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The Legionella pneumophila-containing phagosome evades endocytic fusion and intercepts endoplasmic
reticulum (ER)-to-Golgi vesicle traffic, which is believed to be mediated by the Dot/Icm type IV secretion
system. Although phagosomes harboring dot/icm mutants are thought to mature through the endosomal-
lysosomal pathway, colocalization studies with lysosomal markers have reported contradictory results. In
addition, phagosomes harboring the dot/icm mutants do not interact with endocytosed materials, which is
inconsistent with maturation of the phagosomes in the endosomal-lysosomal pathway. Using multiple strate-
gies, we show that the dot/icm mutants defective in the Dot/Icm structural apparatus are unable to maintain
the integrity of their phagosomes and escape into the cytoplasm within minutes of entry into various mam-
malian and protozoan cells in a process independent of the type II secretion system. In contrast, mutants
defective in cytoplasmic chaperones of Dot/Icm effectors and rpoS, letA/S, and letE regulatory mutants are all
localized within intact phagosomes. Importantly, non-dot/icm L. pneumophila mutants whose phagosomes
acquire late endosomal-lysosomal markers are all located within intact phagosomes. Using high-resolution
electron microscopy, we show that phagosomes harboring the dot/icm transporter mutants do not fuse to
lysosomes but are free in the cytoplasm. Inhibition of ER-to-Golgi vesicle traffic by brefeldin A does not affect
the integrity of the phagosomes harboring the parental strain of L. pneumophila. We conclude that the Dot/Icm
transporter is involved in maintaining the integrity of the L. pneumophila phagosome, independent of inter-

ception of ER-to-Golgi vesicle traffic, which is a novel function of type IV secretion systems.

Legionella pneumophila is a gram-negative facultative intra-
cellular pathogen that replicates within macrophages and
monocytes (15, 16, 22, 40, 52). Bacterial replication within
pulmonary cells in the alveoli is indispensable for the ability of
the organism to cause disease, which is manifested as an acute
pneumonia. Interestingly, no person-to-person transmission of
L. pneumophila has ever been reported. L. pneumophila is
ubiquitous in aquatic environments, where amoebae and pro-
tozoans are considered to be the environmental hosts and
reservoirs for this intracellular pathogen. This host-parasite
interaction plays a major role in bacterial ecology and patho-
genesis (2, 54).

L. pneumophila has very similar intracellular fates within
both mammalian and protozoan cells. Intracellular multiplica-
tion of Legionella in protozoans, such as Acanthamoeba
polyphaga, and in macrophages requires the Dot/Icm type IV
secretion system for biogenesis of the phagosome (34, 70).
Most or all of the Dot/Icm structural proteins have been shown
to be essential for biogenesis of the Legionella-containing
phagosome (LCP) and for intracellular multiplication within
both protozoan and mammalian cells (69, 74). The majority of
the Dot/Icm proteins are involved in the assembly of a type IV
secretion apparatus, which injects bacterial proteins into the
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cytosol of host cells (48, 56, 69, 74). Within both mammalian
and protozoan cells, the LCP evades endocytic fusion (1, 42),
intercepts early secretory vesicles exiting the endoplasmic re-
ticulum (ER), and acquires proteins involved in ER-to-Golgi
vesicle traffic, such as Rabl and Sec22b (45). Within a few
minutes of biogenesis, the LCP is remodeled into an ER-
derived replicative vacuole (1, 29, 41, 44, 45, 72). The Dot/Icm
system is also essential for modulation of proapoptotic and
antiapoptotic events in the host cell (4, 5, 55). A few hours
after internalization and formation of the ER-derived replica-
tive organelle, bacterial replication is initiated. Both evasion of
endocytic fusion and recruitment of early secretory vesicles as
they exit the ER are controlled by the Dot/Icm type IV secre-
tion system (1, 29, 41, 72). While the L. prneumophila-contain-
ing phagosome does not interact with the dynamic endocytic
traffic, other species of Legionella seem to be trafficked differ-
ently. The L. longbeachae-containing phagosome interacts with
the endocytic traffic, and its biogenesis exhibits some matura-
tion within the endocytic pathway (9, 10). Recent studies have
shown that within human macrophages, the L. longbeachae-
containing phagosome is trafficked into a nonacidified late
endosome-like phagosome that acquires the LAMPs and the
MO6PR late endosomal markers but excludes the vacuolar
ATPase proton pump and lysosomal markers (9, 10). In addi-
tion, the L. longbeachae-containing phagosome is remodeled
by the rough ER (RER), and bacterial replication occurs
within the RER-remodeled late endosome-like phagosomes
(9, 10). In contrast, the L. micdadei phagosomes are not re-
modeled by the RER (36).

It has been shown that the dot/icm mutants of L. pneumo-
phila do not remodel their phagosomes into ER-derived vesi-
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TABLE 1. Strains used in this study

Strain Species Characteristic(s) Reference(s)
AA100 L. pneumophila Clinical isolate 34
Lp02 L. pneumophila Derivative of Philadelphia-1 18
dotA L. pneumophila (AA100 derived) dotA::Km 34
dotApdotA L. pneumophila (AA100 derived) dotA::Km pdotA 19
icmT L. pneumophila (AA100 derived) icmT::Km S55a
icmTpTS L. pneumophila (AA100 derived) icmT::Km picmTS 55a
icmS L. pneumophila (AA100 derived) icmS:Km S5a
icmR L. pneumophila (AA100 derived) icmR::Km 55a
icmW L. pneumophila (AA100 derived) icmW::Km 55a
icmQ L. pneumophila (AA100 derived) icmQ:Km 36a
icmJB L. pneumophila (AA100 derived) icmJB:: Km 34, 36a
icmGCD L. pneumophila (AA100 derived) icmGCD::Km 34, 36a
dotDCB L. pneumophila (AA100 derived) dotDCB::Km 34, 36a
poS L. pneumophila rpos::Km, AA100 derived 3
poS L. pneumophila rpos::Km, Lp02 derived 38a
letA/S L. pneumophila letA/S::Km, Lp02 derived 39
letE L. pneumophila letE::Km, Lp02 derived 39
htrA L. pneumophila (AA100 derived) htrA::Km 59
Nu243 L. pneumophila (AA100 derived) pilD::Km 62a
iemGCD-pilD icmGCD::Km pilD::Km 34
Dh5a E. coli Wild type

