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Wild-type Legionella pneumophila grows in human macrophages within a replicative phagosome, avoiding
lysosomal fusion, while nonreplicative mutants are killed in lysosomes. Wortmannin, a phosphatidylinositol
3-kinase (PI3K) inhibitor, blocks phagocytosis of an avirulent mutant, but not of wild-type L. pneumophila,
without affecting membrane ruffling and actin polymerization. These results show that wild-type and mutant
Legionella strains use different entry pathways. They suggest that PI3Ks are involved in phagocytosis of an
avirulent L. pneumophila mutant and regulate the ability of microorganisms to generate a replicative phagosome.

Legionella pneumophila targets specifically alveolar macro-
phages in vivo and kills human monocytic cell lines such as
U937 (23) and HL-60 in vitro (18). It is internalized by mono-
cytes through coiling phagocytosis (14). Bacteria multiply in
replicative phagosomes (10) that fail to acidify completely (15)
and to acquire markers of the late endosomal-lysosomal path-
way (7, 12). Instead, phagosomes containing L. prneumophila
associate sequentially with small vesicles, mitochondria, and
ribosomes (13), appearing to interact with the endoplasmic
reticulum (29). Coiling phagocytosis is not essential for L.
pneumophila virulence, since it occurs with heat-killed bacteria
and with an avirulent mutant, 25D (16).

The ability to form a replicative phagosome appears to be
essential for intracellular multiplication and macrophage kill-
ing (17). Characterization of avirulent mutants that have lost
these properties led to the description of two sets of genes, the
icm locus (intracellular multiplication) (6, 19, 26, 28) and the
dot locus (defect in organelle trafficking) (2, 4, 5). Avirulent
mutant 25D was complemented by insertion of a plasmid car-
rying the locus icm, which restored the bacterial ability to grow
in and kill macrophages (19). 25D was used in our study to
compare the behavior of wild-type and nonreplicative L. pneu-
mophila, since its interactions with monocytes were widely
characterized earlier (16, 30).

Phagocytosis of L. pneumophila occurs through binding of
complement receptors CR1 and CR3 (22) and other unknown
receptors (9, 24). CR3-mediated entry of L. pneumophila in
human monocytes activates tyrosine kinases and protein kinase
C and induces actin polymerization at the site of infection,
regardless of the virulence state of the bacteria (8). In contrast,
interaction of wild-type, but not avirulent mutant, L. pneumo-
phila with macrophages induces phosphorylation of a 76-kDa
protein, suggesting that this signal might be relevant for patho-
genicity (31). In this study, we further analyzed the signal
transduction pathway occurring at the very early stages of L.
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pneumophila phagocytosis by U937 cells. Since phosphatidyl-
inositol 3-kinases (PI3K) have been implicated in phagocytosis
through Fc receptors (20) and macropinocytosis (1), we eval-
uated their role in L. pneumophila ingestion using wortmannin
as an inhibitor of PI3K (3).

Parameters such as phagocytosis efficiency, ruffling, and ac-
tin polymerization were studied during infection with virulent
wild-type JR32 and avirulent mutant 25D, both derived from
Philadelphia-1 L. pneumophila (16, 26). As a comparison with
conventional phagocytosis, we also determined the behavior of
a serum-resistant strain of Escherichia coli Bi 1:61-42 serotype
09:K29H ™ (11). Bacteria were grown at 37°C for 2 days on
ABCYE agar plates for L. pneumophila strains as described
elsewhere (30) or on Luria-Bertani for Escherichia coli. Bac-
teria were suspended and diluted in RPMI at 37°C at 2 X 10°
CFU/ml to infect the cells at a multiplicity of infection of 300:1
to 600:1 for L. pneumophila and 100:1 to 300:1 for E. coli.
Variation of the multiplicity of infection on different days of
experiments did not affect the number of bacteria bound to or
internalized by the cells (data not shown). When required,
bacteria were incubated for 30 min at 37°C in RPMI containing
10% nonimmune human serum from healthy volunteers as
described elsewhere (14) to allow opsonization by serum com-
ponents. U937 cells were plated at a concentration of 2 X 10°
cell/ml and differentiated into adherent macrophage-like cells
by incubation for 2 days with 10 ng of phorbol 12-myristate
13-acetate (Sigma Chemical Co., St. Louis, Mo.) per ml. For
phagocytosis and binding assays, cells were plated in six-well
culture dishes. Experiments were done in triplicate and re-
peated on different days three times for virulent L. prneumo-
phila and E. coli, twice for opsonized avirulent L. pneumophila,
and once for unopsonized avirulent L. pneumophila. For mi-
croscopy experiments, cells were plated on coverslip chambers
as previously described (27). Before infection, cells were
washed with RPMI at 37°C and incubated for 30 min with or
without 100 nM wortmannin (Sigma) in RPMI in the absence
of serum.

