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Summary

We investigated the trafficking of 

 

Burkholderia ceno-
cepacia

 

, an opportunistic respiratory pathogen of
persons with cystic fibrosis (CF), in immortalized CF
airway epithelial cells 

 

in vitro

 

. Our results indicate
that bacteria enter cells in a process involving actin
rearrangement. Whereas both live and heat-killed bac-
teria reside transiently in early endosomes, only live
bacteria escape from late endosomes to colocalize in
vesicles positive for lysosomal membrane marker
LAMP1, endoplasmic reticulum (ER) membrane
marker calnexin, and autophagosome marker mon-
odansylcadavarine (MDC). Twenty-four hours after
infection, microcolonies of live bacteria were
observed in the perinuclear area colocalizing with cal-
nexin. In contrast, after ingestion, dead bacteria colo-
calized with late endosome marker Rab7, and
lysosome markers LAMP1 and cathepsin D, but not
with calnexin or MDC. Six to eight hours after inges-
tion of dead bacteria, degraded bacterial particles
were observed in the cytoplasm and in vesicles pos-
itive for cathepsin D. These results indicate that live

 

B. cenocepacia

 

 gain entry into human CF airway cells
by endocytosis, escape from late endosomes to enter
autophagosomes that fail to fuse with mature lysos-
omes, and undergo replication in the ER. This survival
and replication strategy may contribute to the capac-
ity of 

 

B. cenocepacia

 

 to persist in the lungs of
infected CF patients.

Introduction

 

Pulmonary infection-related inflammation is a major cause
of morbidity and mortality in cystic fibrosis (CF) patients.

Although 

 

Pseudomonas aeruginosa

 

 is the most common
opportunistic bacterial pathogen in CF, species of the

 

Burkholderia cepacia

 

 complex (Bcc) also have emerged
as important respiratory pathogens in this population
(LiPuma, 1998). Patients infected with Bcc exhibit an
unpredictable and variable clinical course ranging from
asymptomatic carriage to fatal acute necrotizing pneumo-
nia and septicaemia (referred to as ‘cepacia syndrome’),
which occurs in as many as 20% of infected patients (Isles

 

et al

 

., 1984; Liou 

 

et al

 

., 2001). This type of fatal acute
syndrome is rarely seen with other CF pathogens, includ-
ing 

 

P. aeruginosa

 

 (Govan and Deretic, 1996). The inherent
resistance of Bcc strains to multiple antibiotics severely
limits treatment options and infection is typically impossi-
ble to eradicate.

The Bcc consists of at least nine genetically distinct
species (Coyene 

 

et al

 

., 2001; Vandamme 

 

et al

 

., 2003).
Although all nine species have been recovered from CF
patients, 

 

B. cenocepacia

 

 and 

 

B. multivorans

 

 account for
the great majority (

 

∼

 

85%) of infection in patients in North
America and Europe (Agodi 

 

et al

 

., 2001; LiPuma 

 

et al

 

.,
2001; Speert 

 

et al

 

., 2002). Genotyping studies have also
identified several so-called epidemic strains that are com-
mon to multiple CF patients. Most epidemic strains iden-
tified to date, including strain ET12 (common among
infected patients in Canada and UK) (Johnson 

 

et al

 

.,
1994; Pitt 

 

et al

 

., 1996; Mahenthiralingam 

 

et al

 

., 2002) and
strain PHDC (widespread in the United States) (Chen

 

et al

 

., 2001; Reik 

 

et al

 

., 2005) are members of the

 

B. cenocepacia

 

 species.
Although the pathogenic mechanisms involved in

human infection by 

 

B. cenocepacia

 

 are largely unknown,
several putative virulence factors have been described
(Mahenthiralingam 

 

et al

 

., 2005). These include, cable pili
and the associated adhesin (Sajjan 

 

et al

 

., 2002; Urban

 

et al

 

., 2005), flagella (Tomich 

 

et al

 

., 2002; Urban 

 

et al

 

.,
2004), lipopolysaccharide and surface exopolysaccha-
rides (Shaw 

 

et al

 

., 1995; Chung 

 

et al

 

., 2003), type III
secretion system (Tomich 

 

et al

 

., 2003), production of sid-
erophores (Visser 

 

et al

 

., 2004), catalase and superoxide
dismutase (Lefebre and Valvano, 2001), proteases and
lipases (McKevitt 

 

et al

 

., 1989) and quorum sensing sys-
tem (Sokol 

 

et al

 

., 2003). To date the role of these factors
in contributing to lung disease has not been clearly
elucidated.
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Growing evidence suggests that the capacity of

 

B. cenocepacia

 

 to enter, survive and replicate intracellu-
larly in human cells contributes significantly to pathogen-
esis. Indeed, 

 

B. cenocepacia

 

 has been detected inside
airway and alveolar epithelial cells, and macrophages in
the lungs of CF patients (Sajjan 

 

et al

 

., 2001a). Intracellular
replication also has been observed in the mouse model
of infection (Chiu 

 

et al

 

., 2001; Sajjan 

 

et al

 

., 2001b), and 

 

in
vitro

 

 studies have demonstrated that 

 

B. cenocepacia

 

 enter
and replicate in both macrophages and epithelial cells
(Burns 

 

et al

 

., 1996; Saini 

 

et al

 

., 1999; Martin and Mohr,
2000). Recently, we found that 

 

B. cenocepacia

 

 of the
ET12 lineage preferentially enter CF airway epithelial cells
(as compared with normal airway epithelial cells) and
replicate efficiently (Sajjan 

 

et al

 

., 2004). However, the
processes  involved  in  this  and  the  mechanism(s)  by
which 

 

B. cenocepacia

 

 escape host defences are not well
understood.

In this study, we demonstrate that 

 

B. cenocepacia

 

readily enters CF airway epithelial cells by endocytosis,
escapes from the classical endocytic pathway and repli-
cates in the endoplasmic reticulum (ER). In contrast, heat-
killed bacteria enter epithelial cells to a much lesser extent
compared with live bacteria, enter the classical endocytic
pathway and are degraded in lysosomes.

