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Abstract

Cyclic Adenosine 30,50-monophosphate (cAMP) is a key second messenger known to

directly regulate not only the protein kinase A (PKA) activity but also other important mole-

cules such as the exchange protein activated by cAMP (EPAC), which is as a guanine

nucleotide exchange factor (GEF) of the low molecular weight GTPase, Rap2. Coxiella bur-

netii is a Gram negative bacterium that survives and grows in a large Coxiella replicative

vacuole (CRV), which displays lysosomal and autophagic features. In this report, we present

evidence that both, EPAC and its downstream effector Rap2b, were recruited to the CRV.

The transient over-expression of the Rap2b wt protein, but not its inactive mutant Rap2b

ΔAAX, markedly inhibited the development of the large CRV. Additionally, Rap2b wtinhib-

ited the fusion of early Coxiella phagosomes with the fully developed CRV, indicating that

homotypic fusion events are altered in the presence of high levels of Rap2b wt. Likewise,

the fusion of endosome/lysosomal compartments (heterotypic fusions) with the large CRV

was also affected by the over-expression of this GTPase. Interestingly, cell overexpression

of Rap2b wt markedly decreased the levels of the v-SNARE, Vamp7, suggesting that this

down-regulation impairs the homotypic and heterotypic fusions events of the Coxiella

vacuole.

Introduction

Coxiella burnetii, the etiological agent of the Q-fever, is an obligate intracellular bacterium.

This microorganism has a biphasic life cycle in which the small cell variant (SCV) and the

large cell variant (LCV) alternate. The LCV form is generated in the lysosomal-like large repli-

cative compartment (C. burnetii-replicative vacuoles, CRVs) of infected cells, where the acidic

microenvironment favors its replication [1]. In previous works, we have demonstrated that C.

burnetii invades and travels within the host cell through classical endocytic/phagocytic
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compartments [2]. Furthermore, we have proved that C. burnetii persists and replicates in a

large replicative vacuole, which displays autophagic features, and have hypothesized that cer-

tain components of the autophagic machinery favors the expansion of the CRV at early times

post-infection (p.i.) [3] [4]. In order to modulate the recruitment of critical cellular proteins,

C. burnetii releases numerous secretion proteins into the host cell by its type IV secretion sys-

tem (T4SS) [5] [6]. Therefore, C. burnetii has the capacity of inducing the fusion of its CRV

with several intracellular compartments, thus promoting the generation and growth of the vac-

uole. This process requires constant bacterial protein synthesis [7]. We have demonstrated

that vesicles derived from the early secretory pathway also contribute to the growth of the large

CRV probably by providing membranous components [8]. Furthermore, published works

from our group and colleagues have demonstrated the contribution of SNAREs proteins

(Vamp8, Vamp7, Vamp3, and Syntaxin 17) in homotypic and heterotypic fusion events that

contribute to develop the replicative vacuole [7] [9].

The autophagy pathway is a highly conserved, physiological degradation process in eukary-

otic cells. During autophagy, small portions of cytoplasm or damaged organelles are seques-

tered into double-membrane vesicles named autophagosomes. These vesicles then fuse with

degradatives organelles which supply the hydrolytic enzymes for breaking down and eventual

recycling of the sequestered material. The Microtubule-associated protein light chain 3 (LC3)

has been shown to be an autophagosomal marker in mammals. There are two forms of LC3

called LC3-I and LC3-II, which are produced post-translationally in various cell types. LC3-I is

a cytosolic protein, whereas LC3-II is membrane-bound and specifically associates with autop-

hagosome membranes.

The autophagy pathway is activated in response to many physiological situations, acting as

either a homeostasis control mechanism to eliminate unnecessary structures or as an adaptive

response to adverse conditions, such as nutrients deprivation or starvation [10] [11] [12].

Many pathological stress conditions, such as pathogen invasion can also trigger autophagy

since this process is a critical cell defense mechanism. Nevertheless, numerous intracellular

pathogens, including Staphylococcus aureus and Legionella pneumophila, exploit the autophagy

pathway for their own benefit in order to survive and replicate in the host cells. [13].

Cyclic AMP is a second messenger that controls numerous biological processes [14]. Many

pathogens have developed mechanisms to increase intracellular cAMP levels to facilitate their sur-

vival within the phagosome. Interestingly, increased cAMP levels inhibit the acidification of pha-

gosomes and phagosome-lysosome fusions, preventing phagosomal maturation [15]. It is known

that the classical cAMP effector is PKA, which presents a cAMP-binding domain that has been

evolutionary conserved. Interestingly, there is evidence indicating that PKA activation by cAMP

leads to the inhibition of the autophagic pathway through a mechanism that involves the phos-

phorylation of LC3 [16], suggesting that cAMP is a modulator of the autophagy pathway.

In addition, it is known that cAMP directly regulates EPAC, which is a GEF of Rap

GTPases, proteins involved in many cellular processes. [17] [18]. The Rap family comprises

five members: two isoforms of Rap1 (Rap1a and Rap1b) and three isoforms of Rap2 (Rap2a,

Rap2b and Rap2c), that share 70% homology with Rap1. An important difference between

these two subfamilies is that Rap2 is less sensitive to its GTPase activating protein (GAP),

which allows a signaling cascade that is sustained over time.

Rap activation is regulated by specific GEFs, such as CD-GEF1, C3G, PDZ-GEF1, and the

EPACs [19] [20]. The activation of Rap through EPAC has been shown to regulate phagocyto-

sis and vesicle trafficking. It has been demonstrated that Rap1 associates with the late endocytic

compartment, while Rap2 associates with GTPases involved in Golgi-ER vesicle transport [21].

Besides, EPAC and Rap2b mediate the response induced by elevated intracellular cAMP levels,

inhibiting the autophagy pathway [22]. We have previously demonstrated that the activation

EPAC, Rap2b and Coxiella burnetii
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of the cAMP pathway, through EPAC and Rap proteins, leads to the inhibition of the autopha-

gic host response induced by infection with S. aureus [23]. That study provided the first evi-

dence indicating that the proteins EPAC and Rap2b are recruited as signaling molecules to a

fraction of phagosomes containing S. aureus [23].

