responsible for the intracellular
degradation of apoE, and that the addition of sialic acid
occurs at the TGN or later.

Effect of lysosomotropic agents and protease
inhibitors on apoE degradation

In this series of experiments we examined the role of
lysosomal as well as neutral proteases in intracellular
degradation of apoE. The lysosomotropic agents ammo-
nium chloride (AC) and chloroquine (CQ) were used
first. As shown in Fig. 3 (A and B), both AC and CQ
treatments result in a profound and concentration-de-
pendent inhibition of apoE degradation; AC inhibits
apoE degradation by >70% at 50 mM, while CQ inhibits
apoE degradation by >80% at 100 uM. The role of
lysosomal enzymes in apoE degradation is further indi-
cated by the results obtained using a cocktail of four
lysosomal protease inhibitors: antipain, E-64 (both in-
hibit lysosomal cysteine proteases, cathepsins A, B, and
L), pepstatin (cathepsin D), and chymostatin (cathepsins
A, B, and D). The mixture of these inhibitors (each at
100 pg/ml) inhibits apoE degradation by 63% (see
Fig. 4). In light of the recent reports on the role of
Ca?*-dependent neutral cysteine proteases in the degra-
dation of a number of proteins involved in lipid meta-
bolism, including apoE (25), apoB (26) in HepG2 cells,
and HMG-CoA reductase (28) in CHO cells, we also
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Fig. 3. Effect of ammonium chloride (A), and chloroquine (B) on apoE degradation. Cells were incubated with
the indicated concentrations of lysosomotropic agents during the pulse (60 min) and chase periods. At the end
of the chase period (60 min) both cell-associated and media [3°S]apoE were quantitatively immunoprecipitated
and quantified. The extent of degradation was determined as the amount of cell-associated [**S]apoE at 0 time
chase minus the sum of media and cell-associated [**S]apoE at 60 min of chase. Detailed procedures are described
in Materials and Methods. The results are expressed as a percentage of cell-associated apoE at the end of the
pulse period (0 time chase). Each bar represents an average of two experiments of three dishes each + SEM.
Each of the treatment points is statistically significantly different from the untreated value (P < 0.05).

examined the effect of ALLN and leupeptin, inhibitors
of this protease (35). Leupeptin has no effect on the
extent of apoE degradation (data not shown). Treat-
ment of macrophages with ALLN at 50 and 100 pg/ml
inhibits apoE degradation by 20 and 30%, respectively
(Fig. 4). Compared to the lysosomotropic agents and
lysosomal enzyme inhibitors, ALLN thus affords apoE
relatively modest protection from degradation. As
shown in Fig. 5 (A-C), the inhibition of apoE degrada-
tion by CQ and AC is specific; these agents, as well as

_ s [ Control 1
S 100 | 1 ALLN 4 100
g L Inhibitor cocktail 1
o [ 1
© 75 F 75
&Q 3
8
g S0 f 50
el
< 3
33 [
= [ ]
o 25 F . 25
5] [
[=9
< [
0 0

0 50 100 100
Inhibitor concentration (pg/ml)

Fig. 4. Effect of ALLN and lysosomal protease inhibitor cocktail on
apoE degradation. The experimental design was identical to that
described for Fig. 3, except that ALLN or a cocktail of inhibitors was
used at indicated concentrations. The cocktail contained antipain,
E-64, pepstatin, and chymostatin dissolved in DMSO. The final con-
centration of DMSO was 0.1%. The ALLN data represent an average
of two experiments of three dishes each + SEM, while the inhibitor
cocktail data was obtained from a single experiment of six dishes. Each
of the treatment points is statistically significantly different from the
untreated value (P < 0.05).
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Fig. 5. Effect of chloroquine (A), and ammonium chloride (B) and
ALLN and lysosomal protease inhibitors (C) on total cellular protein
degradation and secretion. The experimental designs were identical
to those described in the legend for Fig. 3 and 4, except that
[**S]methionine incorporation into trichloroacetic acid-precipitable
proteins was determined as described in the Materials and Methods.
The extent of degradation (closed circles and squares) and secretion
(open circles and squares) in cells treated with chloroquine (A),
ammonium chloride (B), and ALLN (circles) or the lysosomal protease
inhibitor cocktail (squares), (described in the legend for Fig. 4) (C),
were related to those measured in control (untreated) cells.
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Fig. 6. Effect of ammonium chloride (A) and chloroquine (B) on apoE secretion. Experimental design is
identical to that described in the legend for Fig. 3. The extent of [**SJapoE secretion was quantified by
quantitative immunoprecipitation, as described in the Materials and Methods, and expressed as a percentage
of cell-associated apoE at the end of the pulse period (0 time chase). Each bar represents an average of two
experiments of three dishes each + SEM. Each of the treatment points is statistically significantly different from

the untreated value (P < 0.05).

the lysosomal protease inhibitors, have no effect on total
cellular protein degradation. In contrast, the modest
effect of ALLN on apoE degradation is accompanied by
a >80% inhibition of total cellular protein degradation,
pointing out a rather nonspecific effect.

