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Transfection of Mv1Lu mink lung type II alveolar cells with b1–6-N-acetylglucosaminyl trans-
ferase V is associated with the expression of large lysosomal vacuoles, which are immunofluo-
rescently labeled for the lysosomal glycoprotein lysosomal-associated membrane protein-2 and
the b1–6-branched N-glycan-specific lectin phaseolis vulgaris leucoagglutinin. By electron mi-
croscopy, the vacuoles present the morphology of multilamellar bodies (MLBs). Treatment of the
cells with the lysosomal protease inhibitor leupeptin results in the progressive transformation of
the MLBs into electron-dense autophagic vacuoles and eventual disappearance of MLBs after 4 d
of treatment. Heterologous structures containing both membrane lamellae and peripheral elec-
tron-dense regions appear 15 h after leupeptin addition and are indicative of ongoing lysosome–
MLB fusion. Leupeptin washout is associated with the formation after 24 and 48 h of single or
multiple foci of lamellae within the autophagic vacuoles, which give rise to MLBs after 72 h.
Treatment with 3-methyladenine, an inhibitor of autophagic sequestration, results in the signifi-
cantly reduced expression of multilamellar bodies and the accumulation of inclusion bodies
resembling nascent or immature autophagic vacuoles. Scrape-loaded cytoplasmic FITC-dextran is
incorporated into lysosomal-associated membrane protein-2–positive MLBs, and this process is
inhibited by 3-methyladenine, demonstrating that active autophagy is involved in MLB formation.
Our results indicate that selective resistance to lysosomal degradation within the autophagic
vacuole results in the formation of a microenvironment propicious for the formation of membrane
lamella.

INTRODUCTION

Multilamellar bodies (MLBs) are membrane-bound cellular
organelles, which vary in size from 100-2400 nm, are com-
posed of concentric membrane layers, and frequently exhibit
an electron-dense core. MLBs are found in numerous cell
types where they function in lipid storage and secretion
(Schmitz and Müller, 1991). In lung type II alveolar cells,
MLBs function as secretory granules whose exocytosis re-
sults in the deposition of the tubular myelin forms of sur-
factant on the surface of the alveolae (Hatasa and Naka-

mura, 1965; Ryan et al., 1975; Williams, 1977). The surfactant
film over the alveolar epithelium regulates the surface ten-
sion at the air–cell interface and protects the alveola from
collapse during respiration (Haagman and van Golde, 1991).

Although the secretory function of MLBs in type II alve-
olar cells is well established, the precise mechanism of MLB
biogenesis remains unclear. Autoradiographic studies of
murine type II alveolar cells of mouse lungs showed that
although phospholipids labeled with [3H]choline are deliv-
ered directly from the Golgi to the MLB, proteins metabol-
ically labeled with [3H]leucine are visualized within mul-
tivesicular bodies before delivery to MLBs (Chevalier and
Collet, 1972). Surfactant proteins A, B, and C are delivered
via multivesicular bodies to MLBs, and multivesicular bod-
ies are proposed as the site of processing of surfactant pre-
cursor to mature forms; both multivesicular bodies and
MLBs express the lysosomal marker CD63 and are therefore
part of the lysosomal pathway (Voorhut et al., 1992, 1993).
The lysosomal nature of the MLB has been demonstrated by
the localization of various lysosomal enzymes to this or-
ganelle (Balis and Conen, 1964; Hatasa and Nakamura, 1965;
Goldfischer et al., 1968; Hoffman, 1972; DiAugustine, 1974;
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Heath et al., 1976; Hook and Gilmore, 1982; de Vries et al.,
1985).

It has been previously suggested based on morphological
criteria that MLBs form via cellular autophagy (Balis and
Conen, 1964; Sorokin, 1967; Flaks and Flaks, 1972; Stratton,
1978). Autophagy is a normal degradative process that exists
in all eukaryotic cells and is stimulated in response to a
variety of environmental stresses, which necessitate the use
of autophagic mechanisms to enable cellular survival (Seg-
len and Bohley, 1992; Dunn, 1994). Degradative autophagic
vacuoles (AVd) form after acquisition of lysosomal proper-
ties by nascent, immature autophagic vacuoles (AVi), which
present multiple limiting membranes and are considered to
form by the sequestration of cytoplasm by smooth endoplas-
mic reticulum membranes (Dunn, 1990; Furuno et al., 1990;
Ueno et al., 1991). The lysosomal nature of both the autoph-
agic vacuole and the MLB supports a relationship between
the two organelles; however, definitive evidence of a role for
autophagy in MLB biogenesis has yet to be demonstrated.