 

Results

 

Uptake of 

 

B. cenocepacia

 

 by immortalized CF airway 
epithelial cells

 

IB3 cells were infected at a multiplicity of infection (moi)
of 1, 10 or 100. After 2 h cells were washed, extracellular
bacteria were killed and intracellular bacteria were quan-
tified by plating serial dilutions of cell lysates. The level of

 

B. cenocepacia

 

 uptake was inoculum dependent (Fig. 1).
To determine if actin and microtubule formation is

involved in bacterial entry, IB3 cells were treated with
either cytochalasin D or colchicine for 1 h prior to infection
with bacteria at a moi of 50. Cytochalasin D, which inhibits
actin rearrangement, inhibited bacterial uptake in a dose-
dependent manner; maximum inhibition was observed
with a dose of 2 

 

µ

 

g ml

 

−

 

1

 

 of cytochalasin D (Table 1). Actin
rearrangement with bacterial uptake was confirmed by
staining F-actin with phalloidin conjugated to Alexa Fluor-
488. Uninfected IB3 cells showed an even distribution of
filamentous actin throughout the cytoplasm (Fig. 2A),
whereas cells infected with 

 

B. cenocepacia

 

 showed F-
actin polymerization, resulting in the formation of actin
stress fibres (Fig. 2B). Actin rearrangement was also
observed in cells incubated with heat-killed bacteria
(Fig. 2C), suggesting that CF cells take up viable and non-
viable bacteria by a similar endocytic pathway. Colchicine,
which inhibits microtubule rearrangement, partially inhib-

ited bacterial uptake by IB3 cells (30% inhibition with
10 

 

µ

 

g ml

 

−

 

1

 

 colchicine; data not shown).

Burkholderia cenocepacia

 

 replicate intracellularly in CF 
epithelial cells

 

To determine whether internalized 

 

B. cenocepacia

 

 repli-
cate in CF airway epithelial cells, IB3 cells were infected
with a moi of 1 or 10 and incubated for 2 h. Extracellular
bacteria were killed by the addition of ceftazidime and
gentamicin. Cells were further incubated for 24 h, 48 h or
72 h, lysed and plated to enumerate intracellular bacte-
ria. After 24 h of incubation 

 

<

 

1% of the infecting inoculum
of viable bacteria was recovered from lysed cells
(Table 2). The concentration of bacteria increased at 48 h
and 72 h post infection indicating survival and replication
of ingested bacteria. Up to 48 h post infection no appar-
ent change in cell viability was observed by trypan blue
uptake assay in cells infected at a moi of 1, whereas cells
infected at a moi of 10 showed extensive damage by
48 h. To determine whether CF cells are inherently defi-
cient in killing ingested live bacteria, thereby supporting
survival and replication of intracellular bacteria, we exam-

 

Fig. 1.

 

Uptake of 

 

B. cenocepacia

 

 by IB3 cells. IB3 cells were infected 
with 5 

 

×

 

 10

 

5

 

, 5 

 

×

 

 10

 

6

 

 or 5 

 

×

 

 10

 

7

 

 B. cenocepacia

 

 (moi of 1, 10 or 100 
respectively) and incubated for 2 h. Extracellular bacteria were killed, 
IB3 cells were lysed, and serial dilutions of lysates were plated to 
determine the quantity of intracellular bacteria. Each bar represents 
mean (

 

±

 

 SEM) of six to nine experiments.

 

Table 1.

 

Effect of cytochalasin D on uptake of 

 

B. cenocepacia

 

 by IB3
cells.

Concentration of cytochalasin
D (

 

µ

 

g ml

 

−

 

1

 

) Intracellular bacteria (cfu well

 

−

 

1

 

)

0 5.02 

 

× 

 

10

 

4

 

 

 

± 

 

7.77 

 

× 

 

10

 

2

 

0 (vehicle control) 5.18 

 

× 

 

10

 

4

 

 

 

± 

 

1.26 

 

× 

 

10

 

3

 

0.5 1.88 

 

× 

 

10

 

4

 

 

 

± 

 

1.12 

 

× 

 

10

 

2

 

1.0 6.08 

 

× 

 

10

 

3

 

 

 

± 

 

6.30 

 

× 

 

10

 

2a

 

2.0 1.09 

 

× 

 

10

 

3

 

 

 

± 

 

1.15 

 

× 

 

10

 

2a

 

5.0 1.895 

 

× 

 

10

 

3

 

 

 

± 

 

3.72 

 

× 

 

10

 

2a

 

a.

 

 P

 

 

 

<

 

 0.05 compared with vehicle control.
Values represent mean 

 

±

 

 SEM of triplicate experiments.
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ined the uptake and survival of non-pathogenic 

 

Escheri-
chia coli

 

 DH5

 

α

 

. IB3 cells were infected with 

 

E. coli

 

 at a
moi of 10, and intracellular bacteria were quantified at
2 h and 24 h post infection

 

.

 

 At 2 h post infection,
96 

 

± 23 cfu well−1 were recovered; this is ∼1 log less bac-
teria compared with B. cenocepacia-infected cells
(Fig. 1). At 24 h post infection, no bacteria were recov-
ered, indicating that CF cells are efficient in killing
ingested non-pathogenic E. coli.

Burkholderia cenocepacia escapes the classical 
endocytic pathway and replicates in the ER

Following internalization into non-professional phago-
cytes, pathogenic bacteria either escape into the cyto-
plasm or modify bacteria-containing vesicles to prevent
fusion with lysosomes, allowing trafficking to a favourable
niche for replication (Alonso and Garcia-del Protillo,
2004). To examine the intracellular trafficking and site of

Fig. 2. Actin rearrangement in IB3 cells infected with B. cenocepacia. IB3 cells were grown in collagen-coated multichambered slides, serum 
starved overnight, infected with live or heat-killed B. cenocepacia at a moi of 10, and incubated for 2 h. F-actin was detected by Alexa Fluor 488-
labelled phalloidin (green) and bacteria were detected by using rabbit antibody to B. cenocepacia and anti-rabbit IgG conjugated with Alexa Fluor 
598 (red). Nuclei of epithelial cells were detected by staining with DAPI (blue). Uninfected cells and cells infected with live or heat-killed bacteria 
are shown in panels A, B and C respectively. Bar = 20 µm.

