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Q fever is a disease caused by Coxiella burnetii. In the host cell, this pathogen generates a large parasito-
phorous vacuole (PV) with lysosomal characteristics. Here we show that F-actin not only is recruited to but also
is involved in the formation of the typical PV. Treatment of infected cells with F-actin-depolymerizing agents
alters PV development. The small PVs formed in latrunculin B-treated cells were loaded with transferrin and
Lysotracker and labeled with an antibody against cathepsin D, suggesting that latrunculin B did not affect
vacuole cargo and its lysosomal characteristics. Nevertheless, the vacuoles were unable to fuse with latex bead
phagosomes. It is known that actin dynamics are regulated by the Rho family GTPases. To assess the role of
these GTPases in PV formation, infected cells were transfected with pEGFP expressing wild-type and mutant
Rac1, Cdc42, and RhoA proteins. Rac1 did not show significant PV association. In contrast, PVs were decorated
by both the wild types and constitutively active mutants of Cdc42 and RhoA. This association was inhibited by
treatment of infected cells with chloramphenicol, suggesting a role for bacterial protein synthesis in the
recruitment of these proteins. Interestingly, a decrease in vacuole size was observed in cells expressing
dominant-negative RhoA; however, these small vacuoles accumulated transferrin, Lysotracker, and DQ-BSA.
In summary, these results suggest that actin, likely modulated by the GTPases RhoA and Cdc42 and by
bacterial proteins, is involved in the formation of the typical PV.

Coxiella burnetii, the causative agent of human Q fever, is an
obligate intracellular bacterium which is found in a wide range
of hosts, including livestock and humans. In the case of hu-
mans, the primary route of infection is via the inhalation of
contaminated aerosols (65). In infected animals, C. burnetii
organisms are excreted in milk, urine, and feces, and the bac-
teria are dispersed together with the amniotic fluids and the
placenta during animal birthing. These bacteria can survive
long periods in the environment, since they are highly resistant
to heat, drying, and common disinfectants. C. burnetii inhabits
mainly monocytes/macrophages but can infect a wide variety of
host cells in vitro (5). This bacterium resides in an acidic
parasitophorous vacuole (PV) with late endosome-lysosome
characteristics (7, 25, 27, 55). It was recently shown that the PV
also interacts with the autophagic pathway, acquiring autopha-
gosomal features (7, 24, 55).

Phagocytosis is the process by which professional and non-
professional phagocytes ingest microbes, cell debris, apoptotic
cells, and other large particles (52). Particle internalization
involves activation of several signaling pathways that orches-
trate remodeling of the actin cytoskeleton, plasma membrane
extension, particle engulfment, and phagosome formation (45,
56, 61). Proteins present in the phagosome provide the molec-
ular machinery required for numerous functions within the cell

that are dependent on phagosome maturation, such as the
killing of internalized pathogens. Phagosome maturation in-
volves a series of fission and fusion events with endosomes and
lysosomes. Thus, the resulting phagolysosome is highly hydro-
lytic and limits pathogen replication (26, 66).

Most cells undergo rapid remodeling of the actin cytoskel-
eton to regulate cellular processes such as adhesion (15), mo-
tility (41), apoptosis (21), and vesicle transport (53, 59). These
events are driven by numerous actin-associated proteins and
several upstream signaling molecules. The coordinated activi-
ties of these factors control with exquisite precision the spatial
and temporal assembly of actin structures and ensure the dy-
namic turnover of the actin architecture such that cells can
rapidly alter their cytoskeleton in response to internal and
external signals.

Rho family proteins are monomeric GTPases that regulate a
wide range of cellular activities, such as the cell cycle, morpho-
genesis, gene transcription, and cell movement (32). Some of
them are tightly associated with the actin cytoskeleton. The best-
characterized members of the Rho family are Rho, Rac, and
Cdc42, and each one regulates a different type of actin-based
structure. Rho and Rac are involved in the formation of stress
fibers and lamellipodia, respectively, while Cdc42 plays an impor-
tant role in the formation of filipodia (4, 38). More recently, Rho
proteins and actin have been shown to participate in the secretory
pathway. Cdc42, together with ARF1, coatomer, actin, and actin-
binding proteins, is an important molecular component in endo-
plasmic reticulum-Golgi transport (11, 18, 44). There is increasing
evidence connecting endocytosis, Rho proteins, and the actin
cytoskeleton. Macropinocytosis and clathrin-dependent and -in-
dependent endocytosis are processes that require diverse Rho
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GTPases (51). Multiple actin cytoskeleton regulators, such as
Abp1, cortactin, profilin, and Hip, can interact with endocytic
proteins, such as clathrin, AP2, and dynamin, suggesting a con-
nection between actin dynamics and endocytosis (35, 47).

