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Biogenesis of phagolysosomes is a very rapid event in neutrophils which takes place with nascent unclosed
phagosomes, leading to the release of lysosomal enzymes such as 3-glucuronidase in the extracellular medium.
We have previously shown that, under nonopsonic conditions, both pathogenic and nonpathogenic mycobac-
teria uncouple phagocytosis from fusion of azurophil granules (specialized secretory lysosomes) with phago-
somes. In the present study we questioned whether they actively act on neutrophils to block this process or use
phagocytic receptors that negatively control the biogenesis of phagolysosomes. As for live unicellular Myco-
bacterium smegmatis, we observed that nonopsonic phagocytosis of heat-killed mycobacteria did not induce the
release of 3-glucuronidase, indicating that M. smegmatis does not actively act on the fusion process in
neutrophils. In contrast, phagocytosis of unicellular M. smegmatis opsonized in immune serum or that of small
nonopsonized mycobacterial aggregates restored the biogenesis of phagolysosomes. Aggregates were internal-
ized in a CR3- and cholesterol-dependent manner as unicellular mycobacteria. However, aggregates but not
unicellular bacteria triggered F-actin and Hck recruitment at the phagosomes, events that have been associ-
ated with lysosome fusion. Thus, we propose that M. smegmatis does not actively control the fusion of azurophil
granules at early time points postinfection and that mycobacterial aggregates recruit large clusters of receptors

at the neutrophil surface which could trap proteins implicated in the biogenesis of phagolysosomes.

Neutrophils constitute the first line of defense against infec-
tious agents that penetrate the body’s physical barriers. They
are the first cells to be recruited to sites of infection or injury.
Their major role is to internalize and destroy infectious agents
by their microbicidal mechanisms. Phagocytosis is triggered by
the binding of serum-opsonized microorganisms through op-
sonin receptors or by the binding of nonopsonized microor-
ganisms mostly through lectin-sugar recognition (23). Two mi-
crobicidal processes are activated concomitantly with
phagocytosis to create a highly toxic environment inside phago-
somes: (i) NADPH oxidase-dependent production of O,-, a
precursor of other reactive oxygen species, and (ii) degranula-
tion, which corresponds to the release of azurophil granule
content (specialized secretory lysosomes) and other granule
types into phagosomes (30). In neutrophils, fusion of azurophil
granules with phagosomes occurs very rapidly and takes place
with nascent, unclosed phagosomes (33, 34), leading to the
release of azurophil granule enzymes in the extracellular me-
dium (4). Therefore, when neutrophils ingest particles, it is
easy to follow the biogenesis of phagolysosomes by simply
measuring the release of these enzymes in the cell supernatant
(7, 22). When compared to neutrophils, fusion of lysosomes
with phagosomes in macrophages is delayed by several minutes
(31) and inhibited by mycobacteria (1). Since neutrophils have
the particularity to very rapidly fuse their azurophil granules
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with phagosomes, we have recently addressed the question of
whether mycobacteria can inhibit this very rapid process (22).
We have found that when human neutrophils ingest patho-
genic (Mycobacterium avium, M. kansasii) or nonpathogenic
(M. smegmatis, M. phlei) mycobacteria under nonopsonic con-
ditions, fusion of azurophil granules with phagosomes does not
take place (22). We have recently reported that M. kansasii
used the complement receptor 3 (CR3) (also known as CD11b/
CD18) associated with glycosylphosphatidylinositol (GPI)-an-
chored proteins in cholesterol-enriched domains to enter neu-
trophils (26). Two hypotheses could explain this phenomenon:
(i) mycobacteria have the ability to actively and very rapidly
control the fusion of azurophil granules, or (ii) mycobacteria
are internalized in neutrophils through receptors which trigger
phagocytosis but do not initiate intracellular signals, leading to
fusion of azurophil granules with phagosomes. To distinguish
between these two hypotheses, the release of the lysosomal
enzyme B-glucuronidase was monitored during phagocytosis of
live or heat-killed M. smegmatis, a representative mycobacte-
rial species which inhibits the biogenesis of phagolysosomes in
neutrophils (22).