Table 2. Intracellular replication of B. cenocepacia.

Inoculum (cfu well−1)

Concentration (cfu well−1) of intracellular bacteria at time indicated post infection

24 h 48 h 72 h

5 × 105 3.1 × 103 ± 2.2 × 102 6.8 × 104 ± 7.5 × 104 1.2 × 107 ± 6.8 × 106

5 × 106 4.2 × 104 ± 9.7 × 103 1.02 × 106 ± 8.9 × 104 6.0 × 108 ± 3.1 × 107

Values represent mean ± SEM of triplicate experiments.
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replication of B. cenocepacia, bacteria were colocalized
with markers of early endosomes [early endosomal anti-
gen 1 (EEA1)], late endosomes (Rab7), lysosomes
(LAMP1 and cathepsin D), ER (calnexin) and autophago-
somes [monodansylcadavarine (MDC)]. Heat-killed
B. cenocepacia K56-2 was used as a negative control. IB3
cells were infected with either live or heat-killed bacteria
at a moi of 100 and incubated for 30 min, 1 h, 2 h or 4 h.
Both live and heat-killed bacteria were observed in EEA1
positive vesicles as early as 30 min post infection. By 2 h
post infection, ∼95% of live and heat-killed bacteria were
found in EEA1 positive vesicles (Fig. 3A and B). At 4 h
post infection, <5% of live bacteria and >80% of heat-
killed bacteria colocalized with Rab7 (Fig. 3C and D).
These observations suggest that whereas dead bacteria
are targeted to the endocytic pathway, metabolically active

bacteria either interfere with maturation of endosomes or
escape from early endosomes.

Escape of intracellular bacterial pathogens from the
endocytic pathway involves failure of fusion of bacteria-
containing phagosomes with lysosomes (Alonso and
Garcia-del Protillo, 2004). Therefore, we compared the
acquisition of lysosome associated proteins, LAMP1 and
cathepsin D with vacuoles containing bacteria after 4 h,
6 h and 8 h post infection. At 4 h, LAMP1 was acquired
by vacuoles containing either live or heat-killed bacteria.
By 6 h post infection, >90% of both live and heat-killed
bacteria were localized to LAMP1 positive vesicles
(Fig. 4A and B). To follow the fate of LAMP1 acquired
bacterial phagosomes, we analysed the distribution of
cathepsin D, a lysosomal acid hydrolase. Live bacteria
rarely (<10%) colocalized with cathepsin D and remained

Fig. 3. Colocalization of live and heat-killed B. cenocepacia K56-2 with endosomal markers. IB3 cells grown in collagen-coated chamber slides 
were serum starved overnight, infected with live (panels A and C) or heat-killed (panels B and D) B. cenocepacia at a moi of 100 and incubated 
for 2 min (EEA1) or 4 min (Rab7). Cells were washed to remove unbound bacteria, fixed in methanol, blocked with normal donkey serum and 
incubated with antibodies to EEA1 (panels A and B) or Rab7 (panels C and D) and B. cenocepacia. Cells were washed and bound antibody was 
detected by anti-goat IgG conjugated to Alexa Fluor 488 (green; for detection of EEA1 or Rab7 respectively); and anti-rabbit IgG conjugated with 
Alexa Fluor 598 (red; for detection of bacteria). Bar = 20 µm.
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intact even after 8 h of infection, indicating that bacteria
prevent maturation of lysosomes (Fig. 4C). In contrast,
dead bacteria colocalized with cathepsin D as early as 4 h
post infection and at 8 h post infection degraded bacterial
particles were observed in the cytoplasm colocalized with
cathepsin D (Fig. 4D).

Burkholderia cenocepacia and B. vietnamiensis have
been shown to reside in acidic vacuoles, distinct from
lysosomes, in Acanthamoebae for as long as 24 h without
being degraded (Lamothe et al., 2004). To investigate
whether bacteria reside in such vacuoles in CF cells, we
stained infected cells with acridine orange, an acidotropic
base and accumulates specifically in acidified vacuoles of
eukaryotic cells (Howe et al., 2002), and examined cells
with fluorescent microscopy. IB3 cells were infected with
fluorescein isothiocynate (FITC)-labelled live or heat-killed

B. cenocepacia for 4 h or 8 h, and incubated with acridine
orange. Cells incubated with heat-killed bacteria showed
many acridine orange positive vesicles colocalizing with
bacteria or degraded bacterial particles. In contrast, cells
infected with live bacteria showed relatively few acridine
orange positive vesicles, which rarely colocalized with
bacteria (data not shown). These observations suggest
that live B. cenocepacia do not reside in acidified vacuoles
in CF epithelial cells.

As the live bacteria containing vesicles we observed did
not have features of typical phagolysosomes, we exam-
ined whether these vesicles represented autophago-
somes, similar to those found with certain other
intracellular pathogens such as Brucella and Legionella
sp. (Pizarro-Cerda et al., 2000; Molofsky and Swanson,
2004). IB3 cells infected with live or heat-killed

Fig. 4. Colocalization of live and heat-killed B. cenocepacia with lysosomal markers. IB3 cells grown in collagen-coated chamber slides were 
serum starved overnight, infected with live (panels A and C) or heat-killed (panels B and D) B. cenocepacia at a moi of 100 and incubated for 
2 h. Cells were washed to remove unbound bacteria, and incubation continued for another 2 or 6 h in presence of gentamicin. Cells were fixed 
in methanol, blocked with normal donkey serum and incubated with antibodies to LAMP1 (panels A and B) or cathepsin D (panels C and D) and 
B. cenocepacia. Cells were washed and bound antibody was detected as described above. Green represents LAMP1 or cathepsin D and red 
represents bacteria. Inserts in panels A, B and D represent digitally magnified view of area marked in square to show the colocalization of bacteria 
with respective markers. Bar = 20 µm.
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B. cenocepacia for 4 h were incubated with MDC, an autof-
luorescent compound which specifically accumulates in
autophagosomes, in conjunction with bacterial detection
by immunostaining. In cells infected with live bacteria,
>80% of bacteria-containing vacuoles acquired the autof-
luorescent compound (Fig. 5). These vesicles also stained
positive for calnexin (a marker of ER) suggesting that
autophagosomes originate from ER membrane (data not
shown). In contrast, heat-killed bacteria were rarely (< 5%)
found in vacuoles that stained positive with MDC. These
observations suggest that while heat-killed bacteria were
destroyed by lysophagosomes, live bacteria enter and
reside in ER membrane-derived autophagosomes after
escaping from the classical endocytic pathway.