Effect of wortmannin on phagocytosis. Opsonized or non-
opsonized bacteria were layered on U937 cells by centrifuga-
tion at 800 X g for 10 min. Infected cells were washed three
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times with RPMI at 37°C to remove unbound bacteria. For
binding assays, cells were lysed immediately by the addition of
1 ml of water at 4°C, followed by 5 min of incubation at —20°C.
For phagocytosis assays, infected cells were incubated for an
additional 2 h at 37°C in RPMI containing 100 ng of gentami-
cin per ml (to kill extracellular bacteria) and 100 nM wortman-
nin (if present during the initial infection). After three washes
with RPMI at 37°C, cells were lysed as described above. Cell
lysates were homogenized by vigorous pipetting, diluted, and
plated on appropriate agar plates. Bacterial counts were de-
termined after the plates had been incubated for 2 to 3 days at
37°C. As shown in Fig. 1A, ingestion of opsonized E. coli by
conventional phagocytosis was strongly inhibited by wortman-
nin (7 X 107 versus 8.5 X 10° CFU/well). In contrast, phago-
cytosis of opsonized wild-type L. pneumophila JR32 was not
affected by the drug (1.8 X 107 CFU/well). As with E. coli,
phagocytosis of opsonized avirulent variant 25D was efficiently
inhibited by wortmannin (2.7 X 107 versus 6.2 X 10° CFU/
well). Nonopsonized wild-type JR32 was similarly internalized
by U937 cells whether treated with wortmannin or not (1.7 X
107 CFU/well), whereas the entry of nonopsonized avirulent
mutant 25D was strongly inhibited by wortmannin (1.9 X 10°
versus 1.2 X 10* CFU/well). It should be noted that in the
absence of wortmannin, phagocytosis of all strains (opsonized
or nonopsonized) was to a similar extent, with the exception of
nonopsonized 25D, for which internalization was less efficient
but similarly affected by wortmannin (approximately a 1-log
difference). However, this difference might result only from
day-to-day variation, since experiments with different bacterial
preparations were not always performed on the same day. All
experiments to test for differences with or without wortmannin
were performed in parallel. We determined that bacterial via-
bility in medium containing 100 nM wortmannin was similar to
that in drug-free medium and that 0.1 to 0.2% of the initial
inoculum survived treatment with 100 g of gentamicin per ml
(data not shown).

Since phagocytosis is dependent on the ability of the micro-
organism to bind to the cell surface, we also studied the effect
of wortmannin on bacterial attachment to the cells. As shown
in Fig. 1B, the binding of opsonized bacteria was not affected
significantly by wortmannin (2.1 X 10 versus 1.8 X 10* CFU/
well for wild-type JR32; 1.4 X 10% versus 9.6 X 107 CFU/well
for avirulent mutant 25D; 8 X 107 versus 6.6 X 107 CFU/well
for E. coli). Thus, the decrease in uptake of opsonized mutant
25D and opsonized E. coli was not due to an inability to bind
wortmannin-treated cells. However, the drug appeared to de-
crease the binding ability of nonopsonized wild-type (5.8 X 107
versus 3.5 X 107 CFU/well) and mutant (3 X 10® versus 6.7 X
107 CFU/well) L. pneumophila. In the case of nonopsonized
wild-type JR32, the decrease in binding is moderate and does
not have a dramatic effect on phagocytosis (Fig. 1A). For
nonopsonized mutant 25D, there was a large variation in the
amount of binding, so the difference in binding is not statisti-
cally significant. The reduced binding may contribute to the
reduction of phagocytosis of nonopsonized 25D shown in Fig.
1B, but phagocytosis of opsonized avirulent mutant 25D is
decreased by wortmannin with no change in binding.