In this work, we aimed at studying the effectors EPAC and Rap2b as key regulators of CRV

development. We have demonstrated that the cAMP modulated protein EPAC was recruited

to the CRV. In addition by analyzing the EPAC downstream effector Rap2b, we determined

that the latter factor, but not its inactive mutant Rap2b ΔAAX, is also recruited to the CRV

from early times p.i. More importantly, we demonstrated that over-expression of Rap2b wt

protein, but not Rap2b ΔAAX, significantly impaired the development of the large CRV. Inter-

estingly, we have shown that the over-expression of Rap2b wt reduced both, the homotypic

and the heterotypic fusion capacity of the CRV, and also, decreased the intracellular levels of

the v-SNARE Vamp7. These results suggest that the over-expression of the active form of

Rap2b affects molecular components of the fusion machinery that C. burnetii co-opt to gener-

ate its replicative vacuole. The results obtained in this work offer a deeper insight into the

molecular components of the host cell that are involved in the regulatory mechanism of the

development of C. burnetii replicative vacuole.

Materials and methods

Materials

D-MEM and alpha-MEM were obtained from Gibco Laboratories (Invitrogen, Argentina);

fetal bovine serum (FBS) was obtained from GIBCO BRL/Life Technologies (Buenos Aires,

Argentina). The anti-Rap2b antibody and Rap2b siRNA were purchased from Santa Cruz Bio-

technology (Buenos Aires, Argentina). Rabbit anti-Coxiella antiserum and mCherry-Coxiella
burnetii were generously provided by Dr. Robert Heinzen (Rocky Mountain Laboratories,

NIAID, NIH, Hamilton, MT, USA). Coxiella-GFP (Tn1832) and the DotA mutant GFP

(Tn292) were kindly provided by Dr. Matteo Bonazzi (Cell Biology of Bacterial Infections,

UMR 5236 CPBS, Montpellier, France). Texas Red-tagged dextran (3 kDa) was purchased

from Molecular Probes. PEGFP-Rap2b wt and pEGFP-Rap2b ΔAAX plasmids were kindly

provided by Dr. MauroTorti (University of Pavia, Pavia, Italy). Plasmids for EPAC-GFP, Δ(1–

148)-EPAC-GFP, Δ(72–148)-EPAC-GFP were kindly provided by Dr. Xiaodong Cheng (The

University of Texas Medical Branch, Galveston, Texas).

Cell culture

Vero cells (ATCC, CCL-81), HeLa cells (ATCC, CCL-2) and Chinese hamster ovary cells

(CHO) (ATCC, CCL-61) were grown in 24-well plates in either D-MEM or α-MEM, supple-

mented with 15% FBS, and the antibiotics streptomycin (50μg/ml) and penicillin (50 μg/ml),

at 37ºC in a 5% CO2 atmosphere until 80% confluence was reached.

Cell transfection

CHO cells were transfected with the plasmids (1 μg/μl) using the Lipofectamine 2000 reagent

(Invitrogen, Argentina) as previously described in [7]. Transfected cells were incubated for

24h in DMEM or α-MEM supplemented with 10% FBS.

Propagation of phase II C. burnetii
The generation of C. burnetii clone 4, phase II, Nine Mile strain was performed as previously

described [4].

EPAC, Rap2b and Coxiella burnetii
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Infection of cells with C. burnetii
A volume of 0.5–1 ml of a dilution of C. burnetii suspension was added to cells plated on cover-

slips distributed in either 6 or 24 well plates. Afterwards, infected cells were incubated at 37˚C

in a 5% CO2 atmosphere for the indicated time periods [7]. In all experiments host cells were

infected at a MOI (multiplicity of infection) of 10.

Confocal microscopy

Transfected and infected CHO cells were analyzed by confocal microscopy using an Olympus

FluoViewTM FV1000 confocal microscope (Olympus, Argentina), with the FV10-ASW (ver-

sion 01.07.00.16) software. Images were processed using Adobe CS3 (Adobe Systems) and

ImageJ. Confocal images (0.39-μm sections) were collected.

Indirect immunofluorescence

Cells grown on coverslips were fixed with 4% paraformaldehyde for 15 min at room tempera-

ture, washed with PBS, and incubated with a quenching solution (50 mM NH4Cl in PBS).

Cells were then permeabilized with a solution containing 1% saponin in PBS and 1% BSA.

After permeabilization cells were incubated with the primary antibody diluted in PBS. Cells

were then washed and incubated with a conjugated secondary antibody (Jackson immune

Research Laboratories, EE.UU). After washing with PBS, cells were mounted with Mowiol

(plus Hoechst solution) and examined by confocal microscopy as described previously [7].

Measurement of the percentage of infected cells and the number and size of

CRV

For fixation cell were incubated in 4% paraformaldehyde for 10 min. About 200 cells per cov-

erslip (in triplicate) were scored for the presence or absence of large C. burnetii vacuoles using

a confocal microscope (Olympus FV1000) with a 60x objective. Infected cells were defined as

those with at least one large CRV (size� 2μm) with clear identifiable bacteria inside. The vacu-

ole size was determined by a morphometric analysis using the FV10-ASW or ImageJ software.

Bacterial viability and replication

A fluorescent infectious FFU assay was used to quantify the replication and viability of C. bur-
netii in CHO cells. Infected cells were lysed with sterile distilled water and samples were seri-

ally diluted. Vero cells were then infected with these lysates in a 24 well plate as previously

described [7], [24], [25]. After 72 h of infection, cells were fixed and processed for fluorescence

microscopy. Approximately 1,000 cells were scored per coverslip.

SDS-PAGE and western blot

Transfected and infected CHO cells were lysed with sample buffer. Protein samples were run

on either a 12% or 15% polyacrylamide gels and transferred to Hybond-ECL (Amersham)

nitrocellulose membranes. Membranes were blocked for 1 h in 5% non-fat milk, 0.05% Tween

20, and PBS at room temperature, washed twice with PBS and incubated with an anti-LC3

antibody followed by a peroxidase-conjugated secondary antibody (Jackson Immuno

Research). An anti-tubulin antibody (Jackson Immuno Research) was used as a loading con-

trol. The corresponding bands were detected using an enhanced chemiluminescence (ECL)

detection kit from (GE Healthcare, Amersham, RPN2109) using a Fujifilm LAS-4000 and anal-

ysis in ImageJ (NIH) software.

EPAC, Rap2b and Coxiella burnetii
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siRNA silencing of EPAC or Rap2b

Purified siRNA against human EPAC or Rap2b or a control siRNA were purchased from BIO-

NEER (Korea). Confluent HeLa cells were transfected with EPAC or Rap2b siRNA or with a

control siRNA, all prepared at a final concentration of 20 nM in 400 ml of D-MEM without

serum and with the Lipofectamine 2000 reagent. The mixture was added to a 24-well culture

dish. After 5 h, the transfection mixture was replaced by fresh D-MEM with 10% FBS. At 48 h

post-transfection the medium was removed and the same transfection protocol with the corre-

sponding siRNA was applied again (second hit). When the second transfection mixture was

removed, cells were infected with C. burnetii for 48 h at 37˚C.

