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Phagocytosis is an important com-
ponent of innate immunity that

contributes to the eradication of infec-
tious microorganisms; however, success-
ful bacterial pathogens often evade
different aspects of host immune
responses. A common bacterial evasion
strategy entails the production of toxins
and/or effectors that disrupt normal host
cell processes and because of their
importance Rho-family GTPases are
often targeted. Burkholderia cenocepacia,
an opportunistic pathogen that has a
propensity to infect cystic fibrosis
patients, is an example of a pathogenic
bacterium that has only recently been
shown to disrupt Rho GTPase function
in professional phagocytes. More specifi-
cally, B. cenocepacia disrupts Rac and
Cdc42 seemingly through perturbation of
guanine nucleotide exchange factor func-
tion. Inactivation of Rac, Cdc42 and
conceivably other Rho GTPases seriously
compromises phagocyte function.

Phagocytosis, an essential facet of immu-
nity, normally leads to the eradication of
microbial invaders (for a recent review on
phagocytosis see ref. 1). However, there is
a sizable number of bacterial pathogens
that thwart this innate immune response
and take residence within professional
phagocytes. Generally this is accomplished
by disrupting host cell processes through
the delivery of effectors and/or toxins that
impede the normal function of mam-
malian proteins. Rho-family GTPases,
essential regulators of many actin-
dependent processes, are important and
common cellular targets of these noxious
bacterial proteins. While the mode of

action of individual bacterial effectors is
varied, they do share a unifying theme:
manipulation of Rho GTPase activity
(Table 1).

Burkholderia cenocepacia, a potentially
deadly opportunistic pathogen that com-
monly infects patients with cystic fibrosis,
has now been added to the elite club of
bacteria that alter Rho GTPase function.
While it has been appreciated for some
time that this bacterium can survive within
some professional phagocytes (i.e., macro-
phages and dendritic cells), how the
bacteria accomplish this feat is not well
understood.2,3 Normally, upon phago-
cytosis of a bacterium the newly formed
vacuole—termed the phagosome—
matures into a potent microbicidal
organelle that is highly acidic (pH ~4.5–
5.0) and degradative.1 In contrast the
B. cenocepacia-containing vacuole (BccV)
is markedly more alkaline, and the
acquisition of late phagosomal markers
such as lysosome-associated membrane
proteins 1 and 2 (LAMP-1 and 2) is
retarded.4 Our laboratory has demon-
strated that the BccV does acquire the
Rab GTPase Rab7, another late phago-
some marker; however, viable B. cenocepa-
cia thwart Rab7 activation to presumably
hinder maturation.5 Additionally,
Burkholderia limits the production of
reactive oxygen species (ROS) by impair-
ing the phagocyte NADPH oxidase,
NOX2.6 Despite the description of these
phenomena, the bacterial secretion systems
and effectors that perturb normal host cell
functions have remained an enigma.

Recently we presented new findings
demonstrating that B. cenocepacia inacti-
vates the host cell Rho GTPases Rac1 and
Cdc42, which in turn disrupts cortical
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actin, focal contacts and the maintenance
of cell shape.7 We demonstrated that
overexpression of constitutively active
Rac1 or Cdc42 maintains cortical actin
despite B. cenocepacia infection indicating
that actin disruption is attributable to
impaired Rac1 and Cdc42 function. Rho
GTPase inactivation is effected through
expression of an intact type VI secretion
system (T6SS), although the secreted
effector is yet to be identified (for a review
of T6SS see ref. 8). Interestingly, the
elusive factor compromises GTPase activa-
tion through interference with guanine
nucleotide-exchange factor (GEF) func-
tion. This conclusion is inferred from the
observation that overexpression of Tiam1,
a Rac-GEF, is sufficient to revert cortical
actin disruption even after phagocytosis of
viable B. cenocepacia. In contrast, actin
disruption catalyzed by C. difficile toxin B-
dependent glucosylation and inactivation
of Rac1 cannot be similarly overcome.7

Ostensibly overexpression of a promis-
cuous Rho GEF or a Cdc42-specific GEF
would produce the same outcome that was
observed upon Tiam1 expression provided
it can act on Rac and/or Cdc42; however,
this has not been demonstrated experi-
mentally. While the precise mechanism
employed by the bacteria to impair
activation of Rac1, Cdc42 and possibly
other host cell Rho GTPases is currently
unknown, the effect of Tiam1 provides
strong evidence to suggest that B. cenoce-
pacia does not cause Rho GTPase inactiva-
tion by means of covalent modification.7

The consequences of B. cenocepacia-
induced Rho GTPase inactivation are
anticipated to be extensive, and in our

study we demonstrated that two actin
dependent processes, macropinocytosis
and phagocytosis, were severely compro-
mised upon macrophage infection.7

Published in parallel with our manuscript,
an independent study recapitulated our
observations with respect to Rho GTPase
inactivation and, in addition, attributed
diminished function of the NOX2 pha-
gocyte oxidase to Rac inactivation.9 Taken
together, these effects ensure that disrup-
tion of Rac and Cdc42 by B. cenocepacia
infection will be manifested as a func-
tionally incompetent phagocyte that will
serve as a bacterial safe haven. Some of
the physiological consequences of Rho
GTPase corruption by B. cenocepacia are
considered further below.