Pathogenic bacteria that reside in autophagosomes
have been demonstrated to traffic to and replicate in the
ER (Pizarro-Cerda et al., 1998; 2000; Molofsky and Swan-
son, 2004). To determine whether B. cenocepacia resid-

ing in autophagosomes similarly traffic and replicate in the
ER, we analysed cells after 24 h of infection for the pres-
ence of bacteria colocalizing with the ER markers calnexin
and sec61β. Cells infected with live bacteria showed bac-
terial microcolonies colocalizing with calnexin primarily in
the perinuclear region (Fig. 6). Sec61β also colocalized
with bacteria similar to calnexin, indicating the replication
of bacteria in the ER (data not shown). In contrast, cells
infected with heat-killed bacteria rarely had intact bacteria.

Autophagy is an important step in B. cenocepacia 
survival and replication

To examine whether B. cenocepacia entry into autopha-
gosomes is required for survival and replication, we con-
ducted quantitative replication assays in the presence of
wortmannin, which inhibits autophagocytic machinery. IB3
cells were pre-incubated with 1, 10 or 100 nM of wortman-

Fig. 5. Uptake of MDC by B. cenocepacia containing vesicles. IB3 cells were infected with live (panel A) or heat-killed (panel C) B. cenocepacia 
for 2 h. Unbound bacteria were removed and cells were incubated for another 2 h. Cells were washed, and incubated with 0.05 mM MDC for 
30 min (green). Cells were then fixed in ice cold methanol for 2 min and B. cenocepacia (red) were detected as described in Fig. 3. Panels B 
and D represent magnified view of area marked in panels A and C, respectively, to demonstrate colocalization of live bacteria in MDC positive 
vacuoles. Bars in panels A and C =50 µm; Bars in panels B and D =20 µm.
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nin and infected with B. cenocepacia at a moi of 10. Extra-
cellular bacteria were removed after incubating for 2 h and
the number of intracellular bacteria was determined 24 h
post infection. Wortmannin significantly inhibited intracel-
lular replication of bacteria in a dose-dependent manner
(Table 3). In a separate experiment, the growth rate of
bacteria in cell culture media in the presence or absence
of 100 nM wortmannin was examined to determine the
effect of wortmannin on bacterial growth. B. cenocepacia
grew equally well in the presence and absence of wort-
mannin (data not shown). These results indicate that the
reduced recovery of bacteria from wortmannin-treated
cells is due to inhibition of autophagy of B. cenocepacia
rather than the effect of wortmannin on bacterial growth.

Discussion

Burkholderia cenocepacia is a facultative intracellular res-
piratory pathogen capable of residing in human macroph-
ages and airway epithelial cells (Mahenthiralingam et al.,
2005; Valvano et al., 2005). The mechanisms involved in
intracellular survival and replication of this species are

poorly understood. Previous work has demonstrated that
B. cenocepacia is phagocytosed by both professional
phagocytes and epithelial cells (Burns et al., 1996; Saini
et al., 1999; Martin and Mohr, 2000; Schwab et al., 2002;
Sajjan et al., 2004). Whereas bacteria internalized by
macrophages reside in acidic vacuoles and fail to replicate
(Saini et al., 1999), bacteria phagocytosed by epithelial
cells appear to replicate efficiently (Burns et al., 1996;
Martin and Mohr, 2000; Schwab et al., 2002; Sajjan et al.,
2004). To understand how intracellular B. cenocepacia are
capable of evading host defences, we examined the traf-
ficking of bacteria within human airway epithelial cells in
vitro.

Our findings indicate that unlike other intracellular
pathogens such as Legionella pneumophila, Salmonella
typhimurium and Brucella abortus, B. cenocepacia are
internalized by epithelial cells at a low rate. Within 30 min
after internalization, phagosomes containing live bacteria
interact with early endosomes as evidenced by bacterial
colocalization with EEA1, as is the case with certain other
pathogenic bacteria (Duclos and Desjardins, 2000;
Alonso and Garcia-del Protillo, 2004). Vesicles containing
bacteria start loosing EEA1 after ∼2 h, and by 4 h post
infection they are neither positive for EEA1 nor the late
endosomal marker GTPase Rab7, suggesting that inter-
nalized B. cenocepacia either diverts young phagosomes
from their normal trafficking, similar to S. typhimurium and
B. abortus (Pizarro-Cerda et al., 1998; Duclos and Des-
jardins, 2000), or exit from early endosomes to reside in
the cytoplasm or enter specialized vesicles. In contrast,
vesicles containing heat-killed bacteria acquired EEA1,
but by 4 h post infection also acquire Rab7, indicating that
heat-killed bacteria are targeted to the classical endocytic

Fig. 6. Colocalization of live and heat-killed B. cenocepacia with ER. IB3 cells were infected with live (panel A) or heat-killed (panel B) 
B. cenocepacia at a moi of 100 and incubated for 2 h. Cells were washed to remove unbound bacteria, incubated with ceftazidime and gentamicin 
to kill extracellular bacteria and further incubated for 24 h in the presence of gentamicin. Cells were washed, fixed in methanol, blocked with 
normal donkey serum and incubated with antibodies to calnexin (green) and B. cenocepacia (red). Yellow represents bacteria colocalized with 
calnexin. Bar = 20 µm.

Table 3. Effect of wortmannin on intracellular replication of
B. cenocepacia.

Wortmannin (nm) Intracellular bacteria (cfu well−1)

0 4.8 × 104 ± 8.9 × 102

1 4.2 × 104 ± 1.5 × 103

10 3.6 × 103 ± 3.8 × 102a

100 1.2 × 103 ± 3.9 × 102a

a. P < 0.05 compared with control (in the absence of wortmannin).
Values represent mean ± SEM of triplicate experiments.
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pathway. These results further suggest that live
B. cenocepacia are required for subverting normal traffick-
ing of young phagosomes.