Transfection of the immortalized Mv1Lu cell line, derived
from mink lung type II alveolar cells, with b-1–6-N-acetyl-
glucosaminyl transferase V (GlcNAc-TV), the enzyme re-
sponsible for the b-1–6 branching of N-glycans, which fa-
vors the addition of elongated polylactosamine chains,
results in the loss of contact inhibition, decreased substrate
adhesion, increased susceptibility to apoptosis and in-
creased tumorigenicity in nude mice (Demetriou et al., 1995).
GlcNAc-TV-transfected Mv1Lu cells also exhibit increased
phaseolis vulgaris leucoagglutinin (L-PHA) reactivity of ly-
sosomal-associated membrane protein-2 (LAMP-2), demon-
strating that increased GlcNAc-TV activity alters the b1–6
branching of this heavily glycosylated lysosomal glycopro-
tein (Demetriou et al., 1995). We show here that in contrast to
untransfected Mv1Lu cells, which exhibit none or at best few
MLBs, GlcNAc-TV-transfected Mv1Lu cells stably express
numerous cytoplasmic MLBs. MLB formation in the Glc-
NAc-TV transfectants is reversibly regulated by leupeptin,
an inhibitor of lysosomal proteases, demonstrating that ly-
sosomal degradation is necessary for the formation of the
membrane lamella of the MLB. It is also inhibited by
3-methyladenine (3-MA), a specific inhibitor of early stages
in autophagic vacuole formation (Seglen and Gordon, 1982),
and we demonstrate the necessary role for autophagy and
autophagic vacuole biogenesis in MLB formation.

MATERIALS AND METHODS

Cell Culture
Mv1Lu mink lung epithelial cells, mock-transfected Mv1Lu cells
(C1), and the GlcNAc-TV-transfected Mv1Lu cell lines (R2, M9, and
M1) (Demetriou et al., 1995) were grown in Dulbecco’s modified
Eagle’s medium supplemented with glutamine, nonessential amino
acids (Life Technologies, Oakville, Ontario, Canada), and 10% FBS
(Immunocorp, Laval, Quebec, Canada) in an air-5% CO2 atmo-
sphere at constant humidity at 37°C. The medium of the transfected
cell lines (C1, R2, M9, and M1) was supplemented with 600 mg/ml
G418 (Life Technologies) to maintain the transfected phenotype. For
all experiments, cells were plated at a density of 40,000 cells/cm2,
and the medium was replaced every 2 d. Leupeptin (Roche Diag-
nostics, Laval, Quebec, Canada) was added to cell cultures at a
concentration of 2 mg/ml, and 3-MA (Sigma, St. Louis, MO) was
added at a concentration of 10 mM.

Immunofluorescence
Cells cultured on glass coverslips were fixed by the addition of
precooled (280°C) methanol/acetone (80:20% vol/vol) directly to
the coverslips and then placed at 220°C for 15 min. After fixation,
the cells were rinsed extensively with PBS, pH 7.4, supplemented
with 0.1 mM Ca21 and 1 mM Mg21 (PBS/CM), and then incubated
for 15 min with PBS/CM containing 0.5% BSA at room temperature
to reduce nonspecific binding. LAMP-2 distribution was deter-
mined using the AC17 anti-LAMP-2 antibody (Nabi et al., 1991;
Nabi and Rodriguez-Boulan, 1993) followed by FITC- or Texas
Red-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA). Detection of the distribution of L-PHA reactivity
was performed using rhodamine-conjugated L-PHA (E-Y Labora-
tories, San Mateo, CA). After labeling, the coverslips were mounted
in Airvol (Air Products and Chemicals, Allentown, PA). Labeled
cells were viewed in a Zeiss (Thornwood, NY) Axioskop fluorescent
microscope equipped with a 633 Plan Apochromat objective and
fluorochrome-selective filters. Images were photographed using
Eastman Kodak (Rochester, NY) T-Max 400 film. Confocal micros-
copy was performed with the 603 Nikon (Tokyo, Japan) Plan Apo-
chromat objective of a dual-channel Bio-Rad (Hercules, CA) MRC
600 laser scanning confocal microscope equipped with a krypton/
argon laser and printed using a Polaroid (Cambridge, MA) TX1500
video printer.

Electron Microscopy
Cells grown on Petri dishes were rinsed with 0.1 M sodium caco-
dylate, pH 7.3, and fixed with 2% glutaraldehyde for 60 min at 4°C.
The fixed cells were rinsed in cacodylate buffer, scraped from the
Petri dish, and collected by centrifugation. The cell pellet was post-
fixed for 60 min with 2% osmium tetroxide at 4°C, dehydrated, and
embedded in LR-White resin (MecaLab, Montreal, Quebec, Canada).
Ultra-thin sections (80 nm) were contrasted with uranyl acetate and
lead citrate and visualized with a Phillips (Eindhoven, The Nether-
lands) 300 or Zeiss CEM902 electron microscope. Quantification of
the expression of MLBs and of inclusion bodies in the 3-MA exper-
iments was determined by circumscribing the cytoplasm (excluding
the nucleus), the MLBs, and the inclusion bodies from 10 images at
44003 magnification and determining the area of the circumscribed
regions. MLBs were defined as membrane-bound cytoplasmic or-
ganelles that present at least three distinct circumferential concen-
tric membrane lamellae. MLBs were composed either completely of
concentric lamella or of concentric lamella surrounding a single
dense core. Inclusion bodies, or AVi, were defined by the presence
of multiple internal structures surrounded by a limiting membrane
composed of single or multiple membranes and could be morpho-
logically distinguished from MLBs.