cles (18, 19, 43, 50, 55, 63, 68, 69, 71, 74, 76). However, studies
have shown variable results for colocalization of the phago-
somes containing the dot/icm structural mutants with lyso-
somes. Within a few minutes after internalization, phagosomes
containing the dot/icm mutants colocalize with the late endo-
somal markers Lamp-1 and Lamp-2 (43, 55, 63, 68, 74). How-
ever, only 37% of Lamp-1-positive dot/icm mutant LCPs are
rab7 positive in mouse macrophages (63). Colocalization of the
dotficm mutant LCPs with lysosomal markers such as cathepsin
D, as determined using both confocal and electron microscopy
techniques, is variable, ranging from about 2% with ferric
oxide, cathepsin D, and Trov to 75% with acid phosphatase
(18,19, 43, 50, 55, 68, 71, 75). Therefore, it is not clear whether
the dot/icm mutants are routed along the endosomal-lysosomal
degradation pathway. Contradictory observations about the
trafficking of the dot/icm mutants through the endosomal-
lysosomal degradation pathway remain to be clarified. First,
the dot/icm mutant-containing phagosomes are not accessible
to endocytosed materials (75), which is in contrast to their
presumed trafficking through the endosomal-lysosomal path-
way. Second, despite potential localization of the dot/icm mu-
tants in lysosomes, it is surprising that they are not killed within
macrophages for an extended period (up to 48 to 72 h). Third,
isolating phagosomes harboring dot/icm structural mutants is
very difficult compared to isolating the wild-type LCPs (28, 29;
R. R. Isberg, personal communication). Importantly, studies to
examine the integrity of the phagosomes harboring the dot/icm
mutants have never been reported.

Here we show that the phagosomal membrane of the dot/icm
mutants defective in the secretion apparatus is disrupted
within minutes of bacterial entry, while other cellular mem-
branes are intact. In contrast, mutants defective in cytoplasmic
chaperones of specific Dot/Icm effectors and the rpos, letA/S,
and letE regulatory mutants all have intact phagosomes. We
confirmed disruption of the phagosomes harboring the dot/icm
structural mutants by using multiple strategies: (i) at the ultra-
structural level combined with enhanced staining of membrane

proteins, (ii) by the lack of colocalization with CM-Dil-pulse-
labeled plasma membranes; (iii) by colocalization with actin;
and (iv) by the differential binding of antibacterial antibodies
loaded into the cytosol of live macrophages. We conclude that
the Dot/Icm secretion system is indispensable for maintaining
the integrity of the LCP, which is a novel function for a type IV
secretion system.

MATERIALS AND METHODS

Bacterial and cell cultures. The clinical isolate L. pneumophila serogroup I
strain AA100 and its isogenic mutants, the Lp02 parental strain of L. pneumo-
phila and its isogenic mutants (a gift from Joe Vogel, Washington University)
(59, 77), and other strains are listed in Table 1. Legionella strains were grown on
buffered charcoal-yeast extract plates supplemented with 5 pg/ml of chloram-
phenicol for Legionella strains when a green fluorescent protein-encoding plas-
mid or complementing plasmids were used. Francisella tularensis subsp. novicida
strain U112 has been described previously (59, 77).

Maintenance of U937 macrophage-like cells and type A549 alveolar epithelial
cells in RPMI medium with 10% serum and differentiation of U937 macrophages
with phorbol 12-myristate 13-acetate (Sigma) were performed exactly as we
described previously (36). A. polyphaga was maintained in peptone yeast glucose
medium, as we described previously (34). Quiescent human monocyte-derived
macrophages (hMDMs) were prepared from fresh peripheral blood monocytes
obtained from healthy adult volunteers with no history of Legionnaires’ disease
or tularemia and were incubated for 3 days in ultralow attachment plates (Costar,
Corning Inc., NY) to allow differentiation into macrophages, as we described
previously (67). The concentration of fetal bovine serum was progressively de-
creased over 4 days to 1% in RPMI medium to obtain quiescent cells.

Infection experiments. A549 epithelial cells and differentiated U937 macro-
phages were used similarly in RPMI medium containing 10% serum. Trypsiniza-
tion of A549 epithelial cells was performed with TrypLE Express (Gibco BRL,
Gaithersburg, MD). A. polyphaga was incubated in peptone yeast glucose me-
dium without glucose during the infection period. Cell monolayers were washed
three times with the tissue culture medium prior to infection. Unless specified
otherwise, all infections were carried out using 5 X 10° cells/ml at a multiplicity
of infection (MOI) of 10 for 1 h, followed by washing the extracellular bacteria
off, and the infected cells were incubated for the periods indicated below for each
experiment. Pretreatment with brefeldin A (BFA) (10 pg/ml) was performed for
5 h, followed by infection, as described above.

Confocal and electron microscopy. For transmission electron microscopy
(TEM) studies, six-well tissue culture plates containing 3 ml of a preparation
containing 5 X 10° cells/ml were infected as described above. At different time
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points after infection, the cells were fixed in 3.5% glutaraldehyde, dehydrated in
alcohol, processed, and stained for TEM as we described previously (53). The
cells were examined with a Philips CM-12 TEM.

To increase the contrast of the membrane proteins, 1% tannic acid was added
during the fixation step in the glutaraldehyde solution (46, 61). The samples were
then processed as described above. Preloading of the lysosomes with bovine
serum albumin (BSA)-gold particles was done as we described previously (67).
Briefly, BSA-gold particles (EMS, Washington, PA) were purified with PD-10
columns (Amersham Biosciences, Uppsala, Sweden) and resuspended in RPMI
medium. Lysosomes were preloaded with BSA-gold particles, as we described
previously (67). After three washes, the macrophages were infected for 1 h and
were processed at the desired time points for TEM.