Effect of lysosomotropic agents on apoE secretion

Our initial hypothesis suggested that inhibition of
apoE degradation would lead to a compensatory in-
crease in apoE secretion. We examined this in the next
series of experiments and the results are shown in Fig. 6
(A and B). Both lysosomotropic agents exhibit a biphasic
effect on apoE secretion. At lower concentrations
(0.05-10 mM AC or 10 uM CQ), they inhibit apoE
degradation and, as expected, stimulate apoE secretion.
Higher concentrations of these agents (>10 mM AC or
>10 uM CQ) not only prevent apoE degradation, but also
inhibit apoE secretion by 50-90%. The inhibitory effects
of these agents on apoE secretion appear to be specific,
as both CQ and AC stimulate the secretion of total,
trichloroacetic acid-precipitable proteins by macro-
phages in a dose-dependent manner (Fig. 5). Although
we previously ruled out significant re-uptake of secreted
apoE by macrophages (24), we examined the extent of
apok re-uptake by CQ-treated macrophages. Treatment
of macrophages with 100 pmM CQ has little additional
effect on re-uptake; it essentially reduces re-uptake from
aminimal value of ~5% to a negligible value of <3% (data
not shown).

The inhibitory effect of CQ (100 pM) on apoE secre-
tion in a pulse-chase experiment is shown in Fig. 7. It is
apparent that 1) CQ treatment results in a block in apok
secretion, an effect analogous to that of BFA, and 2) in
contrast to the effect of BFA, cellular apoE in the

2134 Journal of Lipid Research Volume 36, 1995

presence of CQ) is partially sialiated, and the extent of
sialiation increases with the time of incubation (Fig. 7B),
suggesting that the block in apoE secretion is post-TGN.

.‘..I:é

100

75

50

% apoE

25

0 20 40 60

Chase Period (min.)

Fig. 7. Effect of chloroquine (100 pMm) on apoE secretion and extent
of sialiation. A pulse-chase experimental design described in Materials
and Methods was used. CQ was present in all stages of the experiment.
ApoE immunoprecipitates from cell lysates were resolved by SDS-
PAGE and visualized by fluorography (top panel). The relative distri-
bution of sialiated (open portion of the bars) and asialo (closed portion
of the bars) forms of apoE was estimated by quantitative computerized
scanning (PDI, Inc.), and results from a typical experiment (one of
three) are shown (bottom panel).
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Immunofluorescent light microscopy of
macrophages

As high concentrations of CQ inhibit both apoE
degradation and secretion, we compared control and
CQ-treated irnmunostained macrophages at the light
microscopic level in order to localize intracellular apoE.
As can be seen in Fig. 8 (A-D), addition of CQ to
macrophages leads to a slightly enhanced overall stain-
ing of the cells for apoE and cathepsin D, a lysosomal
enzyme active in both mature lysosomes and endosomes
(36). Both of these proteins colocalize in intensely
stained cytoplasmic vesicles predominantly near the cell
surface and around the large vacuoles, characteristic of
macrophages (37). Co-localization of apoE with cathep-
sin D provides further indication of apoE distribution
in the endosomal/lysosomal compartment. The pres-
ence of these vesicles may be seen more clearly in
magnified cells (Fig. 8, F) immunostained for both apoE
and cathepsin D. In contrast, intensely stained cytoplas-
mic vesicles are not seen in control cells; both apoFE and
cathepsin D are distributed more evenly in smaller
punctate bodies throughout the cytoplasm. Non-im-
mune antibodies (Fig. 8, E) resulted in little immunola-
beling.

Electron microscopy and immunolocalization of
apoE

To further investigate the results obtained at the light
microscopic level and to confirm our biochemical data,
we also examined apoE distribution within the macro-
phage by immunogold labeling of thin frozen sections.
As can be seen in Fig. 9 (A-D), use of non-immune
antibody followed by the secondary, gold-conjugated
antibody results in little or no immunolabeling (Fig. 9A).
In contrast, when the specific anti-apoE antibody is used
on untreated macrophages, gold-labeled apoE can
clearly be observed in endosomes and lysosomes (Fig.
9B). Treatment of macrophages with brefeldin A, which
prevents both the degradation and secretion of newly
synthesized apoE, results in almost complete loss of gold
label from the endosomal/lysosomal compartment (Fig.
9C). In CQ-treated cells (100 uM), endosomal labeling
remained unchanged or was even heavier (Fig. 9D),
supporting the data obtained by fluorescent light mi-
croscopy and described above.