To study whether it is possible to restore the biogenesis of
phagolysosomes by redirecting mycobacteria to other phago-
cytic receptors, two approaches were used. One approach was
to grow bacilli in nutrient-starved medium to induce physio-
logical adaptation of the bacteria, expecting a change in the
composition of the mycobacterial surface molecules (29). The
second approach was to opsonize mycobacteria in immune
serum to direct the bacteria to opsonic receptors. We were able
to restore the fusion of azurophil granules during phagocytosis
of IgG-opsonized unicellular mycobacteria or mycobacterial
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clumps. Taken together, these results indicate that mycobac-
teria do not actively control the behavior of their phagosomes
at early time points postinfection (p.i.).

MATERIALS AND METHODS

Reagents. Ficoll and Dextran T500 were purchased from Amersham-Pharmacia-
Biotech (Courtaboeuf, France). Phosphate-buffered saline (PBS), minimum essen-
tial medium (MEM), and HEPES were purchased from Life Technology (Cergy
Pontoise, France). Fluorescein isothiocyanate (FITC) and rhodamine-conjugated
phalloidin were from Molecular Probes (Leiden, The Netherlands). Methyl B-cy-
clodextrin, fluorescein diacetate, zymosan A, and tetramethyl rhodamine isocyanate
(TRITC)-conjugated goat anti-rabbit immunoglobulin G (IgG) were purchased
from Sigma (Saint Quentin Fallavier, France). Mouse anti-human CR3 antibodies
(clone 2LPM19C) were from Dako (Trappes, France).

Human neutrophils. Neutrophils were isolated from the blood of healthy
donors, separated by the dextran-Ficoll method as previously described (18),
resuspended in MEM containing 10 mM HEPES (pH 7.4), and maintained for
20 min at 37°C before stimulation. The final cell suspension contained >95%
neutrophils.

Cell viability. The viability of cells was estimated by measuring the release of
the cytosolic enzyme lactate dehydrogenase using the colorimetric assay kit from
Bocehringer as previously described (7).

Mycobacteria. M. smegmatis strain ATCC 607 (from the American Type Cul-
ture Collection, Manassas, Va.) was used for all experiments. A preculture was
prepared by inoculating M. smegmatis from Jensen stock cultures kept at 4°C
(Lowenstein-Jensen medium; Institut Pasteur, Paris, France) into 250-ml flasks
containing 100 ml of Sauton broth medium. This first culture was grown at 37°C
as a surface pellicle for 4 days. The second culture was inoculated from the
preculture and grown under the same conditions for 3 days. The pellicle was
either used to inoculate new pellicle cultures or disrupted by gentle shaking with
glass beads (4-mm diameter) for 30 s (25) and resuspended at an optical density
at 650 nm of 0.2 in PBS, pH 7.4, for inoculation of shaken cultures. Bacteria were
grown at 37°C in a shaking incubator (250 rpm). Cultures were centrifuged at
10,000 X g for 10 min. Pellicles from day 3 or day 6 cultures or pellets from
shaken cultures were disrupted by gentle shaking with glass beads for 30 s and
resuspended in PBS, pH 7.4. To remove the larger clumps, the bacterial suspen-
sions were sedimented for 15 min; the supernatants were collected and centri-
fuged for 10 min at 200 X g (22). The resulting supernatants contained unicel-
lular mycobacteria, whereas pellets contained small mycobacterial aggregates.
Unicellular mycobacteria and resuspended small aggregates were counted under
a microscope in a Thoma chamber and stored at —80°C in 10% glycerol.

The viability of mycobacteria was assessed by labeling both live and dead
bacteria diluted to approximately 107/ml in PBS with 5 ul of propidium iodide
(0.1 mg/ml in water) and 5 ul of fluorescein diacetate (1 mg/ml in dimethyl
sulfoxide) for 30 min in the dark at room temperature. Bacteria were washed
twice with PBS, pH 7.4, and visualized by fluorescence microscopy. The percent-
age of live (fluorescein-positive [green]) or dead (propidium iodide-positive
[red]) bacteria was determined by counting at least 100 bacteria.

In some experiments, M. smegmatis in suspension was heat killed at 80°C for
30 min, and the killing efficiency was ascertained by both the absence of CFU on
Sauton medium agar and the lack of fluorescein diacetate labeling.

The surface-exposed components of the mycobacterial cell envelopes were
prepared and analyzed as previously described (24, 25).