Phagosomes were determined to be disrupted when membrane disruptions
were clearly visible in an irregular part of the membrane and vesicles, ribosomes,
and organelles, such as mitochondria, were juxtaposed or touching the bacte-
rium. Any visible disruption of the phagosome in a regular part of the membrane
with no visible vesicles, ribosomes, and organelles juxtaposed or touching the
organism were not included in our analyses. Importantly, all our samples for
microscopy were coded by an individual who did not analyze the samples, and the
codes were revealed only after final analyses of the samples. For data analyses,
100 infected cells from each of three grids obtained from three different blocks
were examined. Each experiment was repeated two to four times (in general,
three times), and the data shown below are representative of one experiment.

For confocal microscopy, 5 X 10° cells were allowed to adhere to circular glass
coverslips (VWR) in 24-well culture plates. Infection of adherent cells using an
MOI of 10 for 1 h and fixation and preparation of the cells for confocal micros-
copy were performed as previously described (55). The lipid membrane dye
CM-Dil (2 pg/ml) and the actin dye phalloidin (2 U) were purchased from
Molecular Probes and used according to manufacturer’s recommendation. Anti-
lipopolysaccharide monoclonal antibodies (MAbs) 3/1 (5) and polyclonal rabbit
antiserum against L. pneumophila strain AA100 or F. tularensis (a gift from Karl
Klose) were utilized to label the bacteria. MAbs against cathepsin D were
purchased from BD Transduction Laboratories. The secondary antibodies (Mo-
lecular Probes) were AlexaFluor 594 conjugates. The cells were analyzed using
an Olympus F500 laser scanning confocal microscope. For each sample, 100
infected cells from each of three different coverslips were analyzed. Each exper-
iment was repeated three times, and the data shown below are representative of
one experiment. On average, 15 to 20 1-pum-thick z serial sections of each image
were captured and analyzed using Adobe Photoshop 6.0 (Adobe Photoshop,
Inc.).

Loading the macrophage cytosol with antibacterial antibodies. The cytosol of
live U937 macrophages was loaded with antibacterial antibodies using glass
beads to “wound” the plasma membrane as described previously (51, 60). After
1 h of infection, cells were washed three times with phosphate-buffered saline,
and 400 pl of antibacterial antibodies was added on the top of the coverslips,
along with an aliquot containing 0.5 g of acid-washed and sterile glass beads (425
to 600 pm; Sigma). The beads were rolled over the cells 12 times. This treatment
had no detectable effect on the viability of cells, as confirmed by trypan blue
exclusion. The glass beads were immediately washed off with phosphate-buffered
saline, and the cells were incubated at 37°C for 1 h to allow a sufficient time for
the antibodies to bind. The cells were then fixed and processed with conjugated
secondary antibodies. The controls were either cells subjected to the same treat-
ment without the glass beads or cells fixed and permeabilized with 0.05% Triton
X-100 for 15 min on ice.

Statistical analyses. All experiments were performed at least three times, and
the data shown below are representative of one experiment. To analyze for
statistical significant differences between different sets of data, the Student two-
tailed ¢ test was used, and the P value was obtained.

ESCAPE OF dotficm MUTANTS INTO THE CYTOPLASM 3293

RESULTS

Ultrastructural analyses of disruption of dot/icm mutant-
containing phagosomes. We utilized TEM to examine the in-
tegrity of the phagosomes of the dotA mutant and compare it
to that of the wild-type strain during early stages of infection of
U937 macrophages. When the integrity of the phagosome was
examined by TEM at 1, 4, and 8 h postinfection, an LCP was
considered intact when the membrane had no visible disrup-
tions. An LCP was considered disrupted when apparent phys-
ical disruptions of the phagosomal membrane were present
and/or when host cell cytoplasmic elements, such mitochon-
dria, vesicles, and amorphous material, were next to the bac-
teria without a limiting membrane surrounding the organism.
Surprisingly, at all time points, the dot4 mutant phagosomes
were disrupted and the mutant was cytoplasmic, while the
wild-type strain was enclosed in intact phagosomes within
U937 macrophages (Fig. 1A and Table 2). Intact cytoplasmic
vesicles and amorphous material were visible in vicinity of the
dotA mutant and in many cases were touching the bacteria
(Fig. 1A). The size and/or the shape and location of the cyto-
plasmic material, such as ribosomes or vesicles, strongly sug-
gested that they were host vesicles (Fig. 1). In contrast, other
cellular membranes were intact. The presence of intact vesicles
next to the bacteria and the integrity of other host cell mem-
branes argued against the possibility of artifacts of sample
processing for microscopy. Quantitative analysis of the integ-
rity of the LCPs showed that at 1 h postinfection, none of the
dotA mutant LCPs were intact, while 83% of the wild-type
strain LCPs were intact (P < 0.0001, as determined by the
Student ¢ test) (Fig. 1A). At this time point, ~65% of the
formalin-killed L. pneumophila (FKL) and ~90% of the Esch-
erichia coli controls were surrounded by an intact phagosomal
membrane (Fig. 1). Similar results were obtained at 4 and 8 h
postinfection (P < 0.0001, as determined by the Student ¢ test)
(Fig. 1A).

To examine whether other structural components of the
Dot/Icm secretion apparatus were also essential for maintain-
ing the integrity of the LCP, we examined the integrity of the
phagosomes of the icmT, icmJB, icmGCD, and dotDCB mu-
tants by TEM at 1 h after infection of U937 macrophages. The
data showed that more than 90% of the LCPs of all of these
mutants were disrupted, in contrast to the wild-type strain
LCPs (P < 0.0001, as determined by the Student ¢ test) (Table
2; see Fig. S1 in the supplemental material). The defect of the
icmT mutant was complemented by the wild-type gene (see
below). Therefore, other dot/icm mutants defective in struc-
tural components of the type IV secretion apparatus were also
defective in maintaining the integrity of their phagosomes.