DISCUSSION

Our present studies establish that apoE turnover and
the extent of its intracellular degradation are inde-
pendent of the macrophage sterol content. The cellular
apokE halflife of 22 + 2 min in oxysterol-treated macro-

phages observed in these experiments is identical to that
observed in macrophage-foam cells produced by load-
ing with acLDL and reported earlier by this laboratory
(24). The extent of apoE intracellular degradation (>
50%) is also indistinguishable from that observed in
cholesterol-loaded cells.

Extensive studies in HepG2 cells provide convincing
evidence for the continuous degradation of apoB within
the ER compartment (38). Accordingly, we examined
the role of this compartment in apoE degradation by the
use of BFA, a compound that blocks the vectorial trans-
port of newly synthesized proteins from the ER to the
Golgi, but not the recycling of the Golgi components
into the ER (33, 34). The apoE trapped in the ER under
these conditions is not measurably degraded over the
60-min chase period, indicating that it is protected from
degradation within this compartment. It should also be
noted that the trapped apoE is incompletely processed,
lacking the terminal sialic acid residues. This observa-
tion provides evidence that the sialiation of apoE, an
O-linked glycoprotein, occurs in the TGN or later. The
effectiveness of the BFA treatment in inhibiting apoE
secretion was confirmed by quantitative immunopre-
cipitation of media apoE and by electron microscopy,
where a nearly complete absence of gold labeling was
noted in endosomes and lysosomes.

The lysosomotropic agents CQ and AC effectively
inhibit the receptor-ligand dissociation and lysosomal
protein degradation by increasing the lysosomal (39)
and endosomal (40) pH. Treatment of macrophages
with either of these agents results in a dose-dependent
and nearly complete inhibition of apoE degradation
with CQ being more effective in this action than AC.
This is not surprising, as CQ is over 100-fold more
effective (in terms of concentrations) in achieving an
equivalent change in lysosomal pH in macrophages (41).

The role of lysosomal proteases in apoE degradation
is further confirmed by the use of a cocktail consisting
of four inhibitors of lysosomal proteases. Although
these inhibitors were used at concentrations of 100
Hg/ml, the extent of their penetration of intact cells is
not known. The lack of complete inhibition of apoE
degradation (or approaching that seen with AC or CQ)
may be due to relatively low intraceliular concentrations
of these inhibitors or due to action of other lysosomal
proteases that are not inhibited by these agents. Never-
theless, these agents are significantly more effective in
protecting apoE from degradation than ALLN or leu-
peptin. The relatively small inhibition of apoE degrada-
tion by ALLN observed by us may be due to its well-docu-
mented effect on lysosomal cysteine proteases
(cathepsins B and L) (42).

Immunolocalization of apoE followed by both light
and electron microscopy provides additional evidence
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Fig. 8. Effect of chloroquine on the distribution of apoE and cathepsin D in macrophages. Confluent monolayers grown on coverslips were immunostained for
apoE and cathepsin D as described in Materials and Methods. A-D are double labeled for apoE and cathepsin D. A and C show cathepsin D localization, while B and
show apoE localization; (A and B) untreated; no drug was present in the medium; final magnification is 745 x. (C and D) chloroquine-treated cells; CQ was added
to the medium to a final concentration of 100 pM. Note that apoE and cathepsin D co-localize in vesicles (arrows); final magnification is 745 . (E) control; non-immune
oat IgG (left ancl? or non-immune rabbit serum (right pan08 was substituted for the primary antibodies; final magnification is 745 x. (F) chloroquine-treated cell;
%Q was added to the medium at a final concentration of 100 pM. Cells were immunostained for either apoE (right panel) or cathepsin D (left panel). Note the
accumulation of apoE and cathepsin D in cytoplasmic vesicles (arrows); final magnification is 1340 x.
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Fig. 9. Immunogold localization ol&%oli in mouse macrophages. Crz-oﬁxation for the preparation of frozen sections is described in Materials and Methods. Cells
were then immunostained with a 1:1000 dilution of &:chlonal goat anti-apoE, followed by incubation with a 1:50 dilution of 5 nm gold-cqn anti I}G. (A)
control; non-immune goat IgG was substituted for rimary antibody. (B) untreated; no drugs were present in the media. (C) brefeldin A-treated ; BFA was
added to the media at 5 pg/ml; note low levels of gold gbeling in endosomes and lysosomes when cot:;plared to '(B) i was

magnifica

o
the media to a final concentration of 100 uM. 1, mature lysosomes, e, endosomal compartment. The fi

. (D) chlos ed cells; C
l.iS)n)i‘l':l m'?-qm"s\%foooci Q
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Fig. 10. Potential pathways of lysosomal targeting of apoE in mouse
macrophages. Two potential pathways of apoE targeting to the lysoso-
mal compartment can be envisioned: 1) direct intracellular targeting
of a fraction of apoE to the lysosomes, analogous to the targeting of
lysosomal enzymes, or 2) secretion of apoE, a fraction of which
remains tightly bound to a component of the external side of plasma
membrane, followed by endocytosis and delivery to the lysosome.

for lysosomal degradation of apoE in primary macro-
phages. This is in contrast to HepG2 cells, where both
lysosomal and Ca*-dependent cytosolic cysteine pro-
teases may be responsible for the intracellular degrada-
tion of apoE (25).

In contrast to the uniform, dose-dependent inhibition
of apoE degradation by the lysosomotropic agents, their
effect on apoF secretion is biphasic. At lower concentra-
tions the inhibition of apoE degradation is accompanied
by increased secretion, while at higher concentrations
apok secretion is also inhibited. Thé stimulation of apoE
secretion with low doses of inhibitors is of particular
interest. Both CQ and AC have been reported to inter-
fere with protein trafficking in cells. In addition to their
well-known disruption of the ligand-receptor uncou-
pling and consequent depletion of the receptor from
the plasma membrane, shown for a number of recep-
tor-ligand pairs (43-46), both AC and CQ stimulate the
secretion of lysosomal enzymes due to the mannose-6-
phosphate receptor sequestration (47). Our observa-
tions would thus imply that 1) sorting of apoE for
lysosomal degradation is sensitive to very small changes
in pH, and 2) an intracellular receptor for apoE target-
ing may be involved. In this respect, it should be noted
that a number of intracellular apoE-binding proteins
have been described, including a 59 kD protein residing
in the ER (48). Greater changes in pH apparently inhibit,
specifically, the transport of apoE through the secretory
pathway as well, resulting in a nearly complete inhibition
of secretion. The specific effect of pH on apoE may be
explained by subtle, pH-dependent conformational
changes in the tertiary structure of apoE which may
directly or indirectly interfere with its transport through
the secretory route. The specific inhibition of apoE
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secretion by CQ is not due to increased re-uptake by the
macrophages; in fact, CQ essentially completely abol-
ishes the already low levels of apoE reuptake.

These observations raise questions regarding the
pathway apoE must take to arrive in the lysosome and
beyond. Previously reported work from this laboratory
(24) demonstrated that macrophages do not take up
apoE from macrophage-conditioned media to a signifi-
cant extent (5% over 120 min). In the present studies we
extend this observation to CQ-treated cells as well. Two
potential pathways, shown in Fig. 10, can thus be envi-
sioned. First, direct intracellular targeting of a fraction
of apoE to the lysosomes, analogous to the targeting of
lysosomal enzymes, or 2) secretion of a fraction of apoE
that remains tightly bound to a component of the exter-
nal side of plasma membrane, followed by endocytosis
and delivery to the lysosome. The observations of sur-
face-bound cell-associated apoE in HepG2 cells (49)
support the second hypothesis. Furthermore, Kruth et
al. (50) have described a new endocytic mechanism in
human monocyte-derived macrophages, in which apoE
is localized within surface-connected compartments. It
may be that the higher concentrations of CQ prevent
the release of apoE from these sequestration sites. It
should be pointed out, however, that Kruth’s compart-
ments did not contain cathepsin D, which suggests that
the endosomes we observe are different. As CQ treat-
ment blocks 90% of apoE secretion (and completely
inhibits re-uptake), it is difficult to envision how a greatly
diminished transport of apoE to the cell surface can lead
to increased endosomal accumulation, unless apokE is
targeted directly to this compartment from the TGN.
Evidence for such delivery has recently been established;
a proportion of newly synthesized lysosomal enzymes
and class II major histocompatibility complex antigens
(51) as well as transferrin receptors (52) have been
shown to be carried directly to the endosomal compart-
ment from the Golgi. Thus, the endosome as well as the
TGN may play a critical role in protein sorting. Clearly,
additional work is needed in this area.

In summary, it appears that pH gradients in the
various compartments, beginning with and distal to the
trans-Golgi compartment play an important role in the
sorting and trafficking of apoE. A relatively small change
in pH is sufficient to divert apoE destined for lysosomes
to the secretory pathway. This part of the sorting process
may involve an interaction with a specific apoE recep-
tor/binding protein. Greater changes in pH may impair
apoE transport to the cell surface. These observations
further point to the complexity of apoE metabolism in
macrophages. il
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