Homotypic fusion assays

CHO cells were infected with C. burnetii (MOI = 10) and after 24h of infection cells were

transfected with wt pEGFP-Rap2b or pEGFP- Rap2bΔAAX. At 48h of infection, cells were

allowed to internalize mCherry-Coxiella. The 24 wells plate was centrifuged for 10 minutes

(1,500 rpm) at 4˚C in order to induce the contact of the mCherry-Coxiella (red) to the cell sur-

face. After 2h of incubation cells were fixed and subjected to indirect immunofluorescence

using a polyclonal antibody against C. burnetii. The glass slides were mounted and analyzed by

confocal microscopy [7].

Heterotypic fusion assays

HeLa or CHO cells were incubated with 5 μg/ml dextran-rhodamine for 2h and then trans-

fected with pEGFP-Rap2b wt or pEGFP- Rap2bΔAAX. After 24 h of transfection, cells were

infected with C. burnetii (MOI = 10). The 24 wells plate was centrifuged for 10 minutes (1,500

rpm) at 4˚C in order to induce contact of the bacteria with the cell surface. After 2h of incuba-

tion, cells were washed three times with PBS, fixed and subjected to indirect immunofluores-

cence using a polyclonal antibody against C. burnetii. The glass slides were mounted and

analyzed by confocal microscopy [7].

Results

EPAC is recruited to the C. burnetii replicative vacuole

It is known that Rap2b is involved in the regulation of the autophagic response induced by the

toxin Hla from S. aureus [23]. We have demonstrated that the direct activation of EPAC and/

or Rap2b inhibits the autophagic response induced by the toxin. Therefore, we determined if

this was a common mechanism involved in the regulation of other intracellular pathogens,

thus, we wondered whether these molecules also play a role in development of the CRV in C.

burnetii infected cells[26].

To assess the presence of EPAC in the CRV membrane, CHO cells were infected with C.

burnetii for 48 h and fixed. The presence of EPAC was then evaluated by indirect immunofluo-

rescence employing anti-EPAC antibody (Fig 1A). A marked recruitment of EPAC to the Cox-
iella-containing phagosomes was observed (Fig 1A). In order to evaluate the participation of

EPAC in the maturation and growth of the vacuole, 8-pCPT-2’-O Me-cAMP (8-pCPT-

cAMP), a cAMP analog that preferentially activates EPAC [18] was employed. To that end,

CHO cells were incubated in either the absence or the presence of 8-pCPT-cAMP and infected

with C. burnetii for 48 h. A moderate but statistically significant decrease in the vacuole diame-

ter of cells treated with this compound was observed (Fig 1B). This result suggests that the

direct and specific stimulation of EPAC inhibits the expansion of the vacuole. Therefore, to

study the role of 8-pCPT-cAMP in bacterial replication, a focus-forming unit (FFU) assay was

EPAC, Rap2b and Coxiella burnetii
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performed in CHO cells infected with C. burnetii for 48h and incubated in either complete

medium (control) or in complete medium containing 8-pCPT-cAMP (8pCPT). As shown in

Panel C in the presence of 8pCPT-cAMP there was a decrease in the Coxiella replication sug-

gesting that EPAC activation inhibits bacterial growth.

To determine the requirements for EPAC association to the CRV membrane, CHO cells

were transfected with wt-EPAC-GFP and the truncated forms Δ(1–148)-EPAC-GFP and Δ
(72–148)-EPAC-GFP, and then infected with C. burnetii. At 48 h p.i., cells were fixed and ana-

lyzed by Laser Scanning Confocal Microscopy (LSCM). The Δ(1–148)-EPAC-GFP deletion

mutant lacks the first 148 amino acid residues that are required for EPAC targeting, whereas,

the Δ(72–148) EPAC-GFP lacks the DEP domain that alters the EPAC nuclear membrane

binding motif. [27]. This mutant allowed demonstrating the role of the DEP domain in mem-

brane targeting of EPAC but not its mitochondrial association [27]. Fig 1D shows the recruit-

ment of wt-EPAC-GFP, Δ(1–148)-EPAC-GFP and Δ(72–148)-EPAC-GFP on the CRV

membrane. As depicted in Fig 1E 50–60% of the Coxiella-containing phagosomal compart-

ments were labeled by wt-EPAC-GFP and the corresponding truncated forms. These results

suggest that neither, the N-terminal sequence nor the DEP domain of EPAC is involved in the

recruitment mechanism of EPAC to the C. burnetti vacuole. Thus, EPAC might be recruited to

the CRV membrane by a different mechanism likely involving bacterial proteins.

To assess the role of EPAC in bacterial replication, a FFU assay was performed in CHO

cells transiently overexpressing either wt-EPAC-GFP or the inactive mutants Δ(1–148)-

EPAC-GFP and Δ(72–148)-EPAC-GFP plasmids, and infected with C. burnetii for 48h. Signif-

icant differences in the replicative capacity of C. burnetii were observed in wt-EPAC-GFP

transfected cells in comparison with GFP control and the inactive truncated mutants Δ(1–

148)-EPAC-GFP Δ(72–148)-EPAC-GFP (Fig 1F). This result is in agreement with the evidence

that the presence of 8pCPT-cAMP produced a decrease in the Coxiella replication as shown

above.