Interestingly, even when they were examined at 15 to 45 min

FIG. 1. Phagosomes of the dot4 and icmT mutants are disrupted within U937 macrophages. (A) Representative electron micrographs of LCPs
of the dotA mutant and the wild-type strain at 1, 4, and 8 h after 1 h of infection at an MOI of 10. The whole cell is shown in each inset.
(B) Representative electron micrographs showing the integrity of LCPs at 15 to 45 min postinfection. Quantitative analyses of the integrity of the
LCPs for panels A and B are shown on the right. (C) Representative electron micrographs of controls, including FKL-containing LCPs and E. coli
phagosomes at 15 min and 60 min postinfection. The white arrows indicate sites of disruption of the phagosomal membrane. The black arrows
indicate sites where the phagosomal membrane is intact. Lpn, L. pneumophila; A, amorphous material; V, vesicle; M, mitochondrion. Some of the

error bars are too small to be displayed by the software.
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TABLE 2. Summary of the results of phagosomal disruption

Results with the following strategies and host cells

Bacterium TEM disruption of phagosomes

U937 hMDMs A549

cells cells A. polyphaga

TEM using
tannic acid
(U937 cells)

CM-Dil
colocalization
(U937 cells)

Binding to cytosolic Actin
antibodies colocalization
(U937 cells)* (U937 cells)

AA100 -
dotA +
icmT +
dotApdotA

iemTpTS

icmS -
icmR -
icmW

icmQ

icmJB
icemGCD
dotDCB
icmGCD-pilD
pilD

poS - -
letA/S -
letE -
htrA -

FKL -

F. tularensis + +

+ +
+

|
I+ + |

I+ o+ + +

+

+

I+ + |
I+ + 1

+

+

+++ +

“ Phagosome integrity assay using glass beads to load the macrophage cytosol with antibodies.

postinfection, the phagosomes of the dotA and icmT mutants
were already disrupted, while the wild-type strain LCPs were
intact (P < 0.001, as determined by the Student ¢ test) (Fig.
1B). Importantly, 70 to 80% of the FKL and E. coli-containing
phagosome controls were intact at 15 to 60 min postinfection
(Fig. 1C and Table 2). Therefore, disruption of the dot4 and
icmT mutant LCPs occurred within minutes of bacterial up-
take.

Integrity of the phagosomes at the ultrastructural level as
determined using tannic acid. We were concerned that the
lack of detection of a membrane around the dot4 mutant may
have been due to the possibility that there was a thin mem-
brane with a low protein content that was not visualized by the
staining technique used. To enhance staining of low-protein-
content membranes, we used tannic acid (46, 61) and examined
the phagosomal integrity at 1 h after infection of U937 cells. In
these studies, in addition to E. coli and FKL, we included the
htrA mutant as a control. The htrA mutant of L. pneumophila
is a non-dot/icm mutant that fails to replicate intracellularly,
and this defect is associated with colocalization of its phago-
some with the late endosomal-lysosomal marker Lamp-2, sim-
ilar to dot/icm mutants (59). Our data showed that only ~25%
of the phagosomes of the dotA and icmT mutants were intact,
whereas 96% of the LCPs of the wild-type strain were intact
(P < 0.001, as determined by the Student ¢ test) (Table 2; see
Fig. S2 in the supplemental material). Vesicles and ribosomes
were clearly seen touching the dot4 mutant bacteria (see Fig.
S2 in the supplemental material). Similar to the wild-type
strain, 96, 90, and 76% of the htrA mutant, E. coli, and FKL,
respectively, were in intact LCPs at 1 h after infection of U937
macrophages (Table 2; see Fig. S2 in the supplemental mate-
rial). The difference between the dot4 mutant and FKL was
significant (P < 0.01, as determined by the Student ¢ test). The
integrity of the LCPs of the dot/icm mutants was restored upon

complementation with their respective wild-type genes (P <
0.01, as determined by the Student ¢ test) (Table 2; see Fig. S2
in the supplemental material).

Disruption of the dotA mutant phagosomes in other host
cells. We examined the integrity of phagosomes of the dot/icm
mutants within hMDMSs, A549 type II alveolar epithelial cells,
and A. polyphaga. At 6 h after infection of quiescent hMDMs,
~80% of the wild-type strain LCPs were intact, while all of the
dotA mutant LCPs were disrupted (P < 0.001, as determined
by the Student ¢ test) (Fig. 2). Intact cytoplasmic vesicles
and/or amorphous material were in close proximity to the dot4
mutant bacteria that were not surrounded by an intact phago-
somal membrane. Approximately 80 to 90% of the FKL- and
E. coli-containing phagosomes, which were used as controls for
phagosomes that fuse to lysosomes, were intact in quiescent
hMDMs (Fig. 2). We utilized F. tularensis as a control for an
intracellular pathogen that escapes from its phagosome into
the cytoplasm within 1 to 6 h and is surrounded by a halo or a
clear zone around the organisms when preparations are exam-
ined by regular TEM or cryo-TEM (66, 67). More than 90% of
control phagosomes harboring the F. tularensis strain control
were disrupted at 6 h postinfection, consistent with previous
studies (66, 67). Similarly, at 6 h after infection of A549 cells,
none of the dotA mutant LCPs were intact, while the wild-type
bacteria were in intact LCPs (data not shown).

We also examined phagosome integrity in the protozoan
host A. polyphaga at 5 and 30 min and 1 and 8 h after infection
by the dotA and icmT mutants. The data showed that few or
none of the dot4 and the icmT mutants were in intact phago-
somes at all the time points (data not shown). Taken together,
these results show that disruption of the dot/icma mutant LCPs
is not host cell dependent.