In phagocytosis, Rho proteins also control the actin cytoskel-
eton rearrangements needed for particle internalization by
phagocytes (50). Fc�- and complement receptor-mediated
phagocytosis, also called type I and type II phagocytosis, re-
spectively, has been described for macrophages. In type I
phagocytosis, the Fc�-opsonized particles are engulfed by the
extension of pseudopods that subsequently fuse to form the
phagosome. In type II phagocytosis, particles opsonized with
complement sink into a phagocytic cup and are internalized
without pseudopod formation. In these processes, different
signaling pathways are activated. Rac/Cdc42 and Rho, along
with their specific effectors, are activated during type I and type
II phagocytosis, respectively (10). As mentioned before, actin
filaments (F-actin) regulate several processes related to plasma
membrane function but also processes such as motility and
fusion of endosomes, lysosomes, and phagosomes (33, 36, 60,
68). Interestingly, actin filaments accumulate around phago-
somes harboring Salmonella (62), Leishmania (40, 42), and
nonpathogenic or pathogenic mycobacteria (22, 23), suggesting
that actin recruitment may participate in the intracellular sur-
vival of these pathogens.

In this report, we investigate the relationship between the
actin cytoskeleton and the intracellular trafficking of C. bur-
netii. We show that PVs recruit F-actin and that F-actin disas-
sembly significantly inhibits the formation of these vacuoles.
Additionally, Cdc42 and RhoA, but not Rac1, were able to
interact with the PV, in a bacterial protein synthesis-dependent
manner. Our results imply that F-actin, Cdc42, and RhoA are
involved in the formation of the typical PV.

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum,
penicillin, and streptomycin were obtained from Gibco BRL/Life Technologies
(Buenos Aires, Argentina). Plasmids encoding enhanced green fluorescent pro-
tein (EGFP)-Rac1, -Cdc42, and -RhoA and their mutants were kindly provided
by Philippe Chavrier (Centre National de la Recherche Scientifique/Institut
Curie, Paris, France) and Mark R. Phillips (Laboratory of Molecular Rheuma-
tology, NYU School of Medicine). The rabbit polyclonal anti-Coxiella antibody
was generously provided by Robert Heinzen (Rocky Mountain Laboratories,
NIAID, NIH, Hamilton, MT).

Rhodamine- or fluorescein isothiocyanate (FITC)-conjugated phalloidin and
anti-rabbit antibodies were obtained from Sigma Chemical Co. (Buenos Aires,
Argentina). The DNA marker Hoechst 33342, Lysotracker, and DQ-BSA (a
modified bovine serum albumin [BSA] that is cleaved and becomes fluorescent
when it reaches hydrolytic compartments) were purchased from Molecular
Probes (Eugene, OR). Secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA). Polybead polystyrene mi-
crospheres (3 �m) were purchased from Polyscience, Inc. (Warrington, PA). All
other chemicals were from Sigma Chemical Co. (Buenos Aires, Argentina).
Latrunculin B and cytochalasin D were stored at �20°C as 20 mM stock solutions
in dimethyl sulfoxide (DMSO).

Cell culture. HeLa cells were grown in DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 2.2 g/liter sodium bicarbonate, 2 mM glu-
tamine, and 0.1% penicillin-streptomycin at 37°C under 5% CO2.

Propagation of Coxiella burnetii phase II cells. C. burnetii clone 4, phase II,
strain Nine Mile bacteria, which are infective for cultured cells but not for
mammals, were provided by Ted Hackstadt (Rocky Mountain Laboratories,
NIAID, NIH, Hamilton, MT) and handled in a biosafety level II facility. Non-
confluent Vero cells were cultured in T25 flasks at 37°C under 5% CO2 in
DMEM supplemented with 5% fetal bovine serum, 0.22 g/liter sodium bicar-
bonate, and 20 mM HEPES, pH 7 (MfbH). Cultures were infected with C.

burnetii phase II suspensions for 6 days at 37°C under 5% CO2. After being
frozen at �70°C, the flasks were thawed and the cells scraped and passed 20
times through a 27-gauge needle connected to a syringe. Cell lysates were
centrifuged at 800 � g for 10 min at 4°C. The supernatants were centrifuged at
24,000 � g for 30 min at 4°C, and pellets containing C. burnetii were resuspended
in phosphate-buffered saline (PBS), aliquoted, and frozen at �70°C.

Infection of HeLa cells with Coxiella burnetii. A total of 5 � 105 cells were
seeded on sterile glass coverslips placed in 24-well plates and grown overnight in
MfbH. For infection, a 5-�l aliquot of C. burnetii suspension was added to each
well (multiplicity of infection, approximately 20). Cells were incubated overnight
(16 h) at 37°C under 5% CO2.

Fluorescence staining. HeLa cells were fixed with 2% paraformaldehyde so-
lution in PBS for 10 min at 37°C, washed with PBS, and blocked with 50 mM
NH4Cl in PBS. Subsequently, cells were permeabilized with 0.05% saponin in
PBS containing 0.5% BSA and then incubated with primary antibodies against C.
burnetii (1:800) and cathepsin D (1/50). After being washed, cells were incubated
with secondary antibodies conjugated with rhodamine, FITC, or Cy5 (1:200). To
detect F-actin, rhodamine- or FITC-conjugated phalloidin was used. Cells were
mounted with Mowiol and examined by fluorescence microscopy.

Treatment of infected cells with F-actin-depolymerizing agents. After over-
night infection, cells were washed with PBS and incubated at 37°C under 5% CO2

for 32 h with MfbH containing 0.05% DMSO, 10 �M latrunculin B, or cytocha-
lasin D. Treated cells were either fixed and processed by fluorescence microscopy
or washed, reincubated for 24 h in the absence of the drugs, and then processed
as indicated above.