Rap2b is recruited to the C. burnetii replicative vacuole from early post

infection times

In order to validate whether the EPAC-Rap2b pathway regulates C. burnetii infection, we ana-

lyzed the role of Rap2b in C. burnetii infected cells. Thus, CHO cells transiently over-express-

ing wt EGFP-Rap2b were infected with C. burnetii and 6, 24, and 48 h p.i., cells were fixed and

analyzed by LSCM. As shown in Fig 2A, wt EGFP-Rap2b is recruited at the CRV membrane

Fig 1. The presence of 8pCPT alters the number and the diameter of CRVs. A. CHO cells were infected with C.

burnetii for 48 h (MOI = 10), fixed and subjected to indirect immunofluorescence using antibodies to detect

endogenous EPAC protein (red) and against C. burnetii to detect the bacteria (green). The cells were analyzed by

confocal microscopy. B. Quantification of the diameter of the vacuole in complete medium in the absence (Control) or

the presence of 8-pCPT-cAMP (8pCPT). Data represent the mean± SEM of at least three independent experiments in

which no less than 200 vacuoles were scored in each experiment. C. CHO cells were incubated in the complete

medium in the absence (Control) or presence of 8-pCPT-cAMP (8pCPT) and infected for 48 h with C. burnetii to

allow the development of the Coxiella vacuole. The cells were then lysed by sonication and the supernatant was diluted

(1:100) and used to infect Vero cells. After 72 h of incubation (chase), cells were fixed and examined by fluorescence

microscopy. Data represent the mean ± SEM of at least three independent experiments where a minimum of 1,000

cells were scored in each experiment (�p�0.05.). D. CHO cells were transfected with wt-EPAC-GFP, Δ(1–148)-

EPAC-GFP, Δ(72–148)-EPAC-GFP and infected with C. burnetii. At 48 h, the cells were fixed and analyzed by

confocal microscopy. E. Quantification of the percentage of wt-EPAC-GFP, Δ(1–148)-EPAC-GFP, Δ(72–148)-

EPAC-GFP positive vacuoles. F.CHO cells were infected for 48 h with C. burnetii to allow the development of the

Coxiella vacuole. The cells were then lysed by sonication and the supernatant was diluted (1:100) and used to infect

Vero cells. After 72 h of incubation (chase), cells were fixed and examined by fluorescence microscopy. The data

represent the mean ± SEM of at least 3 independent experiments. Tukey test � p� 0.05. Bars = 10 μm.

https://doi.org/10.1371/journal.pone.0212202.g001
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Fig 2. GFP-Rap2b associates with the C. burnetii vacuole and alters the CRV normal development. A. CHO cells

were transfected with pGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX and infected with mCherry-C. burnetii (red)

for 6, 24 and 48 h, fixed, and processed by fluorescence microscopy (MOI = 10). B. Quantification of the percentage of

wt pEGFP-Rap2b positive vacuoles. C. Quantification of the amount of vacuoles in CHO cells overexpressing GFP

(controls), wt pEGFP-Rap2b or the mutant pEGFP-Rap2b ΔAAX at 48 hours after infection with C. burnetii. D.

Quantification of the diameter of the vacuoles in CHO cells overexpressing the constructs indicated above, at 48 hours

after infection with C. burnetii. The data represent the mean ± SEM of at least 3 independent experiments. Tukey test
�� p� 0.01; � p� 0.05. E. CHO cells were infected for 48 h with C. burnetii to allow the development of the Coxiella
vacuole. The cells were then lysed by sonication and the supernatant was diluted (1:100) and used to infect Vero cells.

After 72 h of incubation (chase), cells were fixed and examined by fluorescence microscopy. Data represent the

mean ± SEM of at least three independent experiments where a minimum of 1,000 cells were scored in each

experiment (�p�0.05.). Bars = 10μm.

https://doi.org/10.1371/journal.pone.0212202.g002
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from early p.i times. About 70–80% of the Coxiella-containing phagosomal compartments are

labeled with Rap2b (Fig 2B).

To further analyze the recruitment of Rap2b to the CRV, we employed the mutant version

of Rap2b, EGFP-Rap2b ΔAAX. This mutant bears a deletion in its C-terminal and cannot be

lipidated. As a consequence, it does not localize to the plasma membrane being biologically

inactive. CHO cells transiently over-expressing EGFP-Rap2b ΔAAX were infected with C. bur-
netii and at 6, 24 and 48 h p.i. cells were fixed and analyzed by LSCM (Fig 2A). As expected, in

infected cells, the mutant version of Rap2b was not recruited to the CRV. Fig 2B shows the per-

centage of vacuoles that recruited Rap2b wt and the ΔAAX mutant, clearly indicating that the

CAAX motif is critical for the association of Rap2b with the Coxiella containing vacuoles at 6,

24 and 48 h p.i. About 70–80% of the Coxiella-containing phagosomal compartments are

labeled with wt Rap2b.

The over-expression of Rap2b wt alters the normal development of the

CRV

Upon analyzing the recruitment of Rap2b to CRV in cells transiently over-expressing

GFP-Rap2b, we observed that, the diameter of the CRVs was decreased, while the number of

C. burnetii vacuoles was considerably high (Fig 2C and Fig 2D). These results suggest that the

normal development of the CRV is affected by the over-expression of wt EGFP-Rap2b. To

assess the role of this protein in bacteria replication, we performed FFU assays employing

CHO cells transiently over-expressing either Rap2b wt or the inactive mutant Rap2b ΔAAX,

and infected with C. burnetii. As shown in Fig 2E, a marked decrease in the replicative capacity

of C. burnetii was observed in cells transiently over-expressing Rap2b wt, in comparison with

cells transfected with GFP and Rap2b ΔAAX mutant. Taken together these results strongly

suggest the existence of an inhibitory effect on the functional Rap2b protein during C. burnetii
replication.

siRNA-mediated knockdown of EPAC and Rap2b favors CRV development

In order to corroborate the regulatory role of a functional EPAC and Rap2b in the develop-

ment of the CRV, knockdown assays with specific siRNAs were performed. We designed a

double hit protocol in order to ensure the silencing of either EPAC or Rap2b. HeLa cells were

grown in 6-well dishes with a small coverslip in each well. Cells were then transfected with a

siRNA against EPAC or an unrelated siRNA as control. After 48h post-transfection (p.t.) cells

were transfected again and then infected with C. burnetii for 48 h. The cells in the well were

then processed for a FFU assay. As shown in Fig 3A and 3D, the EPAC silencing caused an

increase in the CRVs dimensions. Furthermore, a significantly increase in the replicative

capacity of C. burnetii was observed in EPAC depleted cells in comparison with cells trans-

fected with the control siRNA (Fig 3B).

To evaluate the participation of Rap2b, Hela cells were grown, as explained above, in 6-well

dishes with a small coverslip in each well. Cells were transfected with a siRNA against Rap2b

or an unrelated siRNA as control. After 48 h p.t., cells were transfected again and infected with

C. burnetii for 48 h. Cells were then processed for a FFU assay. By Western blot assay, the

silencing of EPAC and Rap2b by the siRNA treatment was demonstrated (Fig 3C and Fig 3G).