Scrape Loading of FITC-Dextran
FITC-dextran was scrape loaded into M9 cells essentially as previ-
ously described (McNeil et al., 1984). Cells were plated overnight to
semiconfluence and then rinsed three times in cold PBS/CM and
incubated on ice for 15 min to chill the cultures. Cold PBS/CM (0.5
ml) containing 2.5 mg/ml lysine-fixable 10,000 molecular weight
FITC-dextran (Molecular Probes, Eugene, OR) was added to the
culture dish, and the cells were immediately scraped from the dish
in the concentrated FITC-dextran solution. The cell suspension was
rapidly diluted in 40 ml of cold PBS/CM and centrifuged in the cold
to pellet the cells. The scrape loading was performed at 4°C, and the
cells were rapidly diluted in cold PBS/CM to reduce the possibility
of FITC-dextran uptake by fluid phase endocytosis. The cell pellet
was resuspended in culture medium, and the cells were plated for
2, 24, 48, or 72 h in regular medium or in medium containing 10 mM
3-MA before fixation with 3% paraformaldehyde and immunofluo-
rescence labeling with anti-LAMP-2 and Texas Red-conjugated sec-
ondary antibodies. Quantification of autophagic activity was per-
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formed by counting the number of FITC-dextran–loaded cells
exhibiting FITC labeling of LAMP-2-positive lysosomal structures.

RESULTS

Increased Expression of MLBs in GlcNAc-TV-
transfected Mv1Lu Cells
GlcNAc-TV transfection of Mv1Lu cells resulted in the ob-
tention of clones M9 and M1, which exhibited significantly
higher expression levels of GlcNAc-TV activity and in-
creased L-PHA reactivity of LAMP-2 (Demetriou et al.,
1995). To assess the distribution of LAMP-2 and lysosomes
in these cells, 6-d confluent cultures of untransfected Mv1Lu
cells and M9 and M1 GlcNAc-TV transfectants were immun-
ofluorescently labeled with antibodies to LAMP-2 (Figure 1).
Clusters of LAMP-2-labeled lysosomes, as indicated by the

arrows, correspond to the perinuclear concentration of lyso-
somal organelles in an individual cell. In contrast to the
punctate distribution of the lysosomal marker in Mv1Lu
cells, anti-LAMP-2 antibodies label large vacuolar structures
in both the M9 and M1 cell lines (Figure 1, B and C). To
determine whether the increased b1–6-branched N-glycans
of the GlcNAc-TV transfectants are indeed localized to the
large LAMP-2-positive lysosomal vacuoles present in the
M9 and M1 transfectants, Mv1Lu cells and M9 cells were
double immunofluorescently labeled for LAMP-2 and L-
PHA, a lectin specific for the b1–6 branching of polylac-
tosamine chains. By confocal microscopy, LAMP-2 and L-
PHA colocalize in both the punctate LAMP-2 lysosomal
labeling of Mv1Lu cells as well as the swollen LAMP-2-
labeled vacuoles of M9 cells (Figure 2).

Electron microscopy of the different cell types revealed the
presence of large MLBs in the M9 and M1 cell lines but not
in the untransfected Mv1Lu cells (Figure 3). MLBs of M1
cells frequently exhibit a dense core surrounded by lamellae,
whereas those of M9 cells exhibited a more uniform lamellar
morphology and are larger. Expression of MLBs in untrans-
fected Mv1Lu cells, mock-transfected C1 cells, and the
GlcNAc-TV transfectants R2, M9, and M1 exhibiting increas-
ing levels of GlcNAc-TV activity (Demetriou et al., 1995;
Table 1) was quantified by determining the extent of cyto-
plasmic area that was filled by MLBs in the different cells.
Both the number of MLBs and the proportion of cytoplasmic
area that they cover are significantly greater in high GlcNAc-
TV-expressing M9 and M1 cells compared with untrans-
fected Mv1Lu, mock-transfected C1, or low-expressing R2
cells (Table 1). Curiously, the area covered by MLBs is
greater in M9 cells than in M1 cells, which express higher
GlcNAc-TV levels; the number of MLBs in M1 cells is larger
than in M9 cells, indicating that the difference between the
two cell types is due to an increased size of MLBs in the M9
cells. MLBs .2 mm2 in area are not observed in untrans-
fected Mv1Lu, mock-transfected C1, or low-GlcNAc-TV–
expressing R2 cells. Untransfected Mv1Lu cells can express
MLBs, albeit very few, suggesting that these cells may have
partially retained a differentiated type II phenotype. Mock-
transfected C1 and low-GlcNAc-TV–expressing R2 cells
(Demetriou et al., 1995) exhibit more MLBs than untrans-
fected Mv1Lu cells. However, the difference between the
MLB/cytoplasm ratio of C1 and R2 cells and Mv1Lu cells is
not statistically significant (0.05 , p , 0.1) and suggests that
MLB expression in C1 and R2 cells may be due to subtle
changes in the phenotype of the cells after transfection.