Pulse-labeling of the macrophage membrane during phago-
cytosis. There are many caveats for interpretation of disrup-
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FIG. 2. Phagosomes of the dot4 mutant are disrupted within hMDMs. (A) Representative electron micrographs of wild-type, dot4 mutant, and
E. coli phagosomes and FKL LCPs at 6 h after 1 h of infection of hMDMs at an MOI of 10. F. tularensis was included as a control for a cytoplasmic
bacterium with a clear zone around the organism in the macrophage cytoplasm at 6 h postinfection. The intact portions of the LCP membrane are
indicated by the black arrows. The white arrows indicate areas of disruption of the phagosomal membrane. Lpn, L. pneumophila; A, amorphous
material; V, vesicle; M, mitochondrion. (B) Quantitative analyses of the integrity of the LCPs of the wild-type strain and the dot4 mutant. The

results are expressed as the percentages of intact LCPs.

tion of the phagosome by TEM, including artifacts of fixation
and processing, and the plane of an ultrathin section may
simply be the reason for the absence of part of the membrane
surrounding the bacteria. We think that the plane of the sec-
tions may explain the observation that some of the wild-type
phagosomes analyzed were missing part of the membrane and,
therefore, were scored as disrupted. To minimize the caveats
of the plane of the ultrathin sections, we analyzed three sec-
tions from three different blocks, and the samples were coded.
To further support our findings of disruption of the dot/icm
mutant-containing phagosomes, we resorted to different strat-
egies. We utilized the lipophilic fluorescent dye CM-Dil to
pulse-label the plasma membranes for 45 min during infection,
followed by a 15-min chase to allow endocytosis of plasma
membrane-derived vesicles to proceed. We examined colocal-
ization of CM-Dil-labeled membranes with intracellular bac-
teria. The data showed that at 1 h after infection of U937
macrophages, ~70% of the wild-type strain colocalized with
CM-Dil-labeled membranes (Fig. 3 and Table 2), while 82% of
the dotA mutant did not colocalize with CM-Dil-labeled mem-
branes (P < 0.001, as determined by the Student ¢ test) (Fig. 3
and Table 2). In addition, 78% of the icmT mutants did not
colocalize with CM-Dil-labeled membranes (Fig. 3 and Table
2). Importantly, the complemented dotA and icmT mutants
colocalized with CM-Dil-labeled membranes (Fig. 3 and Table

2). Similar to the wild-type strain of L. pneumophila, ~70% of
the htrA mutant and FKL colocalized with CM-Dil-labeled
membranes (Fig. 3). In addition, 85% of the E. coli control
colocalized with CM-Dil-labeled membranes (data not shown).
Approximately ~65% of F. tularensis did not colocalize with
CM-Dil-labeled membranes at 1 h postinfection, consistent
with recent observations (59). These results showed that the
type IV secretion system mutants do not colocalize with CM-
Dil-labeled plasma membrane-derived phagosomal mem-
branes.

Colocalization of the dot/icm mutants with actin. To confirm
cytoplasmic localization of the dot4 mutant, we used different
strategies to label the cytoplasm of U937 macrophages. We
used phalloidin to label the cytoplasmic protein actin, which is
one of the most abundant cytoplasmic proteins within mam-
malian cells, in order to examine its colocalization with the
wild-type strain and the dot4 mutant. At 1 h after infection of
U937 macrophages, 65% of the dotA mutant colocalized with
actin, whereas only 18% of the wild-type strain colocalized with
actin (Fig. 4 and Table 2). Similar to the wild-type strain, only
~20% of the complemented dotA mutant, the htrA mutant,
and FKL colocalized with actin (Fig. 5 and Table 2).

We used other strategies to label the cytoplasm of the mac-
rophages in order to confirm the cytoplasmic colocalization of
the dot/icm mutants. These strategies included ectopic expres-
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FIG. 3. dot/icm mutants are not surrounded by CM-Dil-pulsed-labeled membranes. (A) Representative confocal microscopy images of U937
macrophages infected by several strains at 1 h postinfection. The cells were pulsed-labeled with the lipophilic dye CM-Dil during 45 min of infection
to label the plasma membrane, followed by a 15-min chase to allow endocytosis by CM-Dil-labeled plasma membrane. The images are stacks of
12 to 15 1-wm-thick z series of sections. (B) Quantitative analysis of colocalization with CM-Dil. Ft, F. tularensis. Some of the error bars are too

small to be displayed by the software. GFP, green fluorescent protein.

sion of the red fluorescent protein or enhanced green fluores-
cent protein within the macrophage cytoplasm and the use of
the cell tracker Red CMTPX, which passes freely through cell
membranes but once inside the cell becomes cell impermeant
(23). Unfortunately, although all the cells were labeled with
these markers, the resolution of confocal microscopy was not
sufficient to distinguish the wild-type strain from the dot/icm
mutants, and the distribution of the enhanced green fluores-
cent protein and red fluorescent protein was not homogeneous
throughout the cell.

Antibacterial antibodies loaded into the macrophage cytosol
bind the dot/icm mutants. To confirm the lack of a limiting
membrane surrounding the dot/icmm mutants, we developed a
fluorescence-based phagosome integrity assay to differentially
label cytosolic bacteria or bacteria within compromised phago-
somes versus bacteria harbored within intact phagosomes. To
differentially label cytosolic bacteria, antibacterial antibodies
were loaded into the cytosol of live U937 macrophages to
determine whether the antibacterial antibodies can bind the
dotf/icm mutants but not the wild-type strain, the comple-
mented mutants, or other bacteria that reside in phagosomes.
To load the cytosol of U937 macrophages with MAbs, we
utilized glass beads to “wound” the macrophage plasma mem-