As shown in Fig 3E, Rap2b silencing caused an increase in the CRVs size. Also, a significantly

increase in the replicative capacity of C. burnetii was observed in cells depleted in Rap2b, in

comparison with a siRNA control transfected cells (Fig 3F). This result clearly indicates that

Rab2b exerts an inhibitory effect in vacuole development which is consistent with the observed

effect when the function of Rap2b was affected by Rap2b overexpression.
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Fig 3. The knockdown of EPAC or Rap2b alters development of the Coxiella vacuole. A. Hela cells were transfected with siRNA against EPAC or an

irrelevant siRNA as negative control. After 48 h, cells were transfected for a second time, infected with C. burnetii and cultured for an additional 48 h period

to allow the development of the large C. burnetii vacuole (MOI = 10). Subsequently, cells were fixed and subjected to indirect immunofluorescence for the

detection of both EPAC and Coxiella using specific antibodies. Images were captured by confocal microscopy. Quantification of the vacuole diameter in

cells depleted for EPAC compared with the control condition. Data represent the mean ± SEM of at least three independent experiments in which at least

200 vacuoles were scored in each experiment. p�0.01 Data represent the mean ± SEM of at least two independent experiments. B. HeLa cells were

transfected with siRNA against EPAC or an irrelevant siRNA as negative control. After 48 h, cells were transfected for a second time, infected with C.

burnetii and cultured for an additional 48 h period to allow the development of the large C. burnetii vacuole. The cells were then lysed by sonication and the

supernatant was diluted (1:100) and used to infect Vero cells. After 72 h of incubation (chase), cells were fixed and examined by fluorescence microscopy.

Data represent the mean ± SEM of at least three independent experiments where a minimum of 1,000 cells were scored in each experiment (�p�0.05.). C.

Western blot of the assay described in A and quantification of intensity of the EPAC bands relative to tubulin. D. HeLa cells were transfected with a siRNA

against EPAC or an irrelevant siRNA as negative control. After 48 h, cells were transfected for a second time, infected with C. burnetii and cultured for an

additional 48 h period. Subsequently, cells were fixed and subjected to indirect immunofluorescence for the detection of both EPAC and Coxiella using

specific antibodies. Images were captured by confocal microscopy. The panels show that in cells treated with siRNA there is an absence of EPAC labeling in

cells indicating that EPAC was effectively depleted. E. HeLa cells were transfected with siRNA against Rap2b or an irrelevant siRNA as negative control.

After 48 h, cells were transfected for a second time, infected with C. burnetii and cultured for an additional 48 h period to allow the development of the large

C. burnetii vacuole (MOI = 10). Subsequently, cells were fixed and subjected to indirect immunofluorescence for the detection of both Rap2b and Coxiella
using specific antibodies. Images were captured by confocal microscopy. Quantification of the vacuole diameter in cells depleted for Rap2b compared with

the control condition. Data represent the mean ± SEM of at least three independent experiments in which at least 200 vacuoles were scored in each

experiment. p�0.01 Data represent the mean ± SEM of at least two independent experiments. F. HeLa cells were transfected with siRNA against Rap2b or

an irrelevant siRNA as negative control. After 48 h, cells were transfected for a second time, infected with C. burnetii and cultured for an additional 48 h

period to allow the development of the large C. burnetii vacuole. The cells were then lysed by sonication and the supernatant was diluted (1:100) and used to

infect Vero cells. After 72 h of incubation (chase), cells were fixed and examined by fluorescence microscopy. Data represent the mean ± SEM of at least

three independent experiments where a minimum of 1,000 cells were scored in each experiment (�p�0.05.). G. Western blot of the assay described in D

and quantification of intensity of the Rap2b bands relative to tubulin. H. HeLa cells were transfected with siRNA against Rap2b or an irrelevant siRNA as

negative control. After 48 h, cells were transfected for a second time, infected with C. burnetii and cultured for an additional 48 h period. Subsequently, cells

were fixed and subjected to indirect immunofluorescence for the detection of both Rap2b and Coxiella using specific antibodies. Images were captured by

confocal microscopy. The panels show that in cells treated with siRNA there is an absence of Rap2b labeling in cells indicating that Rap2b was effectively

depleted.

https://doi.org/10.1371/journal.pone.0212202.g003
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The recruitment of EPAC and Rap2b depends on C. burnetii secretion

system T4SS

It has been shown that C. burnetii has a T4SS termed Dot/Icm. Recent studies have demon-

strated that the Dot/Icm functions are required for cytosolic delivery of numerous substrates,

identified as proteins effectors (Newton and Roy, 2011; Beare et al., 2012). Since the recruit-

ment of EPAC/Rap2b to the CRV could be induced by these protein effectors, we studied the

dependence of T4SS signals on the recruitment of EPAC and Rab2b to the CRV. For this pur-

pose, CHO cells were infected with either wt GFP-C. burnetii or a DotA mutant GFP-C. burne-
tii (Tn292), a mutant that carries an independent transposon insertion in the CBU_1648,

which encodes DotA, an essential component of the Coxiella Dot/Icm secretion system. At 48

h p.i., cells were fixed and processed for immunofluorescence to detect EPAC and Rap2b.

Since EPAC and Rap2b were not recruited to the CRV of the DotA mutant, GFP-C. burnetii
(Tn292), we concluded that this recruitment is dependent on the C. burnetii’s Dot/Icm secre-

tion system (Fig 4A and Fig 4C). Significant differences were found between both conditions

as regards the percentage of recruitment (Fig 4B and Fig 4D).

The overexpression of Rap2b wt alters both, heterotypic and homotypic

fusions with the C. burnetii vacuoles, at longer times of infection

The CRV has characteristics of a phagolysosome compartment and is extremely fusogenic,

recruiting components of the fusion machinery such as the SNAREs Vamp7, Vamp8 and

Vamp3 [7]. The enlargement of the C. burnetii vacuole is achieved by both the homotypic

fusion between Coxiella phagosomes and the heterotypic fusion between Coxiella phagosomes

and lysosomes or other cellular compartments.

Since in C. burnetii infected cells overexpressing Rap2b wt we observed an increase in the

number of vacuoles and a reduction in their size, we hypothesized that the over-expression of

Rap2b wt could impair the capacity to fuse with other compartments, such as late endocytic ves-

icles, thus interfering with the normal development of CRVs. Hence, we analyzed the role of

Rap2b in the fusion events taking place at early and late p.i times. First, to evaluate the hetero-

typic fusion process, the presence of the protein CD63 was assessed in late endosomes/lyso-

somes. CHO cells transiently over-expressing pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b

ΔAAX were infected with mCherry-C.burnetii for 2 h to analyze early C. burnetii phagosomes.