Opsonisation of zymosan and mycobacteria. Zymosan particles were incu-
bated in pooled human sera for 20 min at 37°C; washed twice with PBS, pH 7.4;
and resuspended in the same buffer containing 1 mM CaCl, (26) and 0.5 mM
MgCl,. Using the above protocol, mycobacteria were opsonized in the serum of
the rabbit Camelia immunized against mycobacteria (17), a serum that immu-
noreacted more with mycobacteria than did human serum from healthy donors (22).

Exocytosis of the lysosomal enzyme B-glucuronidase. Neutrophils in suspen-
sion (5 X 10°/ml) were infected for the indicated period of time with mycobac-
teria or zymosan and pelleted. The supernatants were centrifuged (10,000 X g for
10 min) to eliminate bacteria. The B-glucuronidase activity was measured at 405
nm in both the cell pellets lysed in Triton X-100 and the cell supernatants as
described previously (12). Comparable results were obtained with mycobacteria
stained or not by FITC.

Phagocytosis measurement. FITC staining of mycobacteria (10° bacteria) was
performed in 1 ml of 0.01% FITC in 0.2 M Na,CO5-Na,HCO; buffer, pH 9.2, for
10 min and washed twice with PBS, pH 7.4.

Phagocytosis experiments were performed on neutrophils adhering on glass
coverslips (7 X 10° cells/ml in a 24-well tissue culture plate) as previously
described (22). Briefly, phagocytosis of FITC-stained bacteria (50:1) was carried
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out for 30 min at 37°C in MEM-HEPES, pH 7.4. Then, neutrophils were washed
to remove most of the extracellular bacteria and fixed with 3.7% paraformalde-
hyde in PBS containing 15 mM sucrose, pH 7.4, at room temperature. After
fixation, aldehyde groups were neutralized with 50 mM NH,CI, and cells were
washed in PBS. Extracellular mycobacteria were stained with antimycobacterial
antibodies from the rabbit Camelia (17), revealed by TRITC-conjugated anti-
rabbit antibodies. Cells which contained green but not red mycobacteria (intra-
cellular bacteria) were counted by fluorescence microscopy. For each condition,
duplicate experiments were performed, and at least 100 cells were counted per slide.

We have verified that FITC staining of M. smegmatis did not interfere with
phagocytosis. Cells were fixed and extracellular bacteria stained by Camelia
antibodies revealed by TRITC-conjugated secondary antibodies, and then cells
were permeabilized with 0.1% Triton X-100 and intracellular and extracellular
bacteria were revealed by Camelia antibodies and FITC-conjugated secondary
antibodies. Extracellular bacteria were yellow (red plus green); intracellular
bacteria were green.

Polystyrene microspheres 1 or 3 wm in diameter (2 X 10%) were coated with
bovine serum albumin as described previously (3). Extracellular latex beads were
revealed using anti-bovine serum albumin antibodies and TRITC-conjugated
secondary antibodies.

In some experiments, neutrophils were exposed to methyl-B-cyclodextrin (5
mM) for 15 min at 37°C or incubated for 15 min at 37°C with antibodies directed
against the I domain of CR3 (2LPM [2 pg/ml]) before infection with FITC-
stained bacteria, as described previously (26).

For immunolocalization of Hck, adherent neutrophils were fixed and perme-
abilized in methanol at —20°C for 6 min, washed in PBS containing 0.1% Tween
20, and then exposed to affinity-purified anti-Hck antibodies (Santa Cruz Bio-
technologies, Santa Cruz, Calif.) revealed by rhodamine-conjugated secondary
antibodies as previously described (21).

Filamentous actin staining. Synchronized phagocytosis experiments were per-
formed as previously described (7). Adherent neutrophils were incubated at 4°C
with FITC-stained mycobacteria for 20 min and washed to remove nonadherent
bacteria, and phagocytosis was initiated by adding the incubation medium at
37°C. Cells were incubated for 5, 15, and 30 min at 37°C and fixed for 6 min at
—20°C with acetone. Cells were washed and incubated with rhodamine-conju-
gated phalloidin for 20 min at room temperature, washed, and visualized by
direct fluorescence microscopy. At least 100 cells having ingested mycobacteria
were counted per slide.