By using transmission electron microscopy, we previ-
ously demonstrated that B. cenocepacia may be found in
the cytoplasm surrounded by intermediate filaments, as
well as in membrane-bound phagosomes (Sajjan et al.,
2002; 2004). Based on these results we speculated that
bacteria exit endosomes, transiently reside in the cyto-
plasm and enter vesicles other than phagolysosomes.
Results from the present study, which demonstrates
B. cenocepacia in non-acidified, MDC-positive autopha-
gosomes, support this speculation. Moreover, wortman-
nin, which impedes the uptake and processing of bacteria
by autophagosomes by inhibiting phosphotidyl inositol 3
kinase (Blommaart et al., 1997; Pizarro-Cerda et al.,
1998), reduces the number of intracellular B. cenocepacia
found 24 h post infection. Maturation of autophagosomes,
which are derived from rough ER and sequester large
aberrant protein aggregates or invading organisms from
the cytoplasm, occurs in a stepwise fashion after seques-
tering their cargo (Meijer and Codogno, 2004). Acquisition
of lysosomal membrane proteins occurs by fusing of the
autophagosome with pre-lysosomes devoid of degrada-
tive enzymes. These vacuoles are acidified and then
acquire degradative enzymes by fusing with mature lyso-
somes. Autophagosomes that sequester B. cenocepacia
appear to fuse with pre-lysosomes as the bacteria con-
taining vesicles are positive for LAMP1, but fail to mature
as evidenced by the lack of accumulation of acridine
orange. It appears that metabolically active bacteria are
required to enter and inhibit the acidification of autopha-
gosomes, as heat-killed bacteria neither enter autophago-
somes nor inhibit the acidification of vesicles containing
heat-killed bacteria.

After 24 h, internalized live B. cenocepacia were found
in the perinuclear area in the form of microcolonies that
colocalize with calnexin, an ER marker, suggesting that
B. cenocepacia traffic to and replicate in the ER. In con-
trast, B. cenocepacia or B. vietnamiensis ingested by
Acanthamoeba was shown to reside primarily in acidified
vacuoles that are unlikely to be autophagosomes as they
neither accumulated MDC nor had double membranes
characteristic of autophagosomes (Lamothe et al., 2004).
These observations suggest that the fate of ingested
B. cenocepacia depends on the type of host cells or the
bacterial strain used. In the present study we used strain
K56-2, a representative of the clinically important ET12
lineage that has been shown previously to reside and
replicate in intracellularly both in vivo and in vitro (Martin
and Mohr, 2000; Schwab et al., 2002; Sajjan et al., 2004).

IB3 cells incubated with heat-killed bacteria processed
ingested bacteria by the typical endocytic degradation
pathway, indicating that the abnormal trafficking of live

B. cenocepacia is not due to an inherent defect in the
endocytic pathway in these cells. This also indicates that
metabolically active bacteria are required to prevent
fusion of phagosomes with lysosomes and to traffic to the
ER where they replicate. Our observation that non-patho-
genic E. coli failed to survive and replicate in these cells
indicates that IB3 cells are not defective in killing all
bacteria.

In general, the trafficking and replication of
B. cenocepacia in CF airway epithelial cells resembles
that found with L. pneumophila and B. abortus. In these
species effector proteins secreted by Type IV secretion
systems (TFSS) control these processes (Comerci et al.,
2001; Delrue et al., 2001; Molofsky and Swanson, 2004).
Recently, B. cenocepacia K56-2 has been found to con-
tain two TFSSs, one plasmid-encoded system and the
other encoded by chromosomal DNA (Engledow et al.,
2004). Although these systems do not appear to be
required for invasion or persistence of B. cenocepacia in
macrophages or Acanthamoebae (Lamothe et al., 2004),
ongoing work is assessing the involvement of TFSSs in
B. cenocepacia intracellular trafficking and replication.

In summary, we have demonstrated that
B. cenocepacia internalized by CF airway epithelial cells
interact with early endosomes, but escape from late endo-
somes and lysosomes to enter autophagosomes and ulti-
mately replicate in the ER. These processes enable
B. cenocepacia to escape degradation by host cells and
likely contribute to the ability of this species to cause
persistent chronic respiratory infection in susceptible
hosts.

Experimental procedures

Bacterial strains and growth conditions

Burkholderia cenocepacia K56-2 was isolated from a CF patient
and represents the epidemic ET12 lineage. For bacterial uptake
assays, K56-2 was grown on Luria–Bertani (LB) agar (FisherBio-
tech, Fair Lawn, NJ) for 24–48 h. A single colony was inoculated
into 3 ml of LB broth and grown overnight at 37°C on an orbital
shaker at 200 rpm. Bacteria were harvested by centrifugation,
washed once with phosphate-buffered saline (PBS) and sus-
pended in LHC-8 medium (Biosource International, Rockville,
MD) to the desired concentration. To obtain heat-killed bacteria,
a bacterial suspension of 109 cfu ml−1 was incubated at 80°C for
20 min. This procedure routinely killed 99.9% of bacteria, which
retained their shape and size. Non-pathogenic E. coli DH5α was
purchased from Invitrogen (Carlsbad, CA).

Cell culture

IB3 cells, an adeno-12-SV40 hybrid virus transformed cell line of
bronchial epithelial cells originally isolated from a CF patient,
were kindly provided by P. Zeitlin (Johns Hopkins University,
Baltimore, MD) (Zeitlin et al., 1991). IB3 cells retain the features
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of bronchial epithelial cells but have abnormal chloride channel
regulation, a characteristic of CF. Cells were routinely grown in
LHC-8 cell culture medium with glutamine (Biosource Interna-
tional, Rockville, MD) amended with 5% fetal bovine serum and
50 U ml−1 penicillin and 50 µg ml−1 streptomycin (supplemented
LHC-8 media) at 37°C in 5% CO2. For bacterial uptake assays,
IB3 cells (1 × 105 cells well−1) were seeded in 24 well tissue cul-
ture plates (BD Falcon, Franklin Lakes, NJ) or in collagen-coated
8 well chamber slides (BD BioCoat, Bedford, MA).