Cells were then fixed and processed for indirect immunofluorescence to detect CD63 and ana-

lyzed by LSCM. Non-significant differences were observed in the CD63 localization levels on

the phagosomes containing C. burnetii between cells transiently over-expressing pEGFP, wt

pEGFP-Rap2b or pEGFP-Rap2b ΔAAX (Fig 5A and Fig 5B). It can be concluded that Rap2b

did not affect the heterotypic fusion events with the C. burnetti taking place at early p.i. times.

To corroborate these results about the role of Rap2b in heterotypic fusion events we analyzed

the fusion of early C. burnetii phagosomes with dextran pre-loaded lysosomes. It is known that

molecules internalized by fluid phase endocytosis (e.g, dextran) can reach the vacuoles contain-

ing C. burnetii. Thus, CHO cells were incubated with 5 μg/ml of dextran-rhodamine for 2 h and

then transfected with pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX. After 24 h p.t., cells

were infected with C. burnetii for 2 h. Cells were fixed and processed for indirect immunofluo-

rescence using an antibody against C. burnetii (Fig 5C). Since non-significant differences were

observed in heterotypic fusion events in cells over-expressing pEGFP, wt pEGFP-Rap2b or

pEGFP-Rap2b ΔAAX, we concluded that Rap2b does not affect heterotypic fusion events

between phagosomes containing C. burnetii, and lysosomes at early p.i times (Fig 5D).

Because the expansion of the C. burnetii vacuole is accomplished by both heterotypic and

homotypic fusion events (i.e. fusion between Coxiella phagosomes), the effect of the over-
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expression of Rap2b in late fusion events, i.e., when the vacuole is fully developed was assessed.

First, we analyzed whether Rap2b is involved in homotypic fusion between small phagosomes

containing C. burnetii and the CRV. CHO cells were infected with C. burnetii and at 24 h p.i.

cells were transfected with pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX. After 24 h, cells

Fig 4. EPAC and Rap2b recruitment is dependent on the bacterial secretion system. A. CHO cells were infected with GFP-C. burnetii and GFP-C.

burnetii DotA mutant (Tn292) (MOI = 10). After 48 h of infection, cells were fixed and analyzed by immunofluorescence using specific antibodies

against EPAC (red). Cells were then analyzed by confocal microscopy. B. Percentage of CRVs labeled with EPAC from images like the ones depicted

in panel A. Data are expressed as mean ± S.E.M. of at least three independent experiments (n>50 cells/group). C. CHO cells were infected with GFP-

C. burnetii and GFP-C. burnetii DotA mutant (Tn292). After 48 h of infection, cells were fixed and analyzed by immunofluorescence using specific

antibodies against Rap2b (red). Cells were then analyzed by confocal microscopy. D. Percentage of CRVs labeled with Rap2b from images like the

ones depicted in panel A. Data are expressed as mean ± S.E.M. of at least three independent experiments (n>50 cells/group). Scale bar: 10 μm. Scale

bar: 10 μm.

https://doi.org/10.1371/journal.pone.0212202.g004
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Fig 5. Homotypic fusion between phagosomes containing C. burnetii and the replicative vacuole is altered by

overexpression of Rap2b wt at later times of infection. A. CHO cells were transfected with pEGFP, wt pEGFP-Rap2b

or pEGFP-Rap2b ΔAAX. After 24 hours the cells were infected with mCherry-C.burnetii for 2 hours, fixed and

subjected to indirect immunofluorescence using antibodies against CD63 (MOI = 10). B. Quantification of

colocalization between C burnetii and CD63. C. CHO cells were transfected with pEGFP (control), wt pEGFP-Rap2b

or pEGFP-Rap2b ΔAAX and were incubated for 2 hours with 5 μg/ml dextran-rhodamine to allow the labeling of

lysosomes. After 24 hours, the cells were infected with C. burnetii for 2 h, fixed and subjected to indirect

immunofluorescence using antibodies against C. burnetii (blue). D. Quantification of colocalization between dextran

and C. burnetii. The data represent the mean ± SEM of at least 3 independent experiments. Tukey test � p� 0.05.

Bars = 10 μm. E. CHO cells were infected with C. burnetii for 24 hours and then transfected with pEGFP,

pEGFP-Rap2b or pEGFP-Rap2b ΔAAX. After 24 hours, cells were infected with C. burneti mCherry for 4 h (early

phagosomes), fixed and analyzed by confocal microscopy. F. Quantification of the arrival of mCherry-C. burnetii (red)

to the vacuole of C. burnetii already formed. G. CHO cells were infected with C. burnetii for 24 h and then transfected

with pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX. After 24 hours, cells were incubated with Texas red dextran

EPAC, Rap2b and Coxiella burnetii
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were infected with mCherry-C. burnetii for 4 h and processed for immunofluorescence to

detect C. burnetii (stained in gray) and analyzed by LSCM (Fig 5E). Significant differences

were observed in the amount of mCherry-C. burnetii within the vacuoles, between cells tran-

siently over-expressing Rap2b wt and cells over-expressing GFP alone or the Rap2b ΔAAX

mutant (Fig 5F). This result indicates that the over-expression of Rap2b impairs homotypic

fusion events between the CRV and C. burnetii phagosomes at late p.i times. In order to ana-

lyze the role of Rap2b in heterotypic fusion events at late p.i. times, CHO cells infected with C.

burnetii for 24 h were transfected with pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX.

After 24 h, cells were incubated with 5 μg/ml of dextran-rhodamine for 4 h and then fixed and

analyzed by LSCM. As shown in Fig 5G and Fig 5H, significant differences were observed in

the amount of vacuoles with presence of dextran inside between cells overexpressing Rap2b

wt, and those transfected with either GFP or Rap2b ΔAAX. Hence, the over-expression of this

protein would decrease the heterotypic fusion capacity between vesicles or lysosomes contain-

ing dextran, which is indicative that heterotypic fusion is affected by overexpression of Rap2b

wt at later times of infection. Furthermore, as expected, in CHO cells transiently over-express-

ing the mutant version of Rap2b, EGFP-Rap2b ΔAAX, homotypic and heterotypic fusion

events were not affected at later p.i. times, indicating that it is likely that fusion with other com-

partments remains intact in cells overexpressing this mutant but not the wt active Rap2b.

The overexpression of Rap2b wt increases the association of LC3 to the C.

burnetii replicative compartment by increasing the processing of LC3-I to

LC3-II

We have previously demonstrated that the activation of autophagy favors the development of

the CRV and the bacterial growth [3][4] [28]. Moreover, it is also known that the inhibition of

autophagy induced by high intracellular levels of cAMP is mediated by EPAC and Rap2b [22].