Statistical analysis. Data are presented as the mean * standard deviation
(SD) of the indicated number of experiments performed in duplicate or tripli-
cate. Data were analyzed by two-way analysis of variance followed by post hoc
multiple comparisons made with Newman-Keuls or Dunnett’s tests. The level of
significance was set at P << 0.05. Statistical analysis was performed using PRISM
2.0 (GraphPad software).

RESULTS

Mycobacterium smegmatis does not actively control the fu-
sion capacity of phagosomes with azurophil granules. We have
previously shown that when neutrophils ingest nonpathogenic
or pathogenic mycobacteria the biogenesis of phagolysosomes
does not take place, as measured by the absence of both B-glu-
curonidase and myeloperoxidase in the extracellular medium
and by the lack of lysosomal enzyme translocation to phago-
somes by immunoelectron and immunofluorescence micros-
copy (7, 22). In the present study, M. smegmatis, one of the
species previously shown to impair the biogenesis of phagoly-
sosomes in neutrophils (22), was used, and the release of B-glu-
curonidase was measured as an index of phagolysosome bio-
genesis (33, 34). Neutrophils were incubated with unicellular
bacteria collected during the exponential phase of pellicle
growth. As previously reported, live M. smegmatis did not trig-
ger the release of the lysosomal enzyme B-glucuronidase (22).
In the presence of heat-killed (30 min at 80°C) mycobacteria,
no release of B-glucuronidase was obtained (Fig. 1A). When
M. smegmatis was opsonized in the immune serum of the rabbit
Camelia, previously reported to contain mycobacterium-reac-
tive IgG (26), the release of B-glucuronidase was triggered
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FIG. 1. Fusion of azurophil granules with phagosomes in neutrophils is triggered by IgG opsonization of M. smegmatis. (A) Neutrophils were
incubated with immune serum-opsonized zymosan (OZ) (20 particles per cell) for 20 min or with live, heat-killed or immune serum-opsonized M.
smegmatis for 40 min (50 particle per cell). The release of the lysosomal enzyme B-glucuronidase was measured. Results are expressed as means
+ SDs (error bars) of three experiments. s, P < (0.001 versus control; OOO, P < 0.001 versus M. smegmatis. (B) M. smegmatis was grown for
different periods of time (in days [D]), and the growth was monitored by measuring the optical density at 650 nm and the cell wet weight (insert).
Neutrophils were incubated with M. smegmatis collected at different growth stages, and the release of B-glucuronidase was measured. OZ was used
to show the level of B-glucuronidase released when lysosomal degranulation is triggered. Results are expressed as means + SDs (error bars) of

three experiments. *, P < 0.05 versus control.

(Fig. 1A). In contrast, opsonization of M. smegmatis in serum
devoid of immunoreactive IgG did not induce the release of
B-glucuronidase (data not shown), indicating that binding of
immunoglobulins to the mycobacterial surface is necessary to
stimulate this process. Since both dead and live M. smegmatis
organisms reside in phagosomes that do not fuse with azuro-
phil granules, and opsonization in immune serum triggers the
fusion of azurophil granules with phagosomes, this implies that
these bacteria do not actively control the biogenesis of
phagolysosomes.

Infection of human neutrophils with either exponential or
stationary phase M. smegmatis does not trigger exocytosis of
B-glucuronidase. Mycobacteria have developed a program to

adapt to the limitation of nutrients, and morphological changes
have been noticed when they enter into the stationary phase
(29). This may lead to the absence or the nonexposure of a
putative mycobacterial surface ligand recognized by the couple
CR3-GPI receptor shown to be used by mycobacteria to enter
neutrophils (26). This absence, in turn, may redirect mycobac-
teria to other receptors which could activate other transducing
signals able to reconstitute the biogenesis of phagolysosomes.
To test this hypothesis, neutrophils were incubated with M.
smegmatis grown for various periods of time (0 to 15 days).
To compare our data to those already published on station-
ary-phase adaptation of mycobacteria, we used cultures of M.
smegmatis performed in a shaking incubator as previously de-
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scribed (29). The bacilli multiplied actively for the first 3 days,
and after the late exponential phase, they entered the station-
ary phase at day 7 (Fig. 1B, inset). The viability of M. smegmatis
was not affected until day 11; during the following days, when
the bacilli progressed in the late stationary phase, a rapid
increase in the mortality was observed as previously reported
(29). Consequently, the subsequent experiments were carried
out with bacteria cultured for less than 12 days. No difference
was found in the biochemical composition of surface-exposed
material when M. smegmatis was collected at exponential or
stationary growth phases (data not shown).