brane transiently in the presence of the MAbs (51, 60). This
strategy results in transient “holes” in the plasma membrane
that mammalian cells can repair within minutes after the mem-
brane injury is stopped. Our results showed that only 14% of
the wild-type strain of L. pneumophila bound the MAbs (Fig. 5
and Table 2), while ~65% of the dotA and icmT mutants
bound the MAbs (P < 0.001, as determined by the Student ¢
test) (Fig. 5). The defects in the integrity of the phagosomal
membranes of the dot4 and icmT mutants were complemented
by their respective wild-type genes (Fig. 5 and Table 2). Similar
results were obtained for the dotA isogenic mutant of the Lp02
parental strain of L. pneumophila (P < 0.001, as determined by
the Student ¢ test) (Table 2). In contrast, ~80% of the htrA
mutant phagosomes, which colocalized with late endosomal-
lysosomal markers, did not bind the MAbs (Fig. 5 and Table 2).
As expected, all extracellular bacteria bound MAbs (Fig. 5).
We utilized F. tularensis as a control for an intracellular patho-
gen that escapes from its phagosome into the cytoplasm be-
tween 1 and 6 h postinfection. The data showed that more than
95% of intracellular F. tularensis bound antibacterial antibod-
ies loaded into the cytosol of live U937 macrophages at 6 h
postinfection (Fig. 5). Several controls were included to ensure
the reliability of this strategy. The cells repaired the “wounds”
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and became impermeable after ~3 min of incubation at 37°C
following removal of the glass beads, as determined by trypan
blue exclusion. When no beads were added, the dot4 mutants
did not bind the MAbs (Fig. 5). However, 90% of the wild-type
bacteria in cells permeabilized with Triton X-100 bound the
MAbs (Fig. 5).

Mutants defective in chaperones of the Dot/Icm effectors are
localized within intact phagosomes. Mutants with mutations in
icmsS, icmR, icmQ, and icmW chaperones are defective in mod-
ulating phagosome biogenesis and do not intercept ER-to-
Golgi vesicle traffic, and their LCPs fuse to lysosomes (26).
Therefore, we examined whether these four genes were re-
quired for maintaining the integrity of the LCPs. We utilized
different strategies to examine phagosome integrity. Our TEM
data showed that in U937 cells infected for 1 h by the mutants,
45 to 90% of the LCPs of the mutants were intact, similar to
the results for the wild-type strain (Table 2; see Fig. S3 in the
supplemental material). Similarly, using the glass bead perme-
abilization technique to load antibacterial MAbs into the cy-
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tosol of U937 macrophages, the LCPs of the icmsS, icmR, icmQ,
and icmW mutants were intact at 1 h postinfection, similar to
the results for the wild-type strain (Table 2). We conclude that
IemS, IemR, IemW, and IcmQ are not involved in maintaining
the integrity of the LCP membrane.

Integrity of the phagosomal membrane of stationary-phase
regulatory mutants. In mouse and human primary macro-
phages, the rpoS mutant of L. pneumophila is trafficked to a
late endosome-like or lysosomal compartment and does not
replicate (3, 13). Therefore, we examined the integrity of the
phagosome harboring the rpoS mutant in hMDMs. Similar to
the wild-type strain and the Dot/Icm chaperone mutants, the
rpoS mutant bacteria were within intact phagosomes at 1 h
after infection of hMDMs when preparations were examined
at the ultrastructural level (Table 2). These results were also
confirmed by using the glass bead permeabilization technique
to load the cytoplasm with MAbs directed against the bacteria
in hMDMs (Table 2). For this experiment, we utilized the
AA100-derived and Lp02-derived rpoS mutants. Approxi-
mately 70 to 85% of the two rpoS mutant strains were found in
intact LCPs (Table 2). Therefore, the RpoS stationary-phase
transcription factor, which is essential for evasion of endocytic
fusion within hMDMs, is not involved in maintaining the in-
tegrity of the LCP.

The global response two-component regulator of L. pneu-
mophila, LetA/S, is involved in regulation of a phenotypic
transition at the postexponential phase (13, 33, 39, 49), and
LetE is also involved in this process (12). The let4 mutant of L.
pneumophila is severely defective in intracellular replication in
Acanthamoeba (33, 49). Therefore, we examined the integrity
of the phagosomal membrane of the letA, letS, and letE mu-
tants in A. polyphaga. We showed that ~90% of the letA, letS,
and letE mutant cells in A. polyphaga were within intact phago-
somes when they were examined by TEM, similar to the results
for the wild-type strain (Table 2; see Fig. S3 in the supplemen-
tal material). Taken together, these data show that regulatory
proteins involved in the regulation of the phenotypic transition
to the virulent form of L. pneumophila at the postexponential
phase are not involved in maintaining the integrity of the LCP
membrane.

Hydrolytic enzymes of the type II secretion system are not
involved in disrupting the integrity of the phagosomal mem-
brane. Since the type II secretion system of L. pneumophila is
known to secrete many lytic enzymes, including proteases,
lipases, and phospholipases (6-8, 30-32, 62), we examined
whether the type II secretion system was involved in disruption
of the dot/icm mutant phagosomal membranes. We used the
pilD mutant Nu243, which is defective in the prepilin pepti-
dase, and the icmGCD-pilD double mutant, which is defective
in both type IV and type II secretion systems (62, 62a). Our
data obtained from ultrastructural studies showed that the
icmGCD-pilD double mutant was within disrupted phagosomes
at 1 h after infection of U937 macrophages, while the pilD
mutant was within intact phagosomes (Table 2). Therefore, the
hydrolytic enzymes secreted through the type II secretion sys-
tem are not involved in disruption of the phagosomes harbor-
ing the dot/icm structural mutants.

Interception of ER-to-Golgi vesicle traffic by the wild-type
LCPs does not contribute to the integrity of the phagosomal
membrane. The wild-type strain of L. pneumophila intercepts
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indicated by the arrows, bound the MAbs. The images are stacks of 12 to 15 1-wm-thick z series of sections. (C) Quantitative analysis of binding
of the antibacterial antibodies loaded into the macrophage cytosol. Some of the error bars are too small to be displayed by the software. AB,

antibody.