Lysosomal Degradation Is Necessary for MLB
Biogenesis
The only cytoplasmic structures visualized in M9 or M1 cells
by electron microscopy large enough to correspond to the
large LAMP-2- and L-PHA-positive vacuoles identified in
these cells by immunofluorescence labeling are MLBs. Fur-
thermore, the expression of LAMP-2 in the MLBs of Glc-
NAc-TV-transfected Mv1Lu cells is consistent with the pre-
viously described lysosomal nature of this organelle (Balis
and Conen, 1964; Hatasa and Nakamura, 1965; Goldfischer
et al., 1968; Hoffman, 1972; DiAugustine, 1974; Heath et al.,
1976; Hook and Gilmore, 1982; de Vries et al., 1985; Voorhut
et al., 1992). To assess the role of lysosomal degradation on
MLB expression, M1 cells were treated with the lysosomal

Figure 1. Expression of large lysosomal vacuoles in GlcNAc-TV-
transfected Mv1Lu cells. Untransfected Mv1Lu cells (A) or GlcNAc-
TV-transfected clones M9 (B) and M1 (C) plated for 6 d were
immunofluorescently labeled with LAMP-2 to reveal the distribu-
tion of lysosomes in these cells. Clusters of lysosomes representing
the lysosomes of individual cells are indicated by the arrows. Dis-
tinct swollen LAMP-2-positive lysosomal vacuoles are present in
M9 and M1 cells but not in untransfected Mv1Lu cells. Bar, 10 mm.

Biogenesis of Multilamellar Bodies

Vol. 11, January 2000 257



protease inhibitor leupeptin (Figure 4). After 15 h of leupep-
tin treatment, MLBs exhibit electron-dense material around
the periphery of the vacuole caused by the apparent fusion
of MLBs with other lysosomal organelles and transfer of
nonlamellar electron-dense material. In addition to these
heterogeneous structures, smaller dense vacuoles accumu-
late. With increasing time in leupeptin-containing media,
MLBs are no longer evident, and after 4 d of incubation with
leupeptin, only large dense vacuoles are present in M1 cells
(Figures 4E and 5A). Leupeptin treatment has been previ-
ously shown to induce the accumulation of AVd (Furuno et
al., 1982; Ueno et al., 1991; Yokota et al., 1995), and the
leupeptin-induced vacuoles in M1 cells are morphologically
equivalent to AVd (Figures 4E and 5A).

To determine whether removal of leupeptin and activa-
tion of lysosomal degradation could reverse this process and
lead to the formation of MLBs, M1 cells treated with leupep-
tin for 4 d were then incubated in the absence of leupeptin
and analyzed by electron microscopy. Fifteen hours after
leupeptin washout, dense AVd are still present in M1 cells;
however, they appear to have lost some internal structure
(Figure 5B). After 24 h the morphological transformation of
the vacuoles commences, and numerous dense core bodies
are present with some exhibiting internal lamellae (Figure

5C). Forty-eight hours after leupeptin removal, intermedi-
ates in the transformation of AVd into MLBs can be visual-
ized (Figure 5, D and E). The formation of single or multiple
dense core lamellar structures within individual autophagic
vacuoles can be clearly visualized. After 72 h in the absence
of leupeptin, the cells exhibit MLBs similar to untreated cells
(Figure 5F). The reversible regulation of MLB expression by
leupeptin in GlcNAc-TV-transfected M1 cells demonstrates
that lysosome fusion with MLBs and subsequent degrada-
tion of MLB contents by lysosomal hydrolases regulate la-
mella formation.

Role of Autophagy in MLB Biogenesis
Leupeptin is a general inhibitor of lysosomal protease activ-
ity, and although it blocks degradation of AVd (Furuno et al.,
1982; Kovacs et al., 1982; Ueno et al., 1991; Yokota et al., 1995),
it is not a specific inhibitor of autophagy. To determine
whether autophagy is specifically involved in MLB forma-
tion, we used 3-MA, which has previously been demon-
strated to block autophagy at the initial sequestration step
(Seglen and Gordon, 1982). By immunofluorescence, 3-MA
treatment results in the disappearance of large LAMP-2-
positive vacuoles in M9 cells (Figure 6). The LAMP-2-posi-

Figure 2. The swollen lysosomal
vacuoles of GlcNAc-TV transfectants
are labeled with L-PHA. Untrans-
fected Mv1Lu (A–C) or GlcNAc-
TV-transfected M9 (D–F) cells plated
for 6 d were double immunofluores-
cently labeled with anti-LAMP-2
followed by FITC-conjugated anti-
mouse secondary antibody (A and
D) or with rhodamine-conjugated L-
PHA (B and E). Merged images are
presented in C and F (LAMP-2 in
green, L-PHA in red). LAMP-2- and
L-PHA-reactive b1–6-branched oli-
gosaccharides are localized to lyso-
somes of Mv1Lu cells as well as to
the large lysosomal vacuoles of Gl-
cNAc-TV M9 transfectants. Bar, 10
mm.
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tive lysosomes in both Mv1Lu and M9 cells treated with
3-MA (Figure 6, B and D) are slightly swollen compared
with those of untreated Mv1Lu cells (Figure 6A); however,
the large LAMP-2-positive vacuoles corresponding to MLBs
in M9 cells (Figure 6C) are no longer visible in 3-MA-treated
M9 cells (Figure 6D).