Cell transfection. Infected cells were transfected for 8 h with 2 �g/ml empty
pEGFP vector or pEGFP encoding RhoA, Cdc42, or Rac1, using the Lipo-
fectamine 2000 reagent (Invitrogen, Buenos Aires, Argentina) according to the
manufacturer’s instructions. Transfected cells were incubated for 40 h at 37°C
under 5% CO2 in MfbH.

Chloramphenicol treatment of infected cells. C. burnetii-infected cells were
transfected for 8 h with pEGFP encoding wild-type Cdc42 (Cdc42 WT) or RhoA
WT as described above. After transfection, the cells were washed several times
and incubated for 24 h at 37°C under 5% CO2, with or without 50 �g/ml
chloramphenicol. Cells were fixed and processed for fluorescence microscopy as
indicated above.

Assays to determine cargo and lysosomal characteristics of C. burnetii-con-
taining vacuoles. Transfected or untransfected infected cells were incubated with
either 1 �M Lysotracker or 10 �g/ml DQ-BSA for 2 h at 37°C or with 10 �g/ml
Alexa 633-transferrin (Molecular Probes, Inc.) for 1 h at 37°C. After several
washes, the cells were fixed and processed for indirect immunofluorescence.

Latex bead uptake assay. Latex beads (500 �l of a 5% suspension) were coated
with 50 �g/ml rhodamine overnight at 4°C with gentle shaking. After being
washed three times with PBS, the beads were incubated with 25 �g/ml mouse
anti-myc monoclonal antibody (Sigma Chemical Co., Buenos Aires, Argentina)
overnight at 4°C with gentle shaking. The beads were washed three times with
PBS and resuspended in 500 �l MfbH. HeLa cells were plated on coverslips
distributed in 24-well plates (2.5 � 104 cells/well) and incubated for 6 h at 37°C
under 5% CO2. The cells were infected with 5 �l C. burnetii suspension per well
and incubated overnight at 37°C under 5% CO2. After several washes with PBS,
cells were incubated in MfbH with 5 �l of coated latex bead suspension per well
for 3 h at 37°C under 5% CO2. Cells were washed three times with PBS and
incubated for 45 h at 37°C under 5% CO2 in MfbH containing 0.1% DMSO or
10 �g/ml latrunculin B. The cells were fixed as mentioned above and incubated
with a FITC-conjugated goat anti-mouse antibody in the absence of detergent to
detect the extracellular beads. The cells were then incubated sequentially with
rabbit anti-C. burnetii antibody and Cy5-conjugated donkey anti-rabbit in the
presence of detergent to estimate the total number of beads. The samples were
analyzed with an FV1000 Olympus confocal microscope.

Determination of size distribution of C. burnetii-containing vacuoles. About 30
cells per coverslip (in triplicate) were scored to determine the area of the C.
burnetii-containing vacuoles, using a Nikon Eclipse 2000 microscope with a �60
objective. Infected cells were defined as those with at least one bacterium inside,
detected by immunofluorescence. The sizes of the vacuoles were determined by
morphometric analysis, using ImageJ software. Vacuole sizes were grouped into
two categories, namely, small vacuoles (smaller than 22 �m2) and large vacuoles
(larger than 22 �m2).

Fluorescence microscopy. HeLa cells were analyzed by fluorescence micros-
copy using an inverted microscope (Nikon Eclipse 2000; Nikon, Japan). Images
were obtained with a charge-coupled device camera (Orca I; Hamamatsu) and
processed using the Metamorph program, series 6.1 (Universal Images Corpo-
ration). Confocal images were obtained with a Nikon C1 confocal microscope
system and with the EZ-C1 program (Nikon, Japan) or with an Olympus FV1000

4610 AGUILERA ET AL. INFECT. IMMUN.



FIG. 1. F-actin associates with and regulates the formation of PVs. (A) F-actin is recruited to the PV. HeLa cells infected for 16 h with C. burnetii
were incubated for 32 h with 0.05% DMSO (control) (a to d) or 10 �M latrunculin B (LatB) (e to h). After latrunculin incubation, cells were washed
and incubated for 24 h with fresh medium without latrunculin (LatB � wo) (i to l). After cell fixation, F-actin and C. burnetii were stained with
rhodamine-phalloidin (green) (b, f, and j) and a specific anti-C. burnetii antibody (red) (c, g, and k), respectively. Cells were analyzed by phase-contrast
(PC) (a, e, and i) and fluorescence (b, c, f, g, j, and k) microscopy. Micrographs of representative cells are shown. PVs are indicated by arrows. The
colocalization between PVs and F-actin is shown in the merge column (d, h, and l). Either small F-actin patches or F-actin rings surrounding PVs are
indicated by arrowheads. Bars, 15 �m. (B) F-actin disassembly reduces PV size. Cells were treated and processed as described for panel A. The sizes of
the vacuoles were determined by morphometric analysis using the ImageJ program. Large vacuoles correspond to the PV population of �22 �m2. Results
are expressed as means � standard errors (SE) for at least three independent experiments. ***, P � 0.001. (C) F-actin disassembly increases the number
of PVs. Cells were treated and processed as described for panel A, and the number of vacuoles per cell was determined by morphometric analysis with
ImageJ software (see Materials and Methods). Results are expressed as means � SE for at least three independent experiments. ***, P � 0.001.
(D) Analysis of infected cells by transmission electron microscopy. HeLa cells infected for 16 h with C. burnetii were incubated for 32 h with 0.05% DMSO
(control) (a and b) or 10 �M latrunculin B (LatB) (c and d) and then processed for transmission electron microscopy using conventional techniques.
Electron micrographs of representative cells are shown. PVs are indicated by arrows. Bars, 1 �m.
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confocal microscope and the FV 10-ASW 1.7 program (Olympus, Japan). Images
were processed using ImageJ software (NIH [http://rsb.info.nih.gov/ij]). Nor-
mally, when a protein associates with the PV limiting membrane, the EGFP-
tagged protein is visualized as a ring surrounding luminal bacteria; hence, there
is no superposition of the green and red channels. Therefore, colocalization was
considered to be positive when, after drawing of a line across the PV, the
fluorescent label of the bacterium was located between two peaks of EGFP.