When freshly isolated neutrophils were infected with unicel-
lular M. smegmatis grown for different time periods, no exocy-
tosis of azurophil granule lysosomal enzymes was observed
(Fig. 1B) and phagocytosis of mycobacteria remained constant
(data not shown), indicating that the biogenesis of phagolyso-
somes was independent of the growth stage of mycobacteria.

Clumps of M. smegmatis trigger the release of 3-glucuroni-
dase in human neutrophils. Mycobacteria are known to form
aggregates in culture, and much caution has been taken to
infect cells with unicellular bacteria. For this purpose, myco-
bacterial clumps are gently disrupted with glass beads (24);
large aggregates are sedimented, whereas small aggregates and
unicellular bacteria remain in the supernatant. A low-speed
centrifugation step is necessary to pellet the small bacterial
aggregates (22). Unicellular bacteria in the supernatant repre-
sent 5 to 10% of the initial culture. To test the possibility that
the biogenesis of phagolysosomes may be influenced by the
size of engulfed particles, neutrophils were infected with the
small bacterial aggregates obtained in the pellets obtained by
low-speed centrifugation, which are made of two to five bac-
teria, as observed by electron microscopy (data not shown).
Under these conditions, an extensive release of B-glucuroni-
dase was obtained (Fig. 2A); this did not result from a cytotoxic
effect, since no release of the cytosolic enzyme lactate dehy-
drogenase, a marker of cell death, was observed in these ex-
periments (data not shown). To investigate whether it was
possible to reverse the biogenesis of phagolysosomes, the small
clumps used as described above were disrupted with glass
beads to obtain unicellular mycobacteria which were used to
infect neutrophils. The degranulation effect was totally abol-
ished by the declumping of aggregates since no significant
release of B-glucuronidase was observed under these condi-
tions (Fig. 2A). Finally, clumps prepared from 3-, 7-, 8-, and
11-day-old cultures were identical in the efficiency with which
they triggered the exocytosis of azurophil granules (data not
shown).

To determine whether the effect observed with the small
aggregates was not the result of an increased bacterium-to-cell
ratio, neutrophils were infected with unicellular mycobacteria
or aggregates at different multiplicities of infection. As shown
in Fig. 2B, unicellular mycobacteria at a ratio as high as 250 did
not trigger the exocytosis of B-glucuronidase, while aggregates
triggered the exocytosis of the lysosomal enzyme at a 10:1
ratio. These results indicate that only aggregates have the
ability to induce the biogenesis of phagolysosomes. In addition,
the percentage of neutrophils that internalized aggregates is
lower than the percentage that internalized unicellular bacteria
(16.7 versus 28.6%), indicating that the release of B-glucuron-
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FIG. 2. Release of B-glucuronidase is triggered by aggregates of M.
smegmatis. (A) Neutrophils were incubated with 6-day-old unicellular
mycobacteria (bar 1), small aggregates of mycobacteria (bar 2), or
unicellular mycobacteria obtained by disaggregating small aggregates
with glass beads (bar 3). The release of B-glucuronidase was measured,
and the results are expressed as means + SDs (error bars) of three
experiments. Stimulation of B-glucuronidase exocytosis triggered by
OZ is also shown. (B) Neutrophils were incubated with 6-day-old
unicellular mycobacteria (bars with oblique lines) or small aggregates
of mycobacteria (bars with vertical lines) at the indicated multiplicity
of infection (MOI). The release of B-glucuronidase was measured, and
the results are expressed as means + SDs (error bars) of two experi-
ments performed in triplicate. Statistically significant difference versus
control: *, P < 0.05; =%, P < 0.001.

idase is not dependent on the phagocytic rate but on the type
of particle ingested as previously reported (22).

Translocation of the Src family tyrosine kinase Hck onto
phagosomes has been shown to reflect the biogenesis of
phagolysosomes (35). The presence of Hck on phagosomes
was examined 30 min p.i. While Hck is not present on phago-
somes containing nonopsonized mycobacteria (22) or heat-
killed M. smegmatis (Fig. 3), the kinase was found associated to
phagosomes containing nonopsonized M. smegmatis aggre-
gates (Fig. 3).