The ability of 3-MA to induce the disappearance of MLBs
was confirmed by electron microscopy (Figure 7). In cells

treated with 3-MA, distinctive inclusion bodies accumulate,
which do not present the circumferential membrane layers
of MLBs (Figure 7, arrows). The limiting membrane of the
inclusion bodies is formed of double or multiple membranes
and surround multiple internal structures including multi-
lamellar structures. These inclusion bodies can be morpho-
logically distinguished from MLBs, whose concentric mem-
brane layers surround only a single dense core. These

Figure 3. GlcNAc-TV transfectants express
MLBs. Untransfected Mv1Lu cells (A) or
GlcNAc-TV-transfected clone M9 (B and D)
and M1 (C) cells plated for 6 d were processed
for electron microscopy. Distinct MLBs are
present in the cytoplasm of both M9 (B) and
M1 (C) cells but are absent from untransfected
Mv1Lu cells (A). The lamellar morphology of
large MLBs is particularly evident in M9 cells
(D). Bars, 1 mM (A–C); 0.5 mM (D).

Table 1. Quantification of MLB expression in GlcNAc-TV-transfected Mv1Lu cells

Cell type
GlcNAc-TV

(pmol/mg/h)a
Total no.
of MLBs

Range of
MLB size

(mm2)
Total cytoplasmic

area (mm2)
Total MLB
area (mm2)

Area MLB/
cytoplasm (%)

Mv1Lu 63 6 6 1 0.53–0.53 2022 0.53 0.03 6 0.03
C1 59 6 5 29 0.27–2.00 1875 22.5 1.1 6 0.6
R2 151 6 15 15 0.33–1.60 1882 12.3 0.6 6 0.3
M9 567 6 265 78 0.23–16.3 1690 223 13.0 6 1.1
M1 1082 6 308 98 0.22–14.0 1821 109 6.1 6 1.6

From 10 electron microscopy images (44003) of each cell line, the area covered by MLBs and by cytoplasm (excluding the nucleus) in the
complete image was determined. Using a two-tailed Student’s t test, the ratio of MLB to cytoplasmic area in M9 cells is significantly different
from both Mv1Lu and C1 cells (p , 1025). For M1 cells, the ratio of MLB to cytoplasmic area is also significantly different from both Mv1Lu
(p , 0.005) and C1 (p , 0.01) cells. The significance of the difference in MLB/cytoplasm area between either C1 or R2 cells and Mv1Lu cells
is of the order of 0.05 , p , 0.1.
a The values for GlcNAc-TV expression were taken from Dimetriou et al. (1995).
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inclusion bodies are morphologically equivalent to AVi, and
their expression after 3-MA treatment is consistent with the
role of 3-MA as an inhibitor of autophagy. Quantitative
analysis of the effect of 3-MA treatment on MLB expression
in M9 and M1 cells demonstrates that cells cultured in 10
mM 3-MA for 3 d exhibit significantly decreased expression
of MLBs (Table 2). In some experiments, we observed the
complete disappearance of MLBs. Relative to MLB expres-
sion in control cells, expression of inclusion bodies in 3-MA-
treated cells is significantly reduced in all experiments.The
ability of 3-MA to inhibit MLB formation identifies a role for
autophagic vacuole maturation in MLB formation.

To demonstrate that 3-MA indeed blocks autophagy in
GlcNAc-TV-transfected Mv1Lu cells and to confirm the role
of autophagy in MLB biogenesis, M9 cells were scrape
loaded with FITC-dextran. The procedure was performed at
4°C to minimize endocytic capture of FITC-dextran such

that the fluorescent marker was incorporated only into the
cytoplasm of the cell. The scrape-loaded cells were washed
in the cold to eliminate any free FITC-dextran and then fixed
at various times after plating in regular or 3-MA-supple-
mented medium. At early times after plating in regular
medium (2 h), the majority of cells exhibit a cytoplasmic
distribution of FITC-dextran, which is excluded from vacu-
olar structures (Figure 8, A and B). After 48 h, the majority
of cells plated in regular medium exhibit an accumulation of
FITC-dextran in LAMP-2-positive vacuoles including the
swollen structures equivalent to MLBs (Figure 8, C and D).
However, if the cells are replated in 3-MA-containing me-
dium after scraping, the FITC-dextran remains cytosolic,
and no LAMP-2-positive vacuoles are labeled (Figure 8, E
and F). The number of cells presenting FITC-dextran label-
ing in LAMP-2 positive vacuoles was counted from six
experiments (Figure 9). With time an increasing number of

Figure 4. Gradual transformation of MLBs into AVd by leupeptin treatment. GlcNAc-TV-transfected M1 cells were plated for 2 d in regular
medium and then incubated for 15 (A and B), 48 (C), 72 (D), or 96 (E) h in the presence of 2 mg/ml leupeptin and processed for electron
microscopy. At early times after addition of leupeptin, dense material can be observed at the periphery of MLBs (A and B), and at later times
dense vacuoles proliferate such that after 96 h autophagic vacuoles predominate, and MLBs are no longer present. Bars, 0.5 mm.
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Figure 5. Formation of MLBs via autophagic vacuole degradation after leupeptin washout. GlcNAc-TV-transfected M1 cells were plated for
2 d and then incubated for 4 d in the presence of 2 mg/ml leupeptin (A) and then washed and incubated in leupeptin-free medium for 15
(B), 24 (C), 48 (D and E), or 72 (F) h before being processed for electron microscopy. After leupeptin treatment, MLBs disappear, and large
autophagic vacuoles are present (A). After 24 and 48 h, single or multiple foci of lamella form within the autophagic vacuole (C–E), and after
72 h the autophagic vacuoles transform into lamellar structures resembling those of untreated cells (F). Bars, 1 mm (A, B, and F); 0.2 mm (C–E).