Transmission electron microscopy. Cells were fixed with 2% glutaraldehyde in
PBS. After 10 min, the samples were centrifuged for 15 min at 12,000 � g, and
the pellets were processed for transmission electron microscopy using conven-
tional techniques.

Statistical analysis. The data were analyzed by the Kolmogorov-Smirnov non-
parametric test and by analysis of variance in conjunction with Tukey and Dun-
nett tests.

RESULTS

F-actin associates with the prototypical PV and modulates
its formation. It is known that F-actin plays an important role
in different vesicular transport processes (53). Moreover, F-
actin is involved in the fusion of phagosomes with endocytic
compartments (33, 36, 60). The formation of the large PV is a
result of homotypic fusion among small phagosomes contain-
ing C. burnetii (20, 25, 28, 63). To assess whether F-actin is
involved in PV formation, HeLa cells were infected for 16 h at
37°C, and after being washed to remove noninternalized bac-
teria, the cells were incubated for 32 h with the F-actin-depo-
lymerizing toxins latrunculin B and cytochalasin D or with
vehicle. Cells were fixed, processed for indirect immunofluo-
rescence, and analyzed by fluorescence microscopy. F-actin
was detected with FITC-phalloidin, and C. burnetii was de-
tected with a specific antibody. At 32 h postinfection, C. bur-
netii usually forms a large PV that may even displace the
nucleus from the cell center. Additionally, some smaller vesi-
cles containing bacteria are visualized (Fig. 1A, panel a). In
control cells, F-actin was observed around the PV in small
patches, and an F-actin ring was also observed, although less
frequently (Fig. 1A, panels b and d). In latrunculin-treated
cells, the F-actin was depolymerized and the soluble actin
dispersed throughout the cytoplasm, with an altered cell shape.
Small but not large PVs were observed (panels e, g, and h).
This phenomenon was reversible since the large PVs reap-
peared when the drugs were washed out and incubation was
prolonged for an additional 24 h (panels i to l). A similar,
although less pronounced, effect was observed in cells treated
with cytochalasin D (data not shown).

Because PV size is usually heterogeneous (from small vacu-
oles to the typical large PVs), we defined two categories, small
and large vacuoles (smaller and larger than 22 �m2, respec-
tively), by using Image J software to determine if the treatment
modified the size of the vacuoles. As shown in Fig. 1B, approx-
imately 50% of the PVs were large (i.e., larger than 22 �m2).
In latrunculin-treated cells, a marked reduction in the popu-
lation of large PVs was observed, as only 12% of the PVs were
larger than 22 �m2. When the drug was removed and incuba-
tion in fresh medium was continued, the size of the vacuoles
was recovered. When the number of PVs was analyzed, a
significant increase was observed in latrunculin-treated cells
compared to controls. When the drug was washed out, the
number of vacuoles returned to the value observed in control
cells (Fig. 1C). These results were corroborated by transmis-
sion electron microscopy (Fig. 1D). Consistent with the con-

focal images, latrunculin-treated cells showed numerous PVs
of smaller size (Fig. 1D, panels c and d), while untreated cells
presented a small number of vacuoles of the larger size (panels
a and b).

Taken together, these results suggest that F-actin not only is
recruited to the PV membrane but also is involved in the
biogenesis of the large compartment containing C. burnetii.

F-actin regulates fusion between PVs and bead-containing
phagosomes. It is possible that actin dynamics modulate the
functional properties of the PV, such as the well-reported
fusogenic activity with endocytic and phagocytic compartments
(20, 25, 28, 63). To test this hypothesis, infected HeLa cells
were incubated with transferrin or latex beads, as an endocytic
or phagocytic probe, respectively, and then the coalescence of
the probes and C. burnetii in the same vacuole was estimated.
Most Coxiella-containing vacuoles, in control as well as in
latrunculin-treated cells, were loaded with transferrin (Fig. 2A).
On the other hand, as shown in Fig. 2B and C, latrunculin signif-
icantly inhibited the colocalization of the phagocytic probe with
the bacteria (21% versus 72%). These results suggest that F-actin
plays a role in the fusion of vacuoles containing C. burnetii with
latex bead-containing phagosomes. In contrast, the lack of poly-
merized actin did not seem to substantially affect the interaction
with other endocytic compartments.