Attachment of opsonized bacteria to the host complement
receptors CR1 and CR3 can be inhibited by antibodies specific
for complement receptors (22). However, the same antibodies
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FIG. 1. Effect of wortmannin on bacterial phagocytosis and bind-
ing. Differentiated U937 cells were treated with 100 nM wortmannin
(=) or not treated (m) and infected with opsonized or nonopsonized L.
pneumophila wild-type (JR32) or avirulent mutant (25D) or with op-
sonized E. coli. (A) Phagocytosis by wortmannin-treated cells was
expressed as a percentage of phagocytosis by untreated cells. (B)
Bacterial binding to wortmannin-treated cells was expressed as a per-
centage of bacterial binding to untreated cells. Values of phagocytosis
and binding obtained in the presence of wortmannin were expressed as
a percentage of the values obtained in absence of treatment (defined
as 100%). Error bars represent standard errors. Asterisks represent
values for treated cells statistically different from values for untreated
cells with a value of P < 0.05 as determined with the Student ¢ test.

do not inhibit binding of nonopsonized bacteria (9, 24), sug-
gesting the involvement of other unidentified receptors. The
fact that entry of both opsonized and nonopsonized bacteria
was similarly affected by wortmannin indicates that comple-
ment receptor-mediated phagocytosis may not be the discrim-
inating factor necessary to generate a replicative phagosome
and supports the idea of another receptor specifically involved
in L. pneumophila entry.
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FIG. 2. Induction of actin polymerization by L. pneumophila. Differentiated U937 cells were treated with 100 nM wortmannin (D to F, J to L,
P to R, and T) or not treated (A to C, G to I, M to O, and S) and infected with L. pneumophila wild-type JR32 (A to F), avirulent mutant 25D
(G and L), or heat-killed JR32 (M to R) or not infected (S and T). Four minutes after the addition of bacteria, the cells were fixed and
permeabilized. Bacteria were labeled with a fluorescein-conjugated rabbit anti-L. pneumophila antibody (green). Actin was detected using
rhodamine-phalloidin (red). Cells were observed with a confocal scanning laser microscope (model MRC600; Bio-Rad Microscience, Cambridge,
Mass.) using an argon laser (514-nm excitation) and a 63X objective (numerical aperture, 1.4). Images were acquired as a succession of focal planes
(0.6-pm step size) and were processed with Metamorph and Photoshop (Adobe) software. Background fluorescence intensity was determined as
the average intensity of a blank field and was subtracted from original images. Confocal images are presented as a summation projection of these
corrected images. Composite images (C, F, I, L, O, and R) were produced by overlaying the images of L. pneumophila (A, D, G, J, M, and P) and

actin images (B, H, N, I, K, Q, S, and T respectively). Bar, 10 pm.

In conclusion, we found that phagocytosis of wild-type L.
pneumophila JR32, whether opsonized or not, was unaffected
by treatment with wortmannin, whereas the phagocytosis of the
avirulent mutant 25D, whether opsonized or not, and of opso-
nized E. coli was strongly inhibited by the PI3K inhibitor.
These results suggest that the mechanisms leading to wild-type
or mutant phagocytosis are different and that PI3K may play a
role in bacterial uptake. These findings indicate that the icm
genes of L. pneumophila encode some product(s) that specif-
ically affects cellular signaling through PI3K. We suggest that
PI3K is required for conventional phagocytosis and might be
inactivated or bypassed by wild-type L. pneumophila, allowing
the establishment of a specific intracellular niche.

Ruffling and actin polymerization induced by bacteria. To
determine if the differences in the internalization of wild-type
and mutant L. pneumophila were due to variations in the abil-
ity to generate an appropriate cell membrane response, we first
examined changes in morphology by differential interference
contrast microscopy on live cells. Bacterial suspensions were
directly applied to the cells at 37°C. After 2 to 4 min, the
surfaces of differentiated U937 cells infected with either wild-
type JR32 or avirulent mutant 25D exhibited extensive ruffling
and pseudopod formation which were not affected by wort-
mannin treatment (data not shown). These results suggest that