Biogenesis of Multilamellar Bodies

Vol. 11, January 2000 261



cells exhibit autophagic incorporation of FITC-dextran into
LAMP-2-positive vacuoles. In the presence of 3-MA, essen-
tially no cells exhibit a vacuolar labeling irrespective of the
time of incubation in culture medium. The limited incorpo-
ration of scrape-loaded FITC-dextran into lysosomal vacu-
oles in the presence of 3-MA demonstrates that endocytic
uptake of FITC-dextran by the cells was minimal and that
3-MA does indeed block autophagy in M9 cells. FITC-dex-
tran transfer from the cytosol to large vacuoles of M9 cells,
which correspond to MLBs, therefore demonstrates that ac-
tive autophagy is involved in the formation of these or-
ganelles.

DISCUSSION

Expression of MLBs in GlcNAc-TV-transfected
Mv1Lu Cells
b1–6 branching of complex N-linked oligosaccharides is
initiated by GlcNAc-TV and produces the preferred sub-
strate for b-1-3-N-acetylglucosaminyl transferase (i), the rate-
limiting enzyme implicated in polylactosamine elongation
(Holmes et al., 1987; Yousefi et al., 1991). Increased expres-
sion of polylactosamine and the associated Lewis and blood
group antigens are carcinoma markers (Fukuda, 1985; Haka-
mori, 1989). Modified expression of polylactosamine is also
associated with cellular differentiation of various cell types
(Spillmann and Finne, 1987; Youakim et al., 1989; Amos and
Lotan, 1990; Lee et al., 1990; Tuo et al., 1992; Nabi and
Rodriguez-Boulan, 1993). The decreasing polylactosamine
glycosylation of the lysosomal LAMP glycoproteins in cul-
tured epithelial cells with time in culture is modulated in-

dependently of glycosyltransferase activities (Brockhausen
et al., 1991; Nabi and Dennis, 1998), and polylactosamine
glycosylation has been shown to be regulated by the Golgi
residence time of the protein (Wang et al., 1991; Nabi and
Rodriguez-Boulan, 1993; Nabi and Dennis, 1998). Increased
GlcNAc-TV expression is associated with increased polylac-
tosamine glycosylation in oncogenically transformed and
undifferentiated cell lines (Yamashita et al., 1985; Heffernan
et al., 1989; Yousefi et al., 1991), indicating that GlcNAc-TV
expression levels can regulate the expression of polylac-
tosamine oligosaccharides.

Transfection of the contact-inhibited lung epithelial cell
line with GlcNAc-TV resulted in increased expression of
L-PHA-reactive b1–6-branched N-glycans and the expres-
sion of a partially transformed phenotype, including loss of
the contact-inhibited phenotype, tumorigenicity in nude
mice, and an increased propensity to apoptosis (Demetriou
et al., 1995). GlcNAc-TV expression in Mv1Lu cells is there-
fore associated with the expression of early events in cellular
transformation. Mv1Lu cells are derived from lung type II
alveolar cells, responsible for the elaboration of alveolar
surfactant in the lung. Surfactant secretion by type II lung
alveolar cells is mediated by MLBs whose presence in type II
cells is a phenotypic characteristic of these cells (Haagman
and van Golde, 1991). However, the differentiated type II
alveolar phenotype is highly unstable in culture, and the
expression of MLBs by primary type II cell cultures is main-
tained for only days after establishment of the cultures
(Diglio and Kikkawa, 1977; Dobbs et al., 1985). The ability of
GlcNAc-TV transfection to induce the formation of MLBs in
a cultured type II alveolar-derived cell line identifies a role

Figure 6. Inhibition of autophagy
by 3-MA results in the disappearance
of swollen LAMP-2-positive MLBs.
Untransfected Mv1Lu (A and B) and
GlcNAc-TV-transfected M9 (C and
D) cells were incubated in regular
medium (A and C) or medium sup-
plemented with 10 mM 3-MA for 3 d
(B and D) and then immunofluores-
cently labeled for LAMP-2. Although
3-MA treatment induces the forma-
tion of slightly swollen lysosomal
structures in both Mv1Lu and M9
cells (B and D), it also results in the
disappearance of the large LAMP-2-
positive vacuoles, which correspond
to MLBs in M9 cells (D). Bar, 10 mm.
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for protein glycosylation in organelle biogenesis and in the
expression of a differentiated phenotype by this lung type
II-derived alveolar cell line in culture.

The immunofluorescent L-PHA labeling of the large
LAMP-2-positive vacuoles localizes b1–6-branched L-PHA
substrates to MLBs. Increased L-PHA reactivity of LAMP-2
was demonstrated in M1 and M9 cells compared with un-
transfected Mv1Lu cells (Demetriou et al., 1995). In both M9
and M1 cells, LAMP-2 migrates more slowly in SDS-PAGE

than in Mv1Lu cells, even though M1 cells exhibit increased
L-PHA reactivity of LAMP-2 relative to M9 cells, correspond-
ing to their twofold increased expression of GlcNAc-
TV (Demetriou et al., 1995). The basis for the increased MLB
expression of M9 cells compared with M1 cells is not clear, and
the specific aspect of polylactosamine glycosylation that in-
duces MLB formation is not known. Direct demonstration of a
role for polylactosamine glycosylation in MLB biogenesis
proved difficult, because inhibitors of the glycosylation bio-