F-actin regulates the formation of the PV without affecting
its maturation. We observed that in cells infected for 16 h and
then treated for 32 h with latrunculin, Coxiella-containing
vacuoles were labeled with the endosomal marker transferrin
and with Lysotracker, a marker of acidic compartments (data
not shown). These results suggest that C. burnetii transits along
the endophagosomal pathway to finally arrive at an acidic
phagolysosomal compartment. It has been reported that PV
maturation to a phagolysosome takes approximately 2 h (1, 27,
64). To analyze if latrunculin has an effect on PV maturation,
HeLa cells were infected for 1 h and then treated with latrunculin
for 47 h. The cells were either fixed to analyze the presence of the
lysosomal enzyme cathepsin D by indirect immunofluorescence
or incubated for 1 h with Lysotracker before fixation. As shown in
Fig. 3A and B, vacuoles containing C. burnetii were labeled with
both markers. These results suggest that latrunculin treatment did
not modify the maturation of the vacuoles.

Rho proteins are recruited to the PV membrane. GTPases of
the Rho family function as important regulators of actin dy-
namics (4, 9). To examine the role of these GTPases in PV
formation, HeLa cells infected for 16 h with C. burnetii were
transfected with pEGFP vectors encoding WT Cdc42, RhoA,
or Rac1. As shown in Fig. 4A, EGFP-Cdc42 WT (panel d) and
EGFP-RhoA WT (panel g) localized to filipodia and lamelli-
podia, respectively. Interestingly, the PV membrane recruited
both proteins (panels f and i). In contrast, while EGFP-Rac1
WT localized to the cell cortex (panel j), it did not show any
significant association with the PV (panel l). When the PV-
protein colocalization was quantified (Fig. 4B), a highly signif-
icant colocalization with the PV (around 80%) was observed
for both EGFP-Cdc42 and EGFP-RhoA compared with EFGP
(control). Interestingly, treating cells with latrunculin B did not
affect the recruitment of RhoA and Cdc42 WT to the PV
membrane (data not shown). These results suggest that the
association of the Rho GTPases occurs prior to the actin-
dependent processes that maintain vacuole size and shape.
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It has been shown that C. burnetii protein synthesis regulates
PV biogenesis (29). If the recruitment of Rho proteins to the
vacuole is mediated by C. burnetii, then the proteins will not
associate with the vacuole limiting membrane in transfected
cells treated with chloramphenicol. As shown in Fig. 4C and D,
chloramphenicol treatment significantly diminished the re-
cruitment of both EGFP-Cdc42 and -RhoA compared to that
in untreated cells. These results suggest that bacterial protein
synthesis is required for the association of Rho proteins with
the PV.

It is known that these Rho GTPases cycle between the GTP-
bound, active form and the GDP-bound, inactive form. The
GDP/GTP cycling of Rho family proteins is controlled mainly by
the following three distinct functional classes of regulatory pro-
teins: guanine nucleotide exchange factors, guanine nucleotide
dissociation inhibitors, and GTPase-activating proteins (GAPs).
These regulators control membrane association and binding and
the hydrolysis of bound nucleotides (9). To determine whether
the association of Rho proteins with the PV depends on their
nucleotide binding state, cells were transfected with plasmids en-

FIG. 2. F-actin is required for fusion between PVs and bead-containing phagosomes. Infected cells were incubated with either transferrin
(A) (blue; b and f) or latex beads (B) (red; j and n) (see Materials and Methods) and treated as indicated in the legend to Fig. 1. C. burnetii cells
were stained with a specific antibody (red [c and g] or green [k and o]). Cells were analyzed by phase-contrast (PC) (a, e, i, and m) and fluorescence
(b, c, f, g, j, k, n, and o) microscopy. Colocalization of the different probes with the PVs is shown in the merge column (d, h, l, and p) and quantified
in panel C. Micrographs of representative cells are shown. PVs are indicated by arrows. Insets in panels d and h show the localization of transferrin
(blue) in the delineated vacuoles harboring the bacteria (red). Results are expressed as means � SE for at least three independent experiments.
**, P � 0.01. Bars, 5 �m.
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coding constitutively active or dominant-negative GTPases. In
cells transfected with the constitutively active mutants pEGFP-
Cdc42 V12 and -RhoA V14, practically 80% of PVs were labeled
by these expressed proteins (Fig. 5A and B), whereas the consti-
tutively active mutant EGFP-Rac1 V12 did not show any signif-
icant association with the PV (Fig. 5B).

To test whether Rho protein recruitment to the PV mem-
brane is accompanied by F-actin, infected HeLa cells were
transfected with constitutively active mutants of either Cdc42
or RhoA and then incubated with rhodamine-conjugated phal-
loidin to detect F-actin. The constitutively active mutants of
either Cdc42 (Fig. 5C, panels a to h) or RhoA (panels i to p)
colocalized with F-actin at the PV membrane. In contrast, as
shown in Fig. 6A and B, the dominant-negative mutants of
Cdc42, RhoA, and Rac1 did not significantly localize to the PV
membrane compared with the case in control cells expressing
EGFP alone. These results indicate that, as expected, it is
mainly the GTP-bound form of the Rho proteins which is
recruited to the PVs.