Bacterial uptake assay

The modified gentamicin protection assay described previously
(Burns et al., 1996; Martin and Mohr, 2000) was adapted to
examine uptake of live B. cenocepacia by IB3 cells. Briefly, IB3
cells grown in collagen-coated 24 well culture plates were
infected in triplicate with live K56-2 at a moi of 1, 10 and 100.
After 2 h of incubation at 37°C in 5% CO2, media from the wells
were aspirated, and washed three times in Dulbecco’s phos-
phate-buffered saline (D-PBS) to remove unbound bacteria. Cells
were then incubated for 1 h with 500 µl of LHC-8 basal medium
containing 500 µg ml−1 ceftazidime (Sigma, St Louis, MO) and
500 µg ml−1 gentamicin (Sigma) to kill extracellular bacteria.
Preliminary studies showed that this antibiotic concentration and
incubation period yielded greater than 99.99% killing
(< 200 cfu ml−1 were recovered from an initial inoculum of
107 cfu ml−1). The cells were washed three times in D-PBS,
trypsinized and lysed with 0.1% Triton X-100. The number of
bacteria recovered per well was determined by quantitative cul-
ture. For E. coli DH5α, the same procedure was followed except
that gentamicin alone (100 µg ml−1) was used to kill extracellular
bacteria.

For determination of involvement of actin filaments and micro-
tubules during uptake of bacteria, cells were pretreated with
either cytochalasin D (0.5, 1, 2 or 5 µg ml−1) or colchicine (2, 5
or 10 µg ml−1) and bacterial uptake assays were conducted in the
presence of the inhibitors for the duration of the 2 h incubation
period.

Intracellular replication assay

To determine the ability of bacteria to survive and replicate intra-
cellularly, epithelial cell cultures were infected with bacteria at a
moi of 1 or 10, and incubated for 2 h. Extracellular bacteria were
killed as described above and the cells were further incubated in
LHC-8 medium containing 100 µg of gentamicin for 24, 48 or
72 h. Media were changed every 24 h during the post-infection
period. Cells were washed with PBS, and treated with a mixture
of ceftazidime and gentamicin, lysed and plated to determine the
number of intracellular bacteria. To determine the effect of wort-
mannin on bacterial replication, cells were pre-incubated with
wortmannin (1, 10 or 100 nM) for 30 min and infected with
B. cenocepacia at a moi of 10. Extracellular bacteria were
removed after 2 h incubation as described above and cells were
incubated in presence of wortmannin for a further of 24 h.

Staining for actin filaments

Cells grown on collagen-coated slides (BD Biosciences, San
Jose, CA) were incubated with bacteria for 2 h, washed, fixed in

4% paraformaldehyde and incubated with phalloidin conjugated
with Alexa Fluor-488 (Molecular Probes, Carlsbad, CA). Cells
were then fixed in ice cold methanol for 2 min, stained for bacteria
as above, and counterstained with DAPI (Sigma chemicals, St
Louis, MO). Slides were observed with a fluorescence
microscope.

Primary and secondary antibodies

Polyclonal rabbit antibody (R418) to whole lysed B. cenocepacia
has been described previously (Sajjan et al., 2001a). Monoclonal
antibody to LAMP1 was purchased from the Hybridoma Facility,
University of Iowa, Iowa City. Monoclonal antibodies to cathepsin
D and polyclonal antibodies to EEA1, Rab7 and calnexin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Secondary antibodies conjugated with Alexa Fluor-488 or Alexa
Fluor-594 were purchased from Molecular Probes (Carlsbad,
CA).

Immunofluorescence staining and microscopy

IB3 cells grown on collagen-coated slides were infected with
either live or heat-killed bacteria at a concentration of 107 cfu ml−1

(moi 100) and incubated for 30 min, 1 h, 2 h or 4 h. Cells were
washed three times to remove unbound bacteria, then permeabi-
lized and fixed in cold methanol for 10 min at −20°C. Cells des-
tined for ER staining were processed as in the 24 h replication
assay described above before fixation with cold methanol. Slides
were incubated at room temperature in PBS containing 5% don-
key serum for 1 h to block non-specific binding and then incu-
bated with appropriately diluted primary antibodies overnight at
4°C. Bound antibodies were detected by anti-mouse (LAMP1,
and cathepsin D), anti-rabbit (R418) and anti-goat (EEA1, Rab7,
calnexin and sec61β) conjugated with either Alexa Fluor-488 or
Alexa Fluor-594. Cells were counterstained with DAPI, mounted
and visualized under fluorescence microscopy and/or confocal
laser microscopy. At least 10 fields or 500 bacteria were visual-
ized under fluorescent microscope to semi-quantify bacterial
localization with a particular cell organelle marker.

Labelling of cells with MDC or acridine orange

IB3 cells infected with live or heat-killed bacteria for 2 or 4 h were
washed with PBS, and incubated with 0.05 mM MDC (Sigma) for
30 min. Cells were then washed, fixed in methanol and incubated
with antibody to B. cenocepacia followed by antibody conjugated
to Alexa Fluor-594 to detect intracellular bacteria. Bacteria were
labelled with FITC (Pierce Biochemicals, Rockford, IL) as
described previously (Sajjan et al., 2000) and incubated with IB3
cells for 4 or 8 h. Cells were washed with PBS and then incubated
with 5 µg ml−1 acridine orange (Sigma) prepared in LHC-8 media
for 15 min. Cells were washed with PBS, fresh media added and
observed under fluorescence microscope.

Statistical analysis

Statistical analyses were carried out using Sigma Stat (SPSS,
Chicago, IL). Unpaired T-test with Welch’s correction was used
to compare two groups and parametric one-way ANOVA with
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Tukey post-test was used to compare three or more groups.
Difference were considered statistically significant if P was <0.05.

Acknowledgements

This work was supported in part by a grant from the Cystic
Fibrosis Foundation (to J.J.L.). U.S. was supported by the Carroll
Haas Research Fund in Cystic Fibrosis.