Figure 7. Expression of inclusion bodies in 3-MA-treated GlcNAc-TV transfectants. Treatment of GlcNAc-TV-transfected M1 cells with 10
mM 3-MA for 3 d resulted in the disappearance of MLBs and the appearance of morphologically distinct inclusion bodies (see arrows)
exhibiting multiple external membranes and resembling AVi (A–D). Bar, 0.5 mm (A); 0.2 mm (B–D).
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synthetic pathway also inhibit the corresponding lysosomal
glycosidases, thereby preventing autophagic vacuole degrada-
tion (Tulsiani and Touster, 1992). Putative b1–6 branching and
polylactosamine glycosylation of MLB glycoproteins might en-
hance their resistance to degradation by lysosomal proteases or
modify interactions between MLB components, thereby favor-
ing lamella formation.

Role of Lysosomal Degradation in MLB Biogenesis
The large vacuoles immunofluorescently labeled with anti-
bodies to LAMP-2 are present predominantly in the M9 and
M1 GlcNAc-TV transfectants as are morphologically identi-
fiable MLBs by electron microscopy. The fact that no other
structure comparable in size with the MLBs is present in the
transfected cells identifies the large fluorescently labeled
LAMP-2- and L-PHA-positive vacuoles as MLBs. Deficiency
in lysosomal galactosidases and sialidases is associated with
the accumulation of lamellar bodies, demonstrating that
impaired lysosomal degradation of glycoproteins or glyco-
lipids can be associated with the formation of lamellar bod-
ies (Amano et al., 1983; Alroy et al., 1985; Allegranza et al.,
1989; Ohshima et al., 1997).

A definitive role for lysosomal degradation in MLB forma-
tion was demonstrated by leupeptin treatment of GlcNAc-
TV transfectants (Figures 4 and 5). Over 3–4 d, MLBs are
gradually replaced by AVd, implicating leupeptin inhibition
of lysosomal proteases in the prevention of de novo forma-
tion of MLBs from AVd. In the absence of new synthesis of
MLBs, the disappearance of MLBs could occur via normal
turnover mechanisms, which may include dilution caused
by cell division or secretion. Lamellar membrane structures
can be visualized in the extracellular space of GlcNAc-TV-
transfected Mv1Lu cells (Figure 3D). However, the presence
of peripheral dense regions in MLBs 15 h after addition of
leupeptin is also indicative of the fusion of MLBs with
endosomes and/or lysosomes whose contents are not trans-
formed into membrane lamellae in the absence of lysosomal
degradation. The appearance of heterologous transforming
vacuoles after leupeptin treatment suggests that MLBs are

continually fusing with lysosomes and that transformation
of newly incorporated material into membrane lamellae re-
quires lysosomal degradation. The endocytic pathway has
been shown to deliver material to nascent autophagic vacu-
oles, and the autophagic pathway is therefore accessible at
early stages (Gordon and Seglen, 1988; Tooze et al., 1990;
Liou et al., 1997). Fusion of lysosomes with degradative
autophagic vacuoles has also been documented (Ericsson,
1969; Lawrence and Brown, 1992; Yokota et al., 1995). Our
data support the idea that heterologous fusion events be-
tween lysosomes and MLBs are continually occurring;
whether these fusion events represent complete incorpora-
tion of the lysosome into the MLB or rather a kiss and run
mechanism is not clear (Storrie and Desjardins, 1996).

The transformation of leupeptin-induced AVd into MLBs
after leupeptin washout demonstrates that lysosomal deg-
radation is a critical element in the formation of membrane
lamellae. The formation of lamellae within distinct subre-
gions of the autophagic vacuole (Figure 5, D and E) further
indicates that localized degradation is responsible for the
formation of a microenvironment propicious for lamellae
formation. In GlcNAc-TV-transfected Mv1Lu cells, b1–6
branching of N-glycans of LAMPs and possibly other as yet
unidentified MLB glycoproteins therefore generates a lipid–
protein mix, which is conducive to the formation of mem-
brane lamellae within the degradative lysosomal environ-
ment of the AVd. Continuing lysosome fusion could
generate large lysosomal organelles whose contents cannot
be degraded by lysosomal hydrolases, resulting in the for-
mation of a residual body of lysosomal degradation or an
MLB. However, the ability to inhibit MLB formation with
3-MA, a specific inhibitor of autophagy, demonstrates that
in the cell system studied here, lysosome fusion with auto-
phagic vacuoles is necessarily involved in MLB biogenesis.