Overexpression of the dominant-negative mutant RhoA N19
affects PV size without modifying its cargo and lysosomal char-
acteristics. We noticed that among all tested proteins, the over-
expression of EGFP-RhoA N19 caused the most striking PV size
changes, similar to latrunculin treatment. Therefore, we next an-
alyzed in more detail the effect of the overexpression of RhoA
N19 on vacuole size distribution. As indicated in Fig. 6C, a highly
significant decrease in the population of vacuoles larger than 22
�m2 was observed in cells expressing EGFP-RhoA N19 versus
EGFP (16.6 and 45.5%, respectively), while the expression of
either EGFP-Cdc42 N17 or EFGP-Rac1 N17 did not significantly
affect the vacuole size distribution (50 and 51%, respectively). It
is possible that the change in PV size distribution in cells overex-
pressing EGFP-RhoA N19 could be related to alterations in PV
cargo and lysosomal characteristics (i.e., fusion with endosomal/
lysosomal compartments). To test this hypothesis, infected HeLa
cells were transfected with either pEGFP or pEGFP-RhoA N19
and then incubated with Lysotracker, Alexa 633-transferrin, or
DQ-BSA. As mentioned before, Lysotracker and transferrin label

FIG. 3. F-actin regulates the formation of the PV without affecting its lysosomal characteristics. HeLa cells were infected for 1 h with C. burnetii
and then incubated for 47 h with 0.05% DMSO (A [a to d] and B [i to l]) or 10 �M latrunculin B (LatB) (A [e to h] and B [m to p]). The cells
were either incubated with Lysotracker (red) (b and f), a marker of acidic compartments, before fixation (A) or fixed to analyze the presence of
the lysosomal enzyme cathepsin D (B). After fixation, cells were labeled with an anti-cathepsin D antibody (red) (B [j and n]), anti-C. burnetii
(green) (A [c and g]), or Hoechst dye (blue) (B [k and o]). Cells were analyzed by phase-contrast (PC) (a, e, i, and m) and fluorescence (b, c, f,
g, j, k, n, and o) microscopy. Micrographs of representative cells are shown. PVs are indicated by arrows. The colocalization between PVs and
Lysotracker or cathepsin D is shown in the merge column (d, h, l, and p). Bars, 5 �m.
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FIG. 4. PVs are decorated with the WT forms of EGFP-Cdc42 and -RhoA but not with EGFP-Rac1. (A) HeLa cells were infected as indicated
in the legend to Fig. 1 and then transfected with pEGFP alone (a to c), pEGFP-Cdc42 WT (d to f), pEGFP-RhoA WT (g to i), or pEGFP-Rac1
WT (j to l) as described in Materials and Methods. After 24 h, cells were fixed and processed for immunofluorescence, using a specific anti-C.
burnetii antibody (red) (b, e, h, and k). Cells were analyzed by confocal microscopy. Micrographs of representative cells are shown. PVs are
indicated by arrows. Filipodia (d) and lamellipodia (g) are indicated by arrowheads. The colocalization between PVs and overexpressed proteins
is shown in the merge column (c, f, i, and l). Bars, 5 �m. (B) Quantification of colocalization between PVs and EGFP fusion proteins. Results are
expressed as means � SE for at least three independent experiments. ***, P � 0.001. (C and D) Chloramphenicol treatment reduces the
colocalization of PVs with EGFP-Cdc42 and EGFP-RhoA. Infected cells were transfected with pEGFP-Cdc42 WT (C) or pEGFP-RhoA WT
(D) and then treated with chloramphenicol (Chl) as indicated in Materials and Methods. Colocalization between PVs and EGFP fusion proteins
was quantified. Results are expressed as means � SE for at least three independent experiments. *, P � 0.05; ***, P � 0.001.
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acidic and endocytic compartments, respectively, and DQ-BSA is
a modified BSA that is cleaved and becomes fluorescent when
it reaches hydrolytic compartments, such as the lysosomes.
As shown in Fig. 7, most PVs formed in transfected cells

presented acidic (Lysotracker positive) (panel f) and hydro-
lytic (degraded DQ-BSA) (panel b) characteristics and also
accumulated endocytosed transferrin (panel j). Similar re-
sults were obtained with untransfected cells (data not

FIG. 5. EGFP-Cdc42 V12, EGFP-RhoA V14, and F-actin are recruited to the PV. (A) EGFP-Cdc42 V12 and -RhoA V14, but not EGFP-Rac1
V12, associated with PVs. HeLa cells were infected with C. burnetii and then transfected with pEGFP (a to c), pEGFP-Cdc42 V12 (d to f), or
pEGFP-RhoA V14 (g to i). After 24 h, the cells were fixed and processed for immunofluorescence, using a specific anti-C. burnetii antibody (red)
(b, e, and h). Cells were analyzed by confocal microscopy. Micrographs of representative cells are depicted. PVs are indicated by arrows. The
colocalization is shown in the merge column (c, f, and i). (B) Quantification of colocalization. Results are expressed as means � SE for at least
three independent experiments. **, P � 0.01; ***, P � 0.001. (C) EGFP-Cdc42 V12, EGFP-RhoA V14, and F-actin colocalize with PVs. Infected
HeLa cells were transfected with pEGFP-Cdc42 V12 (a to d) or pEGFP-RhoA V14 (i to l). After 24 h, cells were fixed and processed for
immunofluorescence, using phalloidin-rhodamine to label actin (red) (b and j) and a specific anti-C. burnetii antibody (blue) (c and k). Panels e
to h and m to p represent a magnification of the insets. Cells were analyzed by confocal microscopy. Micrographs of representative cells are
depicted. PVs are indicated by arrows. The colocalization is shown in the merge column (d, h, l, and p). Bars, 5 �m.
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shown). These results suggest that the cargo and lysosomal
characteristics of the vacuoles were not affected by overex-
pression of the RhoA N19 mutant.