On the other hand, we have also found that Rap2b inhibits the autophagic response induced

by the S. aureus α-hemolysin (Hla) [23]. In order to determine the connection between Rap2b

and the autophagy pathway in C. burnetti infected cells, CHO cells were co-transfected with

pEGFP-Rap2b and the autophagic marker RFP-LC3 and at 24 h p.t., they were infected with C.

burnetii for 48 h. Finally, cells were fixed and analyzed by LSCM. As depicted in Fig 6A and

Fig 6B, a recruitment of RFP-LC3 protein to a population of the CRVs was observed in GFP

transfected control cells in cells over-expressing Rap2b wt and in cells transfected with the

Rap2b mutant. However, an increased percentage of vacuoles recruiting LC3 were observed in

cells transfected with Rap2b wt (Fig 6C). The number of CRV was also determined in cells

transfected with Rap2b wt and Rap2b ΔAAX and infected with C. burnetti after 24 h p.t. Cells

were fixed, processed for fluorescence microscopy and evaluated by LSCM. Consistent with

our previous observations, an increased number of vacuoles with a slightly smaller size were

observed in cells overexpressing Rap2b wt, as compared to the EGFP control (Fig 6D and Fig

6E). A bigger number of vesicles was also observed in cells over-expressing the mutant Rap2b

ΔAAX, but in this case, no significant changes in the size of vacuoles, were observed. The mod-

erate decrease in the size of the CRVs induced by the expression of Rab2b could be attributed

to the over-expression of LC3 alone, which proved to increase the size and development of the

CRV. Therefore, the co-expression of this protein may compensate the effect of wt Rab2b on

the decrease in vacuole size and the consequent increase in number.

for 4 h, fixed and subjected to indirect immunofluorescence using antibodies against C. burnetii (white). H.

Quantification of the arrival of Texas red dextran (red) to the vacuole of C. burnetii already formed. The data represent

the mean ± SEM of at least 3 independent experiments. Tukey test ��p�0.01, � p�0.05. Bars = 10 μm.

https://doi.org/10.1371/journal.pone.0212202.g005
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Taken together our results suggest that the overexpression of Rap2b wt may alter the autop-

hagic response of the host cell to C. burnetii infection. To corroborate these results, the pro-

cessing of LC3 was analyzed by Western blot in CHO cells transiently transfected with pEGFP,

wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX, and infected with C. burnetii for 48 h (Fig 7A). As

shown in Fig 7B, significantly increased levels of lipidated LC3 protein (LC3-II) was observed

Fig 6. Overexpressed Rap2b increases the recruitment of LC3 to the C. burnetii vacuole. A. CHO cells were co-

transfected with RFP-LC3 and pEGFP (control), wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX and subsequently infected

with C. burnetii for 48 hours (MOI = 10). Cells were fixed and processed for fluorescence microscopy. B. Fluorescence

intensity along the yellow line depicted in the insets of panel A. C. Quantification of the number of LC3 vacuoles in

cells transfected with the indicated constructs in A. D. Quantification of the vacuole number in cells transfected with

the indicated constructs. E. Quantification of the vacuole diameter in cells transfected with the indicated constructs.

The data represent the mean ± SEM of at least 2 independent experiments. Tukey test � p� 0.05. Bars = 10 μm.

https://doi.org/10.1371/journal.pone.0212202.g006
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Fig 7. LC3 and Vamp7 are altered by overexpression of Rap2b wt in control and infected CHO cells. A. CHO cells

were transfected with pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX. After 24 hours, cells were incubated with C.

burnetii mCherry for 48 h (MOI = 10). Afterwards, cells were lysed with sample buffer and the samples were subjected

to Western blot analysis using a rabbit anti-LC3 and the corresponding HRP-labeled secondary antibody, and
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in cells transfected with Rap2b wt. On the other hand, the levels of LC3-II in cells transiently

over-expressing Rap2b ΔAAX remained unchanged.

Over-expression of Rap2b wt affects the intracellular levels of the SNARE

protein Vamp7

Taking into account that overexpression of Rap2b wt alters both, heterotypic and homotypic

fusions with the C. burnetii vacuoles, at later times of infection, we were interested in assessing

the possible mechanism involved at the molecular level. Vamp7 is a SNARE protein that par-

ticipates in heterotypic and homotypic fusion with the CRVs [7]. Indeed, we have previously

demonstrated that C. burnetti is able to dynamically recruit Vamp7 in order to promote fusion

with vesicles of the endocytic-lysosomal pathway to stimulate the CRV growth. Also, we have

demonstrated that Vamp7 is important for homotypic fusions which also contributes to the

vacuole development [7]. We therefore investigated the effect of the overexpression of Rap2b

in the levels of Vamp7. Thus, CHO cells were transiently transfected with pEGFP, wt pEGF-

P-Rap2b or pEGFP-Rap2b ΔAAX and after 24 h p.t. cells were infected with C. burnetii for 48

h. As shown in Fig 7C and Fig 7D, a significant reduction of the intracellular levels of Vamp7

protein was observed in cells transfected with wt pEGFP-Rap2b whereas no major effects in

the Vamp7 levels were observed when the truncated mutant Rap2b ΔAAX was overexpressed.

In order to rule out the possibility that the reduction in intracellular levels of Vamp7 was

due to lysosomal degradation, CHO cells were transfected with either pEGFP, wt pEGF-

P-Rap2b or -Rap2b ΔAAX and after 24 h p.t., cells were incubated in complete culture medium

supplemented with protease inhibitors (leupeptin, E64d and pepstatin A) or with DMSO as

control. As shown in Fig 7C and Fig 7D, a significant decrease in the intracellular levels of

Vamp7 protein was detected in cells transfected with either wt pEGFP-Rap2b treated with or

without protease inhibitors. This observation indicates that the reduction in the levels of

Vamp7 observed in Rap2b transfected cells cannot be attributed to lysosomal degradation.

In summary, it can be concluded that the decreased levels of Vamp7 detected in cells over-

expressing Rap2b wt may hamper the normal development of the CRVs.