Phagocytosis is an extremely dynamic
process that is absolutely depent on actin
re-organization that in turn requires Rho
GTPase activation.10,11 Indeed, inhibition
of Rac or Cdc42 ablates even the early
stages of phagocytic cup formation.11 In
our in vitro models of cellular infection
B. cenocepacia is rapidly engulfed and,
within minutes, phagosomes harboring
live bacteria are completely formed.
Because B. cenocepacia is readily interna-
lized, it should be immediately apparent
that the inactivation of Rac and Cdc42
and the ensuing disruption of the actin
cytoskeleton induced by the bacteria are
delayed, at least until the bacteria have
taken residence in the confines of the
phagosome. Accordingly, we find that a
biosensor for active GTP-bound Rac and
Cdc42, the PBD domain of p21-activated
kinase (PBD-PAK), robustly accumulates
at sites of B. cenocepacia entry (Fig. 1A,

top middle panel). The apparent accu-
mulation of YFP-PBD-PAK on the lim-
iting membrane of the forming phagosome
indicates that the cytosolic face of the
phagosomal membrane is decorated with
GTP-bound Rac, Cdc42 or in all like-
lihood both. Concomitant with PAK-PBD
recruitment is what appears like normal
accumulation of F-actin at the phagocytic
cup (Fig. 1A, bottom panels). Not surpris-
ingly, the accumulation of actin and PAK-
PBD during B. cenocepacia phagocytosis
are both Rho GTPase-dependent, as pre-
treatment of macrophages with C. difficile
toxin B ablates these phenomena
(Fig. 1B). In fact, toxin B pre-treatment
eliminates uptake altogether, emphasizing
the need for Rho GTPase activation for
the initial phagocytic event that leads to
bacterial uptake. Together, these observa-
tions indicate that B. cenocepacia delivers
the secreted effector(s) that disrupt GEF
function only after phagosome formation
is completed. To verify this assertion, we
expended considerable effort in our study
to ensure that, at the time when Rac and
Cdc42 inactivation became apparent,
B. cenocepacia was in fact confined inside
a membrane-bound vacuole.7 At present,
we do not know if intraphagosomal
bacteria deliver the effector to the lumen
of the phagosome in which they reside—
meaning that the effector would have to
cross the phagosomal membrane to gain
access to the cytosol—or if the bacteria
deliver the Rho GTPase-inactivating
effector directly to the cytosol, perhaps
via an injection system or through a pore.
Regardless, the notion that the bacteria
“wait” to inhibit Rho GTPases makes
teleological sense, considering that the
door to the “safe haven” should not
be locked before the pathogen secludes
itself. This behavior contrasts with that
of other bacterial pathogens, such as
Pseudomonas aeruginosa, which prefer to
evade phagocytosis altogether, rather than
confront the inhospitable environment
of the phagosome (Table 1). We are
currently undertaking a careful determina-
tion of the timing of Rac and Cdc42
inactivation by B. cenocepacia; when host
cell GTPases are inactivated will have
important consequences affecting the
earliest innate immune functions of
the phagocyte.

Table 1. Summary of bacterial effector proteins known to disrupt Rho GTPase function

Organism Effector Target Mode of action

Salmonella typhimurium SopE Rac1, Cdc42 Operates as a GEF.22

Yersinia pseudotuberculosis YopE RhoA, Rac, Cdc42 Functions as a GAP.23

Vibrio parahemolyticus VopS RhoA, Rac, Cdc42 Blocks effector binding through
covalent modification by adding
adenosine 5’-monophosphate.24

Clostridium difficile TcdB Rho GTPases Inactivates through covalent
modification by transfer of glucose

to most Rho proteins.25

Pseudomonas aeruginosa ExoS Rac1 Possesses GAP activity.26

Clostridium botulinum C3-tranferase RhoA, RhoB, RhoC Inactivates by ADP-ribosylation
of Rho GTPases.27

Burkholderia cenocepacia ? Rac, Cdc42 Interferes with GEF function.7
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The production of ROS by NOX2 is an
important component of the armamen-
tarium that is deployed by macrophages to
combat infection. NOX2 is comprised of

multiple subunits that are integral mem-
brane proteins (gp91phox and p22phox,
together called cytochrome b558) localized
to the plasmalemma and the limiting

membrane internal of vesicles, and soluble
proteins that exist in a trimeric cytosolic
complex (p67phox, p47phox and p40phox) (for
a review see ref. 12). Upon the perception
of activating signals cytochrome b558
interacts with p67phox/p47phox/p40phox at
the forming phagosome, where association
of GTP-bound Rac with p67phox enables
the oxidase to become active.13 As sug-
gested by Rosales-Reyes et al., the inac-
tivation of Rac by B. cenocepacia could
therefore prevent stimulation of the oxi-
dase, affording protection to the invading
pathogen.9 However, the timing of these
events must be considered carefully. Using
models of Fcc receptor and integrin-
dependent phagocytosis we and others
can demonstrate that NOX2 starts gen-
erating ROS even prior to phagosomal
sealing, indicating that the oxidase
response is elicited without significant
delay (data not shown and see ref. 13).
Presumably this will also occur during the
phagocytosis of viable B. cenocepacia unless
the bacteria possess fast-acting mechan-
isms, other than Rac inactivation, to
suppress NOX2 function. Exposure to an
initial oxidative burst would clarify why
B. cenