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Fig. 4. Inactivation of an MCM protein after the activation of early origins
of DNA replication blocks S-phase progression irreversibly. Cells were
grown in the medium YP+Galactose. (A) Samples were taken throughout
the experiment to make protein extracts, and the levels of Mcm4-td and
Ubr1 were determined by immunoblot analysis [for details of antibodies,
see (717)]. The loading control shows Ponceau S staining of a portion of
the membrane used to detect Mcm4-td, between the 200 and 97 kD

Essential Role for Cholesterol in

markers. (B) Cell viability was determined during the experiment de-
scribed in (A) by plating cells on YPD (YP+dextrose) plates and counting
the number of colonies after 2 days of incubation at 24°C. (C) At the end
of the experiment described in (A), cells were released from o factor
arrest [(i) and (ii)] and hydroxyurea arrest [(iii) and (iv)], and incubation
was continued in fresh medium at 24°C for the indicated times. DNA
content was monitored by flow cytometry.

sion of phagosomes with lysosomes (4).

Entry of Mycobacteria into
Macrophages

John Gatfield and Jean Pieters*

Mycobacteria are intracellular pathogens that can invade and survive within
host macrophages, thereby creating a major health problem worldwide. The
molecular mechanisms involved in mycobacterial entry are still poorly char-
acterized. Here we report that cholesterol is essential for uptake of mycobac-
teria by macrophages. Cholesterol accumulated at the site of mycobacterial
entry, and depleting plasma membrane cholesterol specifically inhibited my-
cobacterial uptake. Cholesterol also mediated the phagosomal association of
TACO, a coat protein that prevents degradation of mycobacteria in lysosomes.
Thus, by entering host cells at cholesterol-rich domains of the plasma mem-
brane, mycobacteria may ensure their subsequent intracellular survival in

TACO-coated phagosomes.

Macrophages play an important role in the
host defense against bacteria because of their
capacity to phagocytose and to degrade mi-
crobes in lysosomes. Mycobacteria, which
are highly successful pathogens, resist deliv-
ery to lysosomes and instead survive within a

www.sciencemag.org SCIENCE VOL 288 2 JUNE 2000

specialized vacuole, the mycobacterial
phagosome (/-3). The bacteria survive intra-
cellularly because they are able to actively
recruit and retain TACO (for tryptophane
aspartate—containing coat protein) at the my-
cobacterial phagosome, where it prevents fu-

TACO lacks a putative transmembrane do-
main, which suggests that it is a peripherally
associated protein. To analyze the associa-
tion of TACO with the phagosomal mem-
brane, murine macrophages were infected
with Mycobacteria bovis Bacille Calmette-
Guérin (BCG). Subjection of isolated phago-
somes to conditions known to release mem-
brane-associated proteins, such as high salt (1
M NaCl), sodium carbonate (pH 11), and
Triton X-100 (1%), did not solubilize TACO
(Fig. 1A), although some background release
was apparent because of the fragility of iso-
lated phagosomes. However, extraction of the
phagosomes in 0.02% digitonin, a cholesterol-
sequestering reagent (5), resulted in com-
plete solubilization of TACO, to the same
degree as disruption of the phagosomes in
SDS or urea (Fig. 1A). Similarly, digitonin,
but not Triton X-100, disrupted TACO asso-
ciation with membranes from uninfected cells
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(Fig. 1C). Furthermore, in cells depleted of
cholesterol (6), TACO was not associated
with the membrane fraction (Fig. 1D). TACO
was completely solubilized after Triton
X-100 treatment at 25°C (Fig. 1E), which
suggests that incomplete extraction was not
because of cytoskeletal association (7). Thus,
TACO is associated with membranes in a
cholesterol-dependent manner.

To analyze the distribution of cholesterol
during phagocytosis, macrophages that had
taken up M. bovis BCG expressing the green
fluorescent protein (GFP) (8) for 1 hour, fol-
lowed by a 2.5-hour chase, were fixed and
analyzed by fluorescence microscopy. Cho-
lesterol was visualized by using the choles-
terol-binding compound filipin (9, 10).
Whereas in uninfected macrophages choles-
terol was distributed at the plasma mem-
brane, as well as in intracellular stores (Fig.
1B), infection of macrophages with myco-
bacteria resulted in relocation and accumula-
tion of cholesterol at the site of bacterial entry
in all phagocytosing cells examined (Fig.
1B).

To further analyze the role of cholesterol
in mycobacterial uptake, cellular cholesterol
levels were reduced by pharmacological in-
hibition of cholesterol synthesis followed by

S N
A 00&\ \@O
P 5 P 8

Fig. 1. Association of
TACO with the (A) pha-
gosomal and (C through
E) plasma membrane.
Phagosomes (A) or
membranes (C through
E) were isolated from
J774A.1 macrophages
as described (4, 24,
25) and incubated in
extraction buffer (20
mM Hepes, pH 7, 5 mM
MgCl,, and 100 mM S
NaCl) supplemented & &
as indicated for 30 =
min at 4°C (A, C, and D)
or 25°C (E). After sed-
imentation at 20,000g
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and supernatants (S)
were analyzed for the
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SDS—polyacrylamide gel
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and immunoblotting. (B)
Distribution of choles-
terol during mycobacte-
rial uptake.  J774A1 c 4
macrophages were in-
cubated with M. bovis
BCG expressing GFP
(26) for 1 hour, washed,
and chased for an addi-
tional 2 hours. Choles-
terol was localized after
fixation of the cells in
3% paraformaldehyde
at 37°C for 10 min fol-
lowed by incubation in

31—
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extraction of residual cholesterol from the
plasma membrane (6). Cholesterol depletion
led to a specific decrease in total cellular
cholesterol levels (~60 to 70%) as deter-
mined by thin-layer chromatography (TLC)
and densitometry (Fig. 2, C and D). Choles-
terol-depleted macrophages were infected
with metabolically labeled M. bovis BCG,
and the degree of uptake was analyzed. De-
pletion of plasma membrane cholesterol re-
sulted in a reduction of mycobacterial uptake
of ~85 to 90% by both the macrophage cell
line J774A.1 and bone marrow—derived mac-
rophages (Fig. 2A). In addition, cholesterol
depletion caused a similar reduction of M.
tuberculosis uptake of ~85% (Fig. 2B). To
test whether inhibition of uptake was specific
for mycobacteria or occurred as a result of a
general inhibition of all phagocytic events,
the ability of depleted macrophages to phago-
cytose various other microorganisms was an-
alyzed. Depleted macrophages were still ca-
pable of internalizing Escherichia coli, Yer-
sinia pseudotuberculosis, Salmonella typhi-
murium, and Lactobacillus casei (Fig. 2B).
To visualize phagocytosis events in nor-
mal and cholesterol-depleted macrophages,
cells were followed by time-lapse video
microscopy after the addition of bacteria.
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0.05% (w/v) filipin (blue) (Sigma) (70) in PBS for 4 hours at room temperature. Scale bar, 10 wm.

Mycobacteria were readily phagocytosed
by control macrophages (Fig. 3A and see
video at www.bii.ch/pieters/movies.html),
whereas depletion of cellular cholesterol
resulted in an abrogation of mycobacterial
uptake (Fig. 3A and see video). Instead of
being internalized, the bacilli became
loosely associated with macrophage mem-
branes (Fig. 3A). Quantification of phago-
cytic events observed after video microsco-
py revealed that the percentage of phago-
cytosing cells was reduced to ~15% after
cholesterol depletion (Fig. 3B).

As cholesterol is involved in the regu-
lation of membrane fluidity (11, 12), deple-
tion may affect other cellular functions be-
sides mycobacterial uptake. To analyze
whether depletion of surface cholesterol
caused a general malfunctioning of the
plasma membrane, the overall motility, as
well as the membrane ruffling, of control
and depleted cells was analyzed. All cells
under control and cholesterol-depleted con-
ditions showed membrane ruffling (Fig.
3C), although qualitative differences were
apparent, most likely because of altered
membrane fluidity (see video). Consistent
with a role for cholesterol in providing
rigidity to the cell surface (/2), cellular
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motility was moderately enhanced after
cholesterol depletion (Fig. 3D). In addition,
the effect of cholesterol depletion on pro-
tein biosynthesis was analyzed and found to
be equal in control and depleted cells (Fig.
3E).

To better understand the role of cholester-
ol in mycobacterial entry, the receptor mole-
cules involved were analyzed. Whereas man-
nan did not block mycobacterial uptake (13),

Fig. 2. Effect of cholesterol depletion on myco-
bacterial entry. (A) Control (black bars) and cho-
lesterol-depleted (6) (gray bars) subconfluent
monolayers of J774 cells or bone marrow—de-
rived macrophages (BMM) (27) were infected
with metabolically labeled M. bovis BCG
(ODggo = 3 in DMEM) for 1 hour, followed by a
2.5-hour chase, after which the cell-associated
radioactivity was determined. The relative
amount of uptake was determined by dividing
counts per minute by the cell number in every
sample. Results shown represent mean values
(£SD) from three experiments and are corrected
for background adherence occurring at 4°C. Au,
arbitrary units. (B) Control and cholesterol-de-
pleted |774 cells were allowed to internalize the
different GFP-expressing (ODgyq = 2) or meta-
bolically labeled (ODgo, = 3) microorganisms
(28). Phagocytosis was corrected for background
adherence in the cold and is expressed as percent
phagocytosed bacilli compared with macro-
phages that were not depleted. (C and D) Anal-
ysis of cholesterol content in control and deplet-
ed J774 macrophages by TLC (C) and fluores-
cence microscopy (D). TLC analysis was per-
formed as described (29), and visualized using
3% cupric acetate in 15% aqueous phosphoric
acid and exposure of the TLC plate at 120°C for
1 hour.

Fig. 3. Time-lapse video microscopy. Control and
cholesterol-depleted J774 macrophages grown
to 20% confluency were incubated with myco-
bacteria (ODgo, = 0.1), and 1-hour sequences
were recorded by video microscopy using a dig-
ital camera (Hamamatsu Photonics, Japan) con-
nected to a Zeiss Axiophot equipped with a
thermostated (37°C) and CO, (5%) equilibrated
chamber and Openlab software (version 2.0).
(A) Example of a phagocytic event from control
(upper panels) and cholesterol-depleted (lower
panels) macrophages. Bacteria are indicated by
arrows. Time points are indicated in minutes.
seconds. Scale bar, 10 um. Full video sequences
can be accessed at www.bii.ch/pieters/movies.
html. (B) Quantification of phagocytic events
(control, 95 cells recorded from seven sequenc-
es; depleted, 89 cells recorded from eight se-
quences). Shown are mean values (£SD). (C and
D) Effect of cholesterol depletion on membrane
ruffling (C) and cell locomotion (D) determined
from the sequences used in (B). Active move-
ment of cells over a distance of 50 wm within 1

REPORTS

antibodies against complement receptor type
3 (anti-CR3) (/4-17) blocked the entry of
mycobacteria into J774A.1 cells, as well as
into bone marrow—derived macrophages
(Fig. 4A). To define the role of cholesterol in
CR3-mediated uptake per se, macrophages
were depleted of cholesterol and the capacity
of control and depleted macrophages to
phagocytose L. casei in a CR3-dependent
manner was analyzed. Cholesterol-depleted

and control cells showed an equal capacity to
internalize L. casei, and the uptake of L. casei
in both depleted and control macrophages
was inhibited by anti-CR3 antibodies (Fig.
4B). Thus, cholesterol is not required for
complement receptor function in general but
specifically for mycobacterial entry.
Because cholesterol is not required for
complement receptor function, but is nev-
ertheless crucial for mycobacterial entry
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hour was considered locomotion. (E) Protein biosynthesis in control and cholesterol-depleted J774 cells. Cells were metabolically labeled for 1 hour
with [33S]methionine and cysteine, washed, and lysed as described (30). Shown are mean values (+SD) from three experiments.
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Fig. 4. (A) Effect of anti-CR3 antibodies (Serotec) on uptake of meta-
bolically labeled mycobacteria by J774 and bone marrow—derived mac-
rophages (BMM). (B) Effect of cholesterol depletion on CR3-mediated
uptake of serum opsonized GFP-expressing lactobacilli by J774 macro-
phages. Cells were preincubated with the anti-CR3 antibodies for 10 min
followed by the addition of bacteria for a period of 40 min. AU, arbitrary
units. In (A) monoclonal antibodies M1/70 and 5C6 (80 p.g/ml each) were
used as a mixture; in (B) only 5C6 (20 pg/ml) was tested. (C) Cholesterol

into macrophages, we next explored the
possibility that mycobacteria could directly
bind to cholesterol. Mycobacteria displayed
a high binding capacity for cholesterol
(Fig. 4C), whereas none of the other micro-
organisms analyzed displayed a similar
binding of cholesterol, with the exception
of Yersinia; the significance of this affinity
is presently unclear, as cholesterol does not
play a role in Yersinia uptake (Fig. 2B).

Together, our results indicate that plas-
ma membrane cholesterol is required for a
stable physical interaction of the mycobac-
teria with the plasma membrane, as a result
of which the mycobacteria can be efficient-
ly internalized. What may be the benefit of
cholesterol-mediated entry for mycobacte-
ria? Because TACO associates with the
phagosomal membrane in a cholesterol-de-
pendent manner, mycobacteria that enter
macrophages at cholesterol-containing plas-
ma membrane domains are subsequently se-
questered in TACO-coated phagosomes, pre-
venting lysosomal delivery and ensuring in-
tracellular survival.

One of the hallmarks of mycobacteria is
the extremely glycolipid-rich cell wall (18),
which may contain compounds involved in
cholesterol-mediated entry into macro-
phages. The availability of a blueprint for
the biochemical pathways operating in M.
tuberculosis through the elucidation of its
complete genome sequence (/9, 20) might
allow the identification of components that
may prove to be targets for anti-mycobac-
terial reagents.
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