Discussion

We have previously demonstrated that components of the cAMP/EPAC pathway, such as the

protein Rap2b, are recruited to a fraction of phagosomes containing S. aureus and that this

protein inhibits the host´s autophagic response induced by the S. aureus α-toxin [23]. EPAC,

a cAMP-dependent protein functions as a GEF (nucleotide exchange factor) of the Rap

GTPases. We have observed that EPAC associates with the vacuole of C. burnetii at later times

post infection (48 h). Interestingly, when infected cells were treated with 8-pCPT-cAMP, an

EPAC specific activator, a considerable decrease in the vacuole size was observed. More

importantly, treatment with 8-pCPT-cAMP altered the replicative capacity of C. burnetii.

subsequently developed with an enhanced chemiluminescence detection kit. These data are representative of three

independent experiments. B. Quantification of the intensity of the LC3-II bands relative to tubulin from the Western

blot of the assay described in A. The data represent the mean ± SEM of at least 3 independent experiments. Tukey test
��p�0.01, �p�0.05. C. CHO cells were transfected with pEGFP, wt pEGFP-Rap2b or pEGFP-Rap2b ΔAAX. After 24

hours, cells were incubated with C. burnetii mCherry for 48 h in the presence of complete medium without (Control)

or with protease inhibitors. Afterwards, cells were lysed with sample buffer and the samples were subjected to Western

blot analysis using a mouse anti-Vamp7 and the corresponding HRP-labeled secondary antibody, and subsequently

developed with an enhanced chemiluminescence detection kit. These data are representative of three independent

experiments. D. Quantification of the intensity of the Vamp7 bands relative to tubulin in the Western blot of the assay

described in E. The data represent the mean ± SEM of at least 3 independent experiments. Tukey test ��p�0.01, � p

�0.05.

https://doi.org/10.1371/journal.pone.0212202.g007
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Consistent with this observation, silencing of this protein markedly increased the CRV size as

well as the replication of C. burnetii, suggesting that activation of EPAC may exert an inhibi-

tory effect in both vacuole development and bacterial growth. In our current study, we have

also found that the over-expression of EGFP-Rap2b, but not Rap1b (data not shown) in

infected cells, affects the normal development of the CRV indicated by the decrease in vacuolar

size and number of bacteria as determined by FFU assays. In agreement with this inhibitory

effect, we have shown that knocking down Rap2b resulted in an increase in bacterial growth.

Several studies have shown the association of Rap2 with Rab2, a small GTPase involved in

Golgi-endoplasmic reticulum vesicle transport [29] and that Rap2 proteins are essential to the

recycling endosomal membrane, in a palmitoylation-dependent manner [30]. Rap2a has been

localized to the Golgi complex [29] and it has also been specifically involved in the establish-

ment of polarity in intestinal epithelial cells [31]. However, the distinct function of the three

Rap2 isoforms (Rap2a, Rap2b, and Rap2c) has not been determined [31] [32]. Thus, further

studies are necessary to address whether the inhibitory effect of Rap2b may be related to other

transport events.

It is known that the CRV is highly fusogenic with either other phagosomes containing C.

burnetii (homotypic fusion) or vesicles from the endocytic, autophagic and secretory pathways

(heterotypic fusion). As demonstrated before, an inhibition of fusion causes a decrease in the

size of the CRVs and therefore increases the number of smaller vesicles containing C. burnetii
[7]. Since over-expression of Rap2b causes a marked increase in the number of vacuoles but

with a concomitant decrease in size, we postulated that fusion events were altered. Indeed, we

have shown that expression of Rap2b wt reduced both, the homotypic and the heterotypic

fusion capacity of the CRV. However, this inhibitory effect was somehow altered by co-expres-

sion with GFP-LC3. Previously studies indicate that the presence of LC3 in the membrane of

phagosomes promotes fusion with lysosomes in a process known as phagocytosis associated to

LC3 (LAP) [33]. The presence of LC3 in the membrane of the CRV may facilitate the vacuole

to fuse with other vesicles and lysosomes. This could explain the increase in the size of the vac-

uoles in infected cells overexpressing together Rap2b and LC3, since the presence of overex-

pressed LC3 would counteract the Rap2b inhibitory effect.

This study, in line with other works, demonstrates that the relationship between the CRV

and the autophagic pathway is important for the CRV development and the fusion with autop-

hagosomes [7][34][35]. More importantly, the effects we observed occurred at later times of

infection, when the large replicative vacuole is already formed. This finding would explain the

differences observed at either early or late times of post-infection, since it is at later times when

the vacuole requires more membrane from other compartments. According to recent studies

of Voth et al, these interactions with autophagosomes taking place after 24 h of infection are

indispensable [36]. In addition, recent studies have revealed the existence of interactions

between a Coxiella effector called Cig2 and the autophagic pathway [37]. The multivacuolar

phenotype of cells infected with the Cig2::Tn mutants are similar to that of cells with Stx17

silenced and infected with the strain NMII. The Cig2 mutant of C. burnetii has a multivacuolar

phenotype because this effector is important for the control of autophagy by C. burnetii. There-

fore Cig2 would promote the fusion of the CRV with autophagosomes during infection.

In cells overexpressing wt EGFP-Rap2b a decrease was observed in both homotypic and

heterotypic fusion events of the CRV at later times of infection (i.e. 48 h), suggesting that

Rap2b wt acts mainly at later times during the infection. Moreover, the hampering of fusion

events between the CRV and other vesicles have also been observed in v-SNAREs deficient

cells [7][38]. We have previously demonstrated that the silencing of the protein Vamp7 causes

a decrease in (both homotypic and heterotypic fusion, as the vacuole of C. burnetii was not

able to fuse with lysosomes or with other CRV in the absence of Vamp7 [7][39]. Since C.
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burnetii promotes the generation of highly fusogenic phagosomes, we studied the contribution

of Vamp7 in the generation and development of C. burnetii-containing vacuoles in cells over-

expressing Rap2b. We determined the intracellular levels of Vamp7, which is involved in the

heterotypic fusion of late endosomes and lysosomes and, strikingly, low levels of Vamp7 in

cells overexpressing Rap2b wt were observed. Since Vamp7 is not affected by the presence of

proteases inhibitors, it can be inferred that the decreased levels of Vamp7 protein in cells over-

expressing Rap2b wt is not due to lysosomal proteolysis.

In conclusion, in this report we have demonstrated that the cAMP effectors EPAC and

Rap2b are key regulators of CRV development. We have proved that the small GTPase Rap2b

has a critical role in the development of CRV by altering the fusion events of the Coxiella vacu-

ole and that this effect might be at least in part, by modulating the levels of Vamp7. This is a

very intriguing observation. However, further studies would be necessary to determine the

critical molecular mechanisms involved in this modulation.
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