The size of phagocytic particles does not influence the bio-
genesis of phagolysosomes in human neutrophils. A previous
report on IgG-coated latex beads has shown that macrophage
phagosomes containing beads of 1 wm or larger have no lag for
delivery to lysosomes, in contrast to smaller beads (16). To
further gain insight into the mechanisms by which clumps in-
duce fusion of azurophil granules while unicellular mycobac-
teria fail to do so, we investigated the effect of the size of the
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FIG. 3. Hck is present on phagosomes containing clumps of M.
smegmatis. Neutrophils were coincubated with FITC-stained M. smeg-
matis aggregates or heat-killed unicellular mycobacteria for 30 min at
37°C. Cells were fixed and permeabilized with methanol at —20°C, and
the tyrosine kinase Hck was revealed by TRITC immunostaining.
Merged confocal images of phagosomes are shown in horizontal (A
and C) or in vertical (B and D) planes. As shown here, phagosomes
containing a single bacterium are most of the time in the plane of the
cell (A), while phagosomes containing aggregated bacteria are above
the plane of the cell (C). Phagosomes surrounding aggregates of M.
smegmatis are Hck positive all over their periphery (D). In contrast,
Hck staining is diffuse around heat-killed unicellular mycobacteria
representing Hck in the cytoplasm and absent at the apex of phago-
somes (B), indicating that the kinase is not associated with the pha-
gosomal membrane. One experiment representative of four is shown.

particles ingested by neutrophils on the biogenesis of phagoly-
sosomes. The exocytosis of B-glucuronidase was therefore
measured in response to latex beads with diameters of 1 or 3
pm, which approximately correspond to the size of unicellular
and clumped bacteria, respectively. The phagocytic rates of 1-
and 3-pm-diameter beads were 31.6 and 24.8%, respectively,
which were comparable to the phagocytic rates of unicellular
and aggregated mycobacteria (Fig. 4), respectively. However,
no release of B-glucuronidase was triggered by phagocytosis of
latex beads (data not shown). These data indicate that the size
of the phagocytic particle and therefore the size of the phago-
somes is not critical for azurophil granule exocytosis.
Unicellular or aggregated M. smegmatis bacteria are inter-
nalized through the same phagocytic receptors, but only the
aggregates recruit F-actin on phagosomes. We have previously
reported that phagocytosis of unicellular M. kansasii by human
neutrophils is dependent on cholesterol, CR3, and GPI-an-
chored receptors (26). Based on the observed differential be-
havior of unicellular M. smegmatis versus aggregates towards
the biogenesis of phagolysosomes, we investigated the possi-
bility that clumped bacteria could be internalized through re-
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FIG. 4. Phagocytosis of unicellular or aggregated M. smegmatis is
cholesterol and CR3 dependent. Adherent neutrophils were incubated
at 37°C for 10 min with 5 mM methyl-B-cyclodextrin or anti-CR3
antibody (2LPM) (2 pg/ml), and unicellular or aggregated FITC-
stained mycobacteria were added (50:1). Cells were washed and fixed
in paraformaldehyde, and the remaining extracellular bacteria were
revealed by rabbit antimycobacterial antiserum and TRITC-conju-
gated anti-rabbit IgG. The number of cells having ingested at least one
particle was determined and expressed as the percentage of the num-
ber of phagocytic cells. Results are means + SDs (error bars) of five
experiments. Statistically significant difference versus control: *, P <
0.05; =%, P < 0.01; #x, P < 0.001.

ceptors other than those used by unicellular mycobacteria (26).
When neutrophils were incubated with methyl-p-cyclodextrin,
a chelator of sterols used to remove cholesterol from the
plasma membrane (10, 15, 28, 32) which does not affect phago-
cytosis of zymosan or opsonized zymosan (26), internalization
of unicellular or clumped bacteria was strongly inhibited (Fig.
4). Similarly, preincubation of neutrophils with anti-CR3 anti-
bodies directed against CD11b affected not only phagocytosis
of unicellular mycobacteria as previously reported (26) but also
that of clumped bacteria (Fig. 4). These results demonstrate
that clumped and unicellular M. smegmatis bacteria are inter-
nalized through CR3 in a cholesterol-dependent manner as
described for unicellular M. kansasii (26).