ER-to-Golgi vesicle traffic within a few minutes postinfection
in a Dot/Icm-dependent manner (1, 44, 45, 64, 72). Therefore,
we examined whether interception of ER-to-Golgi vesicle traf-
fic by the LCPs harboring the wild-type strain is involved in
maintaining the integrity of the phagosomal membrane. We
used BFA to block ER-to-Golgi vesicle traffic and examined its
effects on the phagosome integrity of the wild-type strain (17,
44, 47, 73). Untreated or BFA-pretreated U937 macrophages

were infected for 1 h, and phagosome integrity was examined
by confocal microscopy using the glass bead loading technique
for antibacterial antibodies. We confirmed the inhibition of
recruitment of ER vesicles to the LCPs in BFA-treated cells by
the lack of acquisition of the ER marker KDEL by the wild-
type LCPs within BFA-treated U937 macrophages (Fig. 6).
When preparations were examined for the effect of blocking
ER-to-Golgi vesicle traffic on phagosome integrity, ~90% of
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the wild-type bacteria were contained in intact phagosomes in
both treated and untreated cells, in contrast to the dot4 mutant
(Fig. 6). We conclude that interception of ER-to-Golgi vesicle
traffic by the wild-type strain LCP does not play a role in
maintaining the integrity of the phagosomal membrane. There-
fore, it is unlikely that the inability of the dot/icm structural
mutants to intercept ER-to-Golgi vesicle traffic accounts for
their inability to maintain the integrity of their phagosomes.
dotA mutant phagosomes do not colocalize with lysosomes.
Whether the dot/icm mutants’ phagosomes colocalize with ly-
sosomal enzymes is controversial. Therefore, we reexamined
colocalization of the dot/ficm mutant LCPs with lysosomes at
the ultrastructural level, which is the most convincing strategy
due to the high resolution. Lysosomes of hMDMs were pre-
loaded with BSA-gold particles, followed by a chase prior to
infection. The hMDMs were infected for 1 h with the dot4
mutant, the complemented dotA mutant, the wild-type strain,
or live E. coli. The data showed that 96% of the dotA mutant
bacteria were cytoplasmic. The data also showed that ~80% of
the dotA mutant bacteria did not colocalize with lysosomal
contents (Fig. 6), despite the presence of abundant BSA-gold
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particles within lysosomes in the cells (Fig. 7, inset), consistent
with previous observations (43). Approximately 80% of the
complemented dot4 mutants were in intact phagosomes, and
only 9% of them contained gold particles (Fig. 7). Approxi-
mately 90% of the E. coli-containing phagosomes were intact,
and ~70% were fused to lysosomes (Fig. 8). Similarly, 90% of
the wild-type strain LCPs were intact, and only 8% contained
BSA-gold particles, which was significantly different from the
results for the dotA mutant (P < 0.001, as determined by the
Student ¢ test) (Fig. 7). Fusion of lysosomal vesicles to the E.
coli phagosomes evident by physical contact and membrane
fusions were repeatedly seen, but they were rarely seen for the
dotA mutant, consistent with the lack of a contiguous phago-
somal membrane.

Similar results were obtained with U937 macrophages in
which lysosomes were preloaded with BSA-gold particles (Fig.
8). The data showed that 92% of the dot4 mutant bacteria
were cytoplasmic, and ~60% did not colocalize with BSA-gold
particles (Fig. 8). For the FKL- and E. coli-containing phago-
somes, ~90% were intact and the majority contained gold
particles (Fig. 8). Approximately 70% of the complemented
dotA mutants were in intact phagosomes, and only 1 to 2% of
the phagosomes contained gold particles (Fig. 8). The wild-
type strain-containing phagosomes were intact, and very few of
them colocalized with BSA-gold particles (Fig. 8). Taken to-
gether, our results obtained with U937 macrophages and
hMDMs showed that the majority of the dotA mutant phago-
somes do not acquire lysosomal enzymes.

DISCUSSION

Trafficking of the dot/icm mutants is believed to follow the
“default” endosomal-lysosomal pathway similar to that of inert
particles or nonpathogens (63), which involves progressive
stepwise maturation and fusions of the phagosome with endo-
cytic and lysosomal vesicles. Here we show that mutants de-
fective in structural components of the Dot/Icm transporter do
not maintain the integrity of their phagosomes within a few
minutes after entry into mammalian and protozoan cells. Some
ultrastructural images show a clear zone or halo around the
dot/icm mutants located in the cytoplasm, which may indicate
that they are in a vesicle. This is very similar to the presence of
a clear zone around F. tularensis cells after they escape into the
cytoplasm (66, 67), as well as cells of the sif4 mutant of Sal-
monella after they escape into the cytoplasm (20, 21, 25). Our
observations of disruption of the dot/ficm mutants’ phagosomes
are based on not one but four independent strategies (ultra-
structural examination with enhancement of staining of mem-
brane proteins, pulse-chase of CM-Dil-labeled membranes, co-
localization with actin, and loading the cytosol of live cells with
antibacterial antibodies). Although each of the strategies may
have some caveats, the results of the combination of the four
independent strategies show consistently that the dot/icm
structural mutants are located in the host cell cytosol, while
other mutants or controls that are trafficked within the endo-
somal lysosomal pathway are located within intact phago-
somes.