References

Agodi, A., Mahenthiralingam, E., Bachitta, M., Giannino, V.,
Sciacca, A., and Stefani, S. (2001) Burkholderia cepacia
complex infection in Italian patients with cystic fibrosis:
prevalence, epidemiology, and genomovar status. J Clin
Microbiol 39: 2891–2896.

Alonso, A., and Garcia-del Protillo, E. (2004) Hijacking of
eukaryotic functions by intracellular bacterial pathogens.
Int Microbiol 7: 181–191.

Blommaart, E.F., Krause, U., Schellens, J.P., Vreeling-Sin-
delarova, H., and Meijer, A.J. (1997) The phosphatidylinos-
itol 3-kinase inhibitors wortmannin and LY294002 inhibit
autophagy in isolated rat hepatocytes. Eur J Biochem 243:
240–246.

Burns, J.L., Jonas, M., Chi, E.Y., Clark, D.K., Berger, A., and
Griffith, A. (1996) Invasion of respiratory epithelial cells by
Burkholderia (Pseudomonas) cepacia. Infect Immun 64:
4054–4059.

Chen, J.S., Witzmann, K.A., Spilker, T., Fink, R.J., and
LiPuma, J.J. (2001) Endemicity and inter-city spread of
Burkholderia cepacia genomovar III in cystic fibrosis. J
Pediatr 139: 643–649.

Chiu, C.H., Ostry, A., and Speert, D.P. (2001) Invasion of
murine respiratory epithelial cells in vivo by Burkholderia
cepacia. J Med Microbiol 50: 594–601.

Chung, J.W., Altman, E., Beveridge, T.J., and Speert, D.P.
(2003) Colonial morphology of Burkholderia cepacia com-
plex genomovar III: implications in exopolysaccharide pro-
duction, pilus expression, and persistence in the mouse.
Infect Immun 71: 904–909.

Comerci, D.J., Martinez-Lorenzo, M.J., Sieira, R., Gorvel,
J.P., and Ugalde, R.A. (2001) Essential role of the VirB
machinery in the maturation of the Brucella abortus-con-
taining vacuole. Cell Microbiol 3: 159–168.

Coyene, T., Vandamme, P., Govan, J.R.W., and LiPuma, J.J.
(2001) Taxonomy and identification of the Burkholderia
cepacia complex. J Clin Microbiol 39: 3427–3436.

Delrue, R.M., Martinez-Lorenzo, M., Lestrate, P., Danese, I.,
Bielarz, V., Mertens, P., et al. (2001) Identification of Bru-
cella spp. genes involved in intracellular trafficking. Cell
Microbiol 3: 487–497.

Duclos, S., and Desjardins, M. (2000) Subversion of a young
phagosome: the survival strategies of intracellular patho-
gens. Cell Microbiol 2: 365–377.

Engledow, A.S., Medrano, E.G., Mahenthiralingam, E.,
LiPuma, J.J., and Gonzalez, C.F. (2004) Involvement of a
plasmid-encoded type IV secretion system in the plant
tissue watersoaking phenotype of Burkholderia cenocepa-
cia. J Bacteriol 186: 6015–6024.

Govan, J.R.W., and Deretic, V. (1996) Microbial pathogene-
sis in cystic fibrosis: mucoid Pseudomonas aeruginosa and
Burkholderia cepacia. Microbiol Rev 60: 539–574.

Howe, D., Barrows, L.F., Lindstrom, N.M., and Heinzen, R.A.
(2002) Nitric oxide inhibits Coxiella burnetti replication and
parasitophorous vacuole maturation. Infect Immun 70:
5140–5147.

Isles, A., Maclusky, I., Corey, M., Gold, R., Prober, C., Flem-
ming, P., and Levison, H. (1984) Pseudomonas cepacia
infection in cystic fibrosis: an emerging problem. J Pediatr
104: 206–210.

Johnson, W.M., Tyler, S.D., and Rozee, K.R. (1994) Linkage
analysis of geographical and clinical clusters of Pseudomo-
nas cepacia infections by multilocus enzyme electrophore-
sis and ribotyping. J Clin Microbiol 32: 924–930.

Lamothe, J., Thyssen, S., and Valvano, M.A. (2004)
Burkholderia cepacia complex isolates survive intracellu-
larly without replication within acidic vacuoles of Acan-
thamoeba polyphaga. Cell Microbiol 6: 1127–1138.

Lefebre, M., and Valvano, M. (2001) In vitro resistance of
Burkholderia cepacia complex isolates to reactive oxygen
species in relation to catalase and superoxide dismutase
production. Microbiology 147: 97–109.

Liou, T.G., Adler, F.R., Fitzsimmons, S.C., Cahill, B.C.,
Hibbs, J.R., and Marshall, B.C. (2001) Predictive 5-year
survivorship model of cystic fibrosis. Am J Epidemiol 153:
345–352.

LiPuma, J.J. (1998) Burkholderia cepacia: management
issues and new insights. Clin Chest Med 19: 473–486.

LiPuma, J.J., Spilker, T., Gill, L.H., Campbell, P.W.I., Liu, L.,
and Mahenthiralingam, E. (2001) Disproportionate distribu-
tion of Burkholderia cepacia complex species and trans-
missibility factors in cystic fibrosis. Am J Respir Crit Care
Med 164: 92–96.

McKevitt, A.I., Bajaksourzian, S., Klinger, J.D., and Woods,
D.E. (1989) Purification and characterization of an extra-
cellular proteases from Psuedomonas cepacia. Infect
Immun 57: 771–778.

Mahenthiralingam, E., Baldwin, A., and Vandamme, P.
(2002) Burkholderia cepacia complex infection in patients
with cystic fibrosis. J Med Microbiol 51: 533–538.

Mahenthiralingam, E., Urban, T.A., and Goldberg, J.B. (2005)
The multifarious, multireplicon Burkholderia cepacia com-
plex. Nat Rev Microbiol 3: 144–156.

Martin, D.W., and Mohr, C.D. (2000) Invasion and intracellu-
lar survival of Burkholderia cepacia. Infect Immun 68: 24–
29.

Meijer, A.J., and Codogno, P. (2004) Regulation and role of
autophagy in mammalian cells. Int J Biochem Cell Biol 36:
2445–2462.