Receptor clustering has been shown to be required for
phagocytosis and actin rearrangements necessary for internal-
ization of particles (11). In addition, rapid delivery of lysoso-
mal markers to phagosomes has been correlated with the pres-
ence of actin around phagosomes at early time points (16). Our
next attempt was to determine whether clumped mycobacteria,
which probably recruit more phagocytic receptors than unicel-
lular mycobacteria, also recruited polymerized actin on their
phagosomes. Neutrophils incubated with unicellular or aggre-
gated mycobacteria at different time points were fixed, and
F-actin was stained with rhodamine-conjugated phalloidin. As
shown in Fig. 5, phagocytic cups of F-actin were observed very
early after the contact of neutrophils with aggregated M. smeg-
matis but were never seen with unicellular bacteria (data not
shown). Similarly, 30 min after infection, about 60% of phago-
somes containing mycobacterial clumps were F-actin positive,
versus 0% of phagosomes containing unicellular M. smegmatis.

DISCUSSION

We have previously shown that at early time points p.i. of
human neutrophils with pathogenic or nonpathogenic myco-
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FITC-
M. smegmatis

F-actin

FIG. 5. Phagocytosis of mycobacterial aggregates induces actin po-
lymerization. Adherent neutrophils were incubated in the presence of
unicellular FITC-stained mycobacteria (50:1) for 30 min (A and B) or
aggregated FITC-stained mycobacteria (C to F) for 5 min (C and D)
or 30 min (E and F). Cells were fixed and permeabilized in acetone at
—20°C, and F-actin was stained with rhodamine-conjugated phalloidin
(A, C, and E) visualized by fluorescence microscopy. At 5 min, phago-
cytic cups of F-actin (C) (black arrowhead) are seen in front of a
mycobacterial clump (D) (white arrowhead). At 30 min p.i., phago-
somes containing mycobacterial aggregates are surrounded by F-actin
(E and F), whereas this is not seen around phagosomes containing
unicellular mycobacteria (A and B). One representative experiment
out of three is shown.

bacteria, the fusion of azurophil granules with phagosomes is
inhibited (22). We have also reported that nonopsonic phago-
cytosis of M. kansasii by human neutrophils takes place in rafts
through CR3 associated with GPI-anchored proteins (26). In
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the present study, we first investigated whether this inhibition
process is actively controlled by mycobacteria; the nonpatho-
genic strain M. smegmatis was used to avoid the potential
influence of virulence factors. We showed that heat-killed M.
smegmatis resides in phagosomes which do not fuse with azuro-
phil granules, indicating that by 1 h p.i., mycobacteria do not
actively release inhibitory molecules or actively act on the
phagosomal membrane to modify its fusion competence with
azurophil granules. However, additional events may operate at
later stages since it has been shown that heat-killed pathogenic
mycobacteria reside in phagolysosomes 1 day p.i. (5). Conse-
quently, we propose that, at early time points, mycobacteria do
not actively act on their phagosomes but rather the receptor of
entry plays a crucial role. In contrast, at late time points, such
as hours or days p.i., the receptors of entry may no longer
control the phagosomes, and at this stage, mycobacteria may
need to be alive to control the fusion capacity of their phago-
somes. This hypothesis is consistent with the observation that,
at early time points p.i., nonpathogenic as well as pathogenic
mycobacteria are found in phagosomes unable to fuse with
azurophil granules in both human neutrophils (22) and mac-
rophages (8), whereas it is well known that a few days after
infection, only pathogenic mycobacteria reside in phagosomes
not fusing with lysosomes. This suggests that after a certain
time, virulent mycobacterial factors are expressed to control
the behavior of the phagosomes. In addition, we showed that
opsonization of mycobacteria in immune serum is able to re-
store the fusion capacity of their phagosomes with azurophil
granules. Similarly, at early time points p.i., human macro-
phage phagosomes containing mycobacteria do not fuse with
Hck-positive lysosomes, while they fuse when they contain
immune-opsonized M. kansasii (2). Taken together, these re-
sults support the hypothesis that nonopsonic phagocytosis of
mycobacteria involves receptors that do not trigger the biogen-
esis of phagolysosomes. We have reported that, in human
macrophages, phagosomes containing particles internalized
through the mannose receptor do not fuse with Hck-positive
lysosomes (2, 3).