DISCUSSION

C. burnetii is a particular obligate intracellular pathogen that
survives and replicates in an acidic PV with lysosomal (1, 25,
27, 64) and autophagolysosomal (7, 24, 55) features. In this
report, we have shown that F-actin forms patches around the
PV membrane and, more importantly, that the formation of
stereotypical PVs is dependent on F-actin, as large vacuoles
were not formed in infected cells treated with the actin-depo-
lymerizing agents latrunculin B and cytochalasin D. This treat-

ment apparently did not affect C. burnetii intracellular viability,
as the large and spacious vacuoles harboring C. burnetii devel-
oped 24 h after drug washout. It is known that latrunculin B
disassembles actin filaments by sequestering actin monomers,
while cytochalasin D binds to the barbed end of the filaments.
We observed a stronger effect with latrunculin B than with
cytochalasin D. Given latrunculin’s mechanism of action, our
results suggest that de novo formation of F-actin is needed for
the biogenesis of the large PV.

It has been shown that F-actin assembles on phagosomes con-
taining latex beads and that this event is involved in the aggrega-
tion and tethering of phagosomes, endosomes, and lysosomes
prior to membrane fusion (14, 33, 60). The interaction between
phagosomes and endocytic compartments and the role of the

FIG. 6. The dominant-negative mutants of Cdc42, RhoA, and Rac1 are not recruited to the PV. (A) Infected HeLa cells were transfected with
pEGFP (a to c), pEGFP-Cdc42 N17 (d to f), or pEGFP-RhoA N19 (g to i). After 24 h, the cells were fixed and processed for immunofluorescence,
using a specific anti-C. burnetii antibody (red) (b, e, and h). Cells were analyzed by confocal microscopy. Micrographs of representative cells are
shown. PVs are indicated by arrows. The colocalization is shown in the merge column (c, f, and i). Bars, 5 �m. (B) Quantification of colocalization.
Results are means � SE for at least three independent experiments. (C) Overexpression of the dominant-negative mutant EFGP-RhoA N19
reduces PV size. Cells were treated and processed as described for panel A. The sizes of the vacuoles were determined by morphometric analysis
(see Materials and Methods). Results are expressed as means � SE for at least three independent experiments. ***, P � 0.001.
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actin cytoskeleton have been reproduced and characterized in an
“in vitro” system (17, 36, 60). Basically, the F-actin assembled on
phagosomes may represent “tracks” by which late endosomes
and/or lysosomes travel toward phagosomes to facilitate fusion
between these compartments. In cells treated with F-actin-depo-
lymerizing agents, a significant inhibition of fusion between latex
bead-containing phagosomes and endocytic compartments was
observed (14, 33, 60). It is known that the PV can be loaded with
fluid-phase endocytic markers and that it is highly fusogenic and
interacts with phago-endocytic compartments. Consistent with
the observations described above, we observed an inhibition of
the arrival of phagocytosed latex beads at the PV in cells treated
with latrunculin. At early times after infection, small phagosomes
containing bacteria fuse with each other to generate larger com-
partments (20, 25, 28, 63). Since we observed that actin depoly-
merization markedly reduced PV size, our results suggest that
F-actin is involved not only in heterotypic fusion of PVs with latex
bead-containing phagosomes but also in homotypic fusion among
small PVs. The presence of F-actin on PVs and the effect of
actin-depolymerizing agents indicate that F-actin likely plays a
role in membrane transport events needed to form the typical PV.
As mentioned before, the PV is highly fusogenic, and it is possible
that different sources of membrane are needed for its formation.

While our results show that endocytic and lysosomal compart-
ments interact with the PV in latrunculin-treated cells, the small
size of the PVs suggests that latrunculin inhibits the membrane
contributions from other intracellular compartments.

Actin dynamics are regulated mainly by GTPases of the Rho
family (53). Although several actin-related proteins have been
found on latex bead-containing phagosomes, including Cdc42,
this protein does not seem to play a role in actin assembly on
phagosomes (13, 14, 19). However, in our system, both the WT
forms and the constitutively active mutants of Cdc42 and
RhoA were recruited to the PV membrane, suggesting the
participation of these proteins in vacuole formation. Interest-
ingly, the most dramatic vacuole size changes were observed in
cells expressing the dominant-negative RhoA N19 mutant. The
expression of this RhoA mutant inhibited the formation of
large vacuoles without affecting their interaction with endo-
cytic compartments (i.e., we still observed transferrin and Ly-
sotracker accumulation and DQ-BSA degradation). Unfortu-
nately, we were unable to detect internalized latex beads in
Coxiella-infected HeLa cells overexpressing EGFP-RhoA N19,
so we could not determine if overexpression of this dominant-
negative mutant inhibits the fusion of the PV with latex bead
phagosomes, as latrunculin does. It is likely that overexpression of