PI3K are not essential for these activities and are consistent
with previous data showing that ruffling of macrophages was
not affected by PI3K inhibitors (1). The fact that the kinetics
and extent of the ruffling induced by wild-type and avirulent
mutant L. pneumophila appeared to be very similar suggests
that ruffling does not determine the intracellular pathway of L.
pneumophila. It also suggests that the products of icm genes,
which are important to target bacteria to a replicative phago-
some, are not essential for the induction of ruffling. In the case
of L. pneumophila, it is possible that other factors, such as
lipopolysaccharide, which has been implicated in stimulation
of ruffling (21), may be responsible for membrane activity in
response to infection. We also evaluated by confocal micros-
copy the ability of L. pneumophila wild-type JR32 and avirulent
mutant 25D to induce actin polymerization and the effect of
wortmannin on these features. After 3 min of infection with
nonopsonized bacteria, cells were quickly washed with RPMI
at 37°C and fixed for 2.5 min at room temperature with 6.6%
paraformaldehyde—0.5% glutaraldehyde diluted in medium 1
(150 mM NaCl, 20 mM Hepes, 5 mM KCI, 1 mM CaCl,, ] mM
MgCl, [pH 7.4]). After fixation, all treatments were performed
at room temperature. Cells were permeabilized with 250 pg of
saponin per ml in medium 1 containing 20 mM glycine and
10% calf serum. Bacteria were labeled for 45 min using a
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fluorescein-conjugated rabbit anti-L. pneumophila antibody
(m-Tech, Atlanta, Ga.) diluted 1/100 in medium 1. Cells were
washed three times with medium 1, and actin was labeled for
45 min using rhodamine-conjugated phalloidin (Molecular
Probes Inc., Eugene, Oreg.) diluted at 0.3 pg/ml in medium 1.
Figure 2 shows that the contours of noninfected U937 cells
were flat and displayed little actin polymerization (Fig. 2S).
This morphology was not modified by wortmannin treatment
(Fig. 2T). In contrast, cells infected with wild-type JR32 exhib-
ited an intense network of membrane ruffles and projections
which contained a high concentration of F-actin, as shown by
phalloidin staining (Fig. 2A to C). Similar morphological mod-
ifications and actin polymerization were observed in response
to infection with avirulent mutant 25D (Fig. 2G to 2I). Mem-
brane movement and actin polymerization induced by JR32 or
25D were not affected by wortmannin (Fig. 2D to F and 2J to
L), indicating that the products of icm genes are not required
for induction of actin polymerization.

To determine if bacterial viability was required to induce
actin polymerization, we incubated cells with heat-killed JR32
(boiled for 20 min). As with live bacteria, dead L. pneumophila
also induced subcortical actin polymerization that followed the
same kinetics (Fig. 2M to O), implying that the product(s)
required for these effects is heat stable and does not need to be
newly synthesized. The actin rearrangement was not inhibited
by wortmannin (Fig. 2P to R), suggesting that PI3K activity is
not essential for actin polymerization in response to heat-killed
L. pneumophila. The lack of effect on actin polymerization is
consistent with the lack of effect on ruffling and pseudopod
extension. We noted that the profile of actin labeling obtained
in our work differed from those observed in another recent
study, in which actin polymerization occurred at discrete spots,
concentrated at L. pneumophila infection sites (8). We suggest
that this variation may be due to the different infection times
after which the cells were fixed and observed (3 min in our
experiments versus 15 min for their experiments). Our data on
actin polymerization are in agreement with the results con-
cerning phagocytosis of immunoglobulin G-coated particles via
Fc receptors for which the early steps of phagosome formation
were not affected by PI3K inhibitors (1). This work showed
that pseudopods initiated and started engulfing immunoglob-
ulin G-coated erythrocytes but never achieved the fusion event
necessary for phagosome completion (1).

The kinetics observed in our experiments also suggest that a
pivotal step leading to the specific phagosome formation by L.
pneumophila occurs before its completion. Both the wild-type
L. pneumophila and the avirulent mutant were able to bind to
cells and to generate the membrane activity necessary to ini-
tiate the formation of a phagosome even after the wortmannin
treatment. However, despite these similarities, the avirulent
mutant 25D, lacking the icm locus, does not complete the entry
process in wortmannin-treated cells and remains extracellular.
These results suggest that a pivotal step in L. pneumophila
survival and intracellular multiplication is an early event, oc-
curring after binding but before internalization. They also sug-
gest that this step requires one or more products encoded by
the icm or dot genes. The establishment of a modulation very
early during infection is supported by recent data from Wiater
et al. showing that the intracellular fate of L. pneumophila is
determined by the icm or dot gene products and that, as early
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as 30 min after infection, phagosomes containing avirulent
mutants are fully fused with lysosomes (30). Moreover, it has
been shown that expression of the dotA gene product is re-
quired before macrophage internalization for efficient forma-
tion of the replicative phagosome (25). All these results sug-
gest that the phagosomal maturation processes that appear to
be required for intracellular multiplication of microorganisms
may be generated by specific interactions occurring at the
onset of infection and may be determined by the pathogen’s
ability to interact with specific molecules at the host cell sur-
face.
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