We have recently been able to develop an in vitro assay for
fusion between neutrophil phagosomes and azurophil granules
(27). This fusion assay requires the presence of cytosol isolated
from neutrophils which have been activated to trigger the fu-
sion of azurophil granules. When the activated cytosol is di-
luted by a cytosol collected from neutrophils infected by live
but not heat-killed M. smegmatis (27) the fusion assay is inhib-
ited, suggesting the presence of a factor able to counteract the
activated fusion assay. In the present study, we worked in a
different context using intact resting neutrophils. When they
are infected by dead or live M. smegmatis, no release of B-glu-
curonidase is observed, suggesting that the inhibitory factor
could specifically operate when the biogenesis of phagolyso-
somes is activated. Thus, mycobacteria probably use multiple
mechanisms to control cells of the host.

To examine whether it is possible to restore the fusion of
azurophil granules with phagosomes in mycobacterium-in-
fected neutrophils, we searched to redirect M. smegmatis to-
wards other nonopsonic phagocytic receptors. To this aim,
mycobacteria were collected at different stages of growth and,
consequently, under different physiologic states, expecting that
they would differentially interact with neutrophils. We report
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here that, independently of their state of growth, unicellular M.
smegmatis organisms always reside in phagosomes unable to
fuse with azurophil granules. In patients with chronic tubercu-
losis, bacteria are found in different metabolic states, ranging
from actively growing bacteria to mycobacteria in the station-
ary phase (9, 20). It would be interesting to examine on iso-
lated alveolar macrophages whether these bacteria also remain
in phagosomes not fusing with lysosomes. We observed that
the conditions which permit the restoration of phagolysosome
biogenesis under nonopsonic conditions are those involving
ingestion of small aggregates of mycobacteria by neutrophils.
Similarly, macrophages that ingest aggregates of M. tuberculo-
sis fuse their lysosomes with phagosomes (5). When aggregates
of M. smegmatis were declumped with glass beads, no fusion of
azurophil granules was obtained. It is therefore clear that only
aggregated mycobacteria possess the capacity to trigger the
biogenesis of phagolysosomes and that this occurs indepen-
dently of whether they are dead or alive.

Because we demonstrated that aggregates, as well as unicel-
lular M. smegmatis, were internalized in a cholesterol- and
CR3-dependent manner (26), the question of how aggregates
can restore fusion was addressed. We showed that the size of
the particles by itself was not critical, since phagosomes con-
taining latex beads of 3 um, a size similar to the average size of
the bacterial clumps, did not fuse with azurophil granules. This
could be due to the clustering of phagocytic receptors, which is
certainly more important in the presence of bacterial clumps
than in the presence of a single bacterium. This hypothesis is
further supported by a recent work showing that CR3 can
trigger distinct signaling pathways in response to its activation
and its clustering (36). Actin filaments have been shown to
facilitate fusion events at late stages of the endocytic pathway
and between phagosomes and endocytic vesicles (6, 14). Re-
cruitment of F-actin at early time points of the phagocytic
process correlates with the biogenesis of phagolysosomes (16),
and interestingly, this phenomenon was observed during
phagocytosis of mycobacterial aggregates by neutrophils but
not during phagocytosis of unicellular mycobacteria (this re-
port). Similar observations have recently been reported in
mouse macrophages infected with M. avium (13). Moreover,
phagocytosis of clumped but not unicellular mycobacteria has
been shown to induce an increase in the intracellular calcium
concentration (19), an event also known to trigger the exocy-
tosis of azurophil granules in neutrophils (4). Therefore, we
propose that clustering of receptors could trap or recruit pro-
teins involved in the signaling towards azurophil granules.

In conclusion, it is possible to restore the fusion of azurophil
granules with phagosomes containing M. smegmatis when bac-
teria are either opsonized in immune serum or ingested as
small clumps but not when they are heat killed. This indicates
that, at early time points p.i., unicellular mycobacteria do not
actively act on the fusogenic capacity of their phagosomes but
rather use nonopsonic receptors of entry, which do not trigger
the biogenesis of phagolysosomes. Although mycobacterial
clumps are internalized through the same receptors, we pro-
pose that during their phagocytosis, large clusters of these
receptors are produced, leading to the initiation of fusogenic
signals for azurophil granules.
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