FIG. 7. Overexpression of the dominant-negative mutant of RhoA does not modify the cargo and lysosomal characteristics of PVs.
Infected HeLa cells were transfected with pEGFP-RhoA N19 (a, e, and i). After 24 h, the cells were incubated (see Materials and Methods)
with either DQ-BSA (A, panel b) (red), Lysotracker (B, panel f) (red), or transferrin (C, panel j) (blue). Cells were fixed and processed for
immunofluorescence, using a specific anti-C. burnetii antibody (blue [c and g] or red [k]). Cells were analyzed by confocal microscopy.
Micrographs of representative cells are shown. PVs are indicated by arrows. The colocalization between PV, expressed proteins, and markers
is shown in the merge column (d, h, and l). The inset in panel l shows the localization of transferrin (blue) in the delineated vacuoles
harboring the bacteria (red). Bars, 5 �m.
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this mutant impedes bead uptake (i.e., phagocytosis). One possi-
ble solution to this problem would be to use another cell type with
much higher phagocytic activity than that of HeLa cells, such as
macrophages. Experiments are under way in our laboratory to
determine the role of Rho proteins in latex beads and C. burnetii
internalization. In any case, our results suggest that RhoA is
required for vesicle transport and/or fusion of the C. burnetii-
containing vacuole with other intracellular compartments. Re-
cently, it was shown that latrunculin inhibits post-Golgi transport
(39) and that Rho proteins and actin are involved in the regula-
tion of the exocytic pathway (11, 18, 44). It is known that different
sorting signals and tubular-vesicular compartments participate in
the biosynthetic route (54). It would be interesting to use our
system to study whether F-actin and Rho proteins have a role in
the recruitment of specific subsets of secretory vesicles to pro-
mote their selective fusion with the PV during the intracellular
trafficking of C. burnetii.

The inhibition of PV formation (29) and the significant de-
crease of WT RhoA colocalization with the PV (our results) in
cells treated with chloramphenicol suggest an important role
for bacterial protein synthesis in the connection between PV
formation and Rho proteins. Legionella pneumophila and C.
burnetii were shown to contain an icm/dot type IVB secretion
system (57, 67). It has been shown that this system is required
for the vacuole formation and successful intracellular growth
of L. pneumophila (31, 58). The icm/dot secretion system trans-
locates effectors into host cells to interact with and modulate
the activity of host proteins known to regulate the secretory
pathway, such as Arf1 (49), Rab1 (8, 30, 43), and Sec22b (16,
34). Interestingly, overexpression of Rab1 in C. burnetii-in-
fected cells regulates PV formation (E. Campoy and M. Co-
lombo, unpublished data), suggesting a relationship between
the secretory pathway and PV formation. Because some of
these bacterial effectors have guanine nucleotide exchange fac-
tor and GAP activities, it is likely that C. burnetii effectors
secreted by the type IV secretion system exhibit similar activ-
ities on Rho GTPases. This is in concordance with the inhibi-
tion of Rho protein recruitment to PVs when bacterial protein
synthesis was stopped by chloramphenicol treatment of in-
fected cells. Genetic manipulations of C. burnetii are hard to
perform. However, as reported in a very recent publication, the
first mutant has been generated (6). Advances in that area will
allow testing of our hypothesis in the future.

It has been shown that phagosomes containing nonpatho-
genic or killed pathogenic mycobacteria are able to recruit
F-actin but that those that contain live pathogenic bacteria are
not (2, 3, 23). Actin nucleation, in a way that is not completely
understood, correlates with the fusion of phagosomes with late
endocytic-lysosomal compartments, an event that favors the
killing of bacteria. On the other hand, it has been observed that
phagosomes harboring Leishmania accumulate actin in a
Cdc42- and Rac1-dependent manner and that this periphago-
somal actin coat is involved in delaying the maturation of the
phagosomes (40, 42). In our experiments, the accumulation of
Lysotracker, a marker that labels acidic (pH 5) and mature
endosome compartments, and the degradation of DQ-BSA in
the PV suggest that overexpression of RhoA N19 and Cdc42
(data not shown) did not significantly affect endocytic traffick-
ing during the PV formation process.

Recently, it was shown that not only is F-actin recruited to

the Chlamydia trachomatis vacuole in a RhoA-dependent man-
ner but these proteins also act to maintain the morphology and
integrity of the vacuole (37). Surprisingly, WT RhoA and its
constitutively active and dominant-negative mutants are re-
cruited equally to the C. trachomatis vacuole. Our results show
that both the WT and the constitutively active RhoA mutant,
but not the dominant-negative RhoA mutant, are recruited to
PV-containing C. burnetii, suggesting that the nucleotide-
bound state of RhoA is important. Notably, the expression of
the dominant-negative mutant of RhoA modified the size of
the vacuole without affecting its integrity.

The interaction of the PV with F-actin and its role in the
biogenesis of the typical C. burnetii vacuole, together with results
from other laboratories, establish the relationship between patho-
gen-containing phagosomes and the actin cytoskeleton. Our re-
sults also support the participation of actin in the motility and
fusion of endosomes, lysosomes, and phagosomes. How actin and
Rho proteins are recruited to the PV membrane and how these
proteins are involved in the formation of this vacuole are cur-
rently under investigation in our laboratory.
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