Molofsky, A.B., and Swanson, M.S. (2004) Differentiate to
thrive: lessons from the Legionella pneumophila life cycle.
Mol Microbiol 53: 29–40.

Pitt, T.L., Kaufmann, M.E., Patel, P.S., Benge, L.C., Gaskin,
S., and Livermore, D.M. (1996) Type characterisation and
antibiotic susceptibility of Burkholderia (Pseudomonas)
cepacia isolates from patients with cystic fibrosis in the
United Kingdom and the Republic of Ireland. J Med Micro-
biol 44: 203–210.

Pizarro-Cerda, J., Moreno, E., Sanguedolce, V., Mege, J.L.,
and Gorvel, J.P. (1998) Virulent Brucella abortus prevents
lysosome fusion and is distributed within autophagosome-
like compartments. Infect Immun 66: 2387–2392.

Pizarro-Cerda, J., Moreno, E., and Gorvel, J.P. (2000) Inva-
sion and intracellular trafficking of Brucella abortus in non-
phagocytic cells. Microbes Infect 2: 829–835.

Reik, R., Spilker, T., and LiPuma, J.J. (2005) Distribution of



1466 U. S. Sajjan, J. H. Yang, M. B. Hershenson and J. J. LiPuma

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd, Cellular Microbiology, 8, 1456–1466

Burkholderia cepacia complex species among isolates
recovered from persons with or without cystic fibrosis. J
Clin Microbiol 43: 2926–2928.

Saini, L.S., Galsworthy, S.B., John, M.A., and Valvano, M.A.
(1999) Intracellular survival of Burkholderia cepacia com-
plex isolates in the presence of macrophage cell activation.
Microbiology 145: 3465–3475.

Sajjan, U., Wu, Y., Kent, G., and Forstner, J. (2000) Prefer-
ential adherence of cable-piliated Burkholderia cepacia to
respiratory epithelia of CF knockout mice and human cystic
fibrosis lung explants. J Med Microbiol 49: 875–885.

Sajjan, U., Corey, M., Humar, A., Tullis, E., Cutz, E., Ackerley,
C., and Forstner, J. (2001a) Immunolocalization of
Burkholderia cepacia in the lungs of cystic fibrosis patients.
J Med Microbiol 50: 535–546.

Sajjan, U., Thanassoulis, G., Cherapanov, V., Lu, A., Sjolin,
C., Steer, B., et al. (2001b) Susceptibility of Cftr (–/–) mice
to pulmonary infection with Burkholderia cepacia. Infect
Immun 69: 5138–5150.

Sajjan, U., Ackerley, C., and Forstner, J. (2002) Interaction
of cblA/Adhesin-positive Burkholderia cepacia with squa-
mous epithelium. Cell Microbiol 4: 73–86.

Sajjan, S., Keshavjee, S., and Forstner, J. (2004) Responses
of well-differentiated airway epithelial cell cultures from
healthy donors and patients with cystic fibrosis to Burkhold-
eria cenocepacia infection. Infect Immun 72: 4188–4199.

Schwab, U., Leigh, M., Ribeiro, C., Yankaskas, J., Burns, K.,
Gilligan, P., et al. (2002) Patterns of epithelial cell invasion
by different species of Burkholderia cepacia complex in
well-differentiated human airway epithelia. Infect Immun
70: 4547–4555.

Shaw, D., Poxton, I.R., and Govan, J.R. (1995) Biological
activity of Burkholderia (Pseudomonas) cepacia
lipopolysaccharide. FEMS Immunol Med Microbiol 11: 99–
106.

Sokol, P.A., Sajjan, U., Visser, M.B., Gingues, S., Forstner,
J., and Kooi, C. (2003) The CepIR quorum-sensing system

contributes to the virulence of Burkholderia cenocepacia
respiratory infections. Microbiology 149: 3649–3658.

Speert, D., Henry, P., Vandamme, P., Corey, M., and
Mahenthiralingam, E. (2002) Epidemiology of Burkholderia
cepacia complex in patients with cystic fibrosis. Can Emerg
Infect Dis 8: 181–187.

Tomich, M., Herfst, C.A., Golden, J.W., and Mohr, C.D.
(2002) Role of flagella in host cell invasion by Burkholderia
cepacia. Infect Immun 70: 1799–1806.

Tomich, M., Griffith, A., Herfst, C.A., Burns, J.L., and Mohr,
C.D. (2003) Attenuated virulence of a Burkholderia cepacia
type III secretion mutant in a murine model of infection.
Infect Immun 71: 1405–1415.

Urban, T.A., Griffith, A., Torok, A.M., Smolkin, M.E., Burns,
J.L., and Goldberg, J.B. (2004) Contribution of Burkholde-
ria cenocepacia flagella to infectivity and inflammation.
Infect Immun 72: 5126–5134.

Urban, T.A., Goldberg, J.B., Forstner, J.F., and Sajjan, U.S.
(2005) Cable pili and the 22-kilodalton adhesin are required
for Burkholderia cenocepacia binding to and transmigration
across the squamous epithelium. Infect Immun 73: 5426–
5437.

Valvano, M.A., Keith, K.E., and Cardona, S.T. (2005) Survival
and persistence of opportunistic Burkholderia species in
host cells. Curr Opin Microbiol 8: 99–105.

Vandamme, P., Holmes, B., Coeyne, T., Goris, J.,
Mahenthiralingam, E., LiPuma, J.J., and Govan, J.R.
(2003) Burkholderia cenocepacia sp. nov.–a new twist to
an old story. Res Microbiol 154: 91–96.

Visser, M.B., Majumdar, S., Hani, E., and Sokol, P.A. (2004)
Importance of the ornibactin and pyochelin siderophore
transport systems in Burkholderia cenocepacia lung infec-
tions. Infect Immun 72: 2850–2857.

Zeitlin, P.L., Lu, L., Rhim, J., Cutting, G., Stetten, G., Kieffer,
K.A., et al. (1991) A cystic fibrosis bronchial epithelial cell
line: immortalization by adeno-12-SV40 infection. Am J
Respir Cell Mol Biol 4: 313–319.