Biogenesis of MLBs via Autophagy
A specific role for autophagic sequestration in MLB bio-
genesis was demonstrated by the ability of 3-MA to pre-
vent the formation of MLBs in GlcNAc-TV-transfected

Table 2. 3-MA decreases multilamellar body expression

Experiment 1 Experiment 2 Experiment 3 Experiment 4

M1 control
MLBs (%) 5.6 6 1.1 8.6 6 1.7 9.1 6 1.6 ND

M1 1 3-MA
MLBs (%) 0.05 6 0.04a 2.1 6 0.1b 0.08 6 0.06a ND
Inclusion bodies (%) 3.1 6 1.1 2.8 6 0.6 5.5 6 1.3 ND

M9 control
MLBs (%) 13.7 6 2.1 24.4 6 4.3 12.3 6 2.8 11.8 6 3.5

M9 1 3-MA
MLBs (%) 5.2 6 1.6b 10.5 6 1.5c 0.3 6 0.3a 2.3 6 1.4c

Inclusion bodies (%) 1.2 6 0.1 1.8 6 0.6 1.8 6 0.5 0.5 6 0.1

GlcNAc-TV-transfected M1 and M9 Mv1Lu clones were plated for 6 d in regular medium (control). For the 3-MA-treated cells (1 3-MA), the
culture medium was supplemented with 10 mM 3-MA for the final 3 d. The area of MLBs and of cytoplasm was quantified as for Table 1.
The area covered by inclusion bodies, morphologically distinguished from MLBs (see MATERIALS AND METHODS), in the 3-MA-treated
cells was also measured. Inclusion bodies were not detected in control cells. ND, not determined.
a–c The significance of the difference in MLB/cytoplasm area between control and 3-MA treated cells is as follows: a p , 0.005; b p , 0.01;
c p , 0.05.
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cells (Figure 6 and Table 2). 3-MA treatment is associated
with increased lysosomal pH and decreased lysosomal
density and with inhibition of late endosome to lysosome
transport (Caro et al., 1988; Punnonen et al., 1994), which
may explain the slight enlargement of LAMP-2-positive
structures in both GlcNAc-TV-transfected and untrans-
fected Mv1Lu cells (Figure 6, B and D). Nevertheless,
3-MA treatment of GlcNAc-TV transfectants results in the
disappearance of large LAMP-2-labeled vacuoles corre-
sponding to MLBs as well as the significant reduction in
morphologically identifiable MLBs by electron micros-

copy. Inhibition of autophagy with 3-MA is therefore
generally associated with the disappearance of MLBs.
3-MA treatment results in the accumulation of inclusion
bodies that morphologically resemble AVi, demonstrating
that 3-MA is blocking autophagy in the GlcNAc-TV trans-
fectants at an early stage of autophagic vacuole biogene-
sis. In the hepatocyte, 3-MA blocks the initial sequestra-
tion event in autophagic vacuole biogenesis and is
associated with an approximate twofold reduction in au-
tophagic sequestration (Kopitz et al., 1990; Seglen and
Bohley, 1992), which is consistent with the reduction (be-

Figure 8. Incorporation of cytosolic FITC-dextran into MLBs is inhibited by 3-MA. M9 cells were scraped from plastic dishes in the presence
of 2.5 mg/ml FITC-dextran, washed extensively, replated on coverslips in regular medium (A–D) or medium containing 10 mM 3-MA (E and
F), and then fixed after 2 (A and B) or 48 (C–F) h and labeled for LAMP-2 using Texas Red-conjugated secondary antibodies. The distribution
of FITC-dextran (A, C, and E) and LAMP-2 (B, D, and F) in the same cells is presented. After only 2 h of plating, FITC-dextran is cytosolic
and excluded form large LAMP-2-positive vacuoles (A and B); however, with time FITC-dextran is incorporated via autophagy into
LAMP-2-positive perinuclear vacuoles equivalent to MLBs (C and D). Autophagic incorporation of FITC-dextran into MLBs is inhibited by
3-MA (E and F). Bar, 10 mm.
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tween 40 and 83%) in cytoplasmic area covered by both
MLBs and inclusion bodies in 3-MA-treated M1 and M9
cells observed here (Table 2).

The demonstration that cytoplasmic FITC-dextran can be
incorporated into the LAMP-2-positive MLBs provides a
direct illustration that autophagic sequestration is involved
in MLB biogenesis (Figure 8). The fact that this sequestration
process is inhibited by 3-MA clearly shows that 3-MA is
inhibiting autophagy in these cells and that inhibition of
autophagy is directly responsible for the decreased expres-
sion of MLBs in 3-MA-treated cells. A similar approach has
been recently been used to demonstrate that the parasito-
phorous vacuoles of Leishmania mexicana acquire cytosolic
material via autophagy, and, in a manner similar to our
results, this process is inhibited by 3-MA (Schaible et al.,
1999). The role of autophagic vacuole biogenesis in MLB
formation implicates autophagy not only in the cellular re-
sponse to stress but also in a normal cellular function, MLB
formation, and surfactant secretion by the lung type II alve-
olar cell. The necessary role of autophagy in MLB biogenesis
in Mv1Lu cells suggests that autophagy and autophagic
vacuole maturation are involved in MLB biogenesis in mul-
tiple cell types. If so, our data may have significant implica-
tions for the mechanism of MLB accumulation in lysosomal
storage diseases.

The formation of the multiple membrane lamella of the
MLB requires a vast amount of cellular lipids, and autoph-
agy may constitute the most efficient means of accumulating
the necessary molecules within a single organelle. Select
resistance of the contents of the autophagic vacuole to lyso-
somal degradation, possibly because of to b1–6-branched
N-glycans in this GlcNAc-TV-transfected cellular model and

other mechanisms in various cell types and pathological
states, results in the localized formation of membrane lamel-
lae, which give rise to the concentric membrane whorls of
the MLB.
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