Many studies have shown variable results for colocalization
of the dotA mutant with lysosomal markers, ranging from
about 20% with ferric oxide, cathepsin D, and Trov to 95%
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particles are present.

with thorium dioxide in both mice and human macrophages
(18, 19, 43, 50, 55, 68). Joshi et al. reported exclusion of
lysosomal markers from the dot4 mutant phagosomes (43). In
addition, only 37% of Lamp-1-positive dot/icm mutant LCPs
are rab7 positive in mouse macrophages (63). However, if the
dotficm mutants are not surrounded by a limiting membrane,
how would they colocalize with endosomal-lysosomal markers?
The presence of numerous host cell vesicles around the cyto-
plasmic dot/icm structural mutants may explain colocalization
of the mutants with endosomal markers when preparations are
examined by confocal microscopy, which has limited resolution

power. Our ultrastructural data show that the majority of the
dotA mutant bacteria, which are free in the cytoplasm and are
surrounded by host cell vesicles, do not colocalize with lysoso-
mal contents, consistent with many previous observations (18,
19, 43, 50, 55, 63, 68, 71, 75). Interestingly, it has been shown
that lysosomes are recruited at the site of membrane injuries to
repair the damaged membrane (65). It is not known whether
the presence of lysosomes in the vicinity of the dot4 mutant is
due to an active mechanism of recruitment of the lysosomal
vesicles in an attempt to repair the disruption of the phagoso-
mal membrane.
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The IemS, IcmR, and IemW proteins are nonstructural pro-
teins involved in export of specific Dot/Icm effectors (14, 58).
The icmS, icmR, icmW, and icmQ mutants are all defective in
modulation of biogenesis of their phagosomes into an ER-
derived compartment resistant to endocytic fusion, similar to
dotficm structural mutants (26). Our data show that in contrast
to the dot/icm structural mutants, the icmS, icmR, icmW, and

icmQ mutants have an intact phagosomal membrane. In addi-
tion, mutants with a defect in the RpoS, LetA/S, and LetE
regulatory proteins that are required for intracellular replica-
tion in certain host cells (3, 11-13, 39) all have intact phago-
somes in the host cells in which they fail to replicate. We also
show that the type II secretion enzymes are not involved in
disruption of the LCP membrane. Taken together, these data
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confirm that only the Dot/Icm structural apparatus proteins
are essential for maintaining phagosomal integrity.

Our findings may elucidate three unexplained observations
about the intracellular fate of L. pneumophila. First, despite
the presumed lysosomal localization of the dot/icm mutants
determined in some studies, the mutants are not killed within
macrophages, indicating that they are not in degradative
phagolysosomes, which is consistent with previous observations
(43, 75). Second, although the dot/icm mutant phagosome is
thought to mature through the endosomal-lysosomal pathway,
it is not accessible to endocytosed materials (43, 75), which is
inconsistent with the presumed trafficking of the dot/icm mu-
tants through the endocytic pathway. Third, the dot4 mutant
phagosomes are very difficult to isolate compared to the wild-
type strain phagosomes (28; Isberg, personal communication).
These observations can be explained by our finding that the
dotficm structural mutants are not trafficked through the en-
dosomal-lysosomal pathway but rather are free in the cyto-
plasm due to their failure to maintain the integrity of their
phagosomes.

The ability of the LCP to evade endocytic fusion is mediated
by a cis-acting signal transmitted to the LCP to block its en-
docytic fusion, while other endocytic fusion events in the host
cell continue to be functional (27). Importantly, coinfection of
dotficm mutants with the wild-type strain results in rescue of
the dotficm mutants for intracellular replication when they
inhabit a communal phagosome with the wild-type strain (27).
Our data indicate that the ability of the wild-type strain to
maintain the integrity of the LCP is most likely a factor con-
tributing to the rescue of the dot/icm mutants.

Goetz et al. have shown that upon microinjection of wild-
type L. pneumophila into the cytoplasm of epithelial-type
Caco-2 cells, the bacteria are unable to replicate in the cyto-
plasm (37). This can be due to one or two reasons; first,
Legionella primarily infects alveolar macrophages in humans
and animal models, and L. pneumophila is likely to behave
differently in Caco-2 cells than in macrophages (35, 57). There-
fore, it may be premature to extrapolate data from macro-
phages to Caco-2 cells. However, since the L. pneumophila wild
type is unable to replicate within the cytoplasm of mammalian
cells, it may not be surprising that the dot/icm mutants also fail
to replicate.

The SifA protein, which is a translocated effector of the SP12
secretion system of Salmonella enterica serovar Typhimurium,
promotes the integrity of the Salmonella-containing vacuoles
(21). The sifA mutants loose their surrounding Salmonella-
containing vacuole membrane within murine macrophages and
are released into the cytoplasm, where they are unable to
replicate (20, 21, 25). Interestingly, the loss of phagosomal
integrity of the sif4 mutant is associated with overactivity of
the molecular motor kinesin, and inhibition of dynein activity
restores the integrity of the sif4 mutant-containing vacuole
(24, 38). It is possible that an effector(s) exported by the Dot/
Icm secretion apparatus plays a role similar to that of the SifA
protein to maintain the integrity of the phagosomal membrane.
However, in silico analysis showed no similarity in the Legio-
nella genome to the SifA protein or any of its domains. Since
our data show that interception of ER-derived vesicles is not
involved in maintaining the integrity of the wild-type strain
phagosomes, it may be unlikely that a Dot/Icm type IV effector
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interacts with the microtubules to intercept ER-to-Golgi vesi-
cle traffic.

In summary, we have shown that the dot/icm structural mu-
tants are unable to maintain the integrity of their phagosomes
and escape into the cytoplasm within a few minutes after entry
into mammalian and protozoan cells. We have shown that the
IcmS, IemR, IcmW, and IcmQ nonstructural proteins are not
required for phagosome integrity, nor are the stationary-phase
regulators or the lytic enzymes secreted through the type II
secretion system. We have also shown that interception of
ER-to-Golgi vesicle traffic by the wild-type LCPs is not in-
volved in maintaining the integrity of the phagosomal mem-
brane of the wild-type strain. Our data show that the dot4
mutant cytosolic bacteria do not colocalize with lysosomal en-
zymes. Our results show that the type IV secretion system is
essential for maintaining the integrity of the LCPs, which is the
first example of a role for a type IV secretion apparatus in
maintaining the integrity of a bacterial phagosome. Our data
caution that confocal microscopy studies on trafficking of the
type IV secretion system mutants of other intracellular patho-
gens, such as Coxiella, Brucella, and Bartonella, should be sup-
ported by studies on the integrity of the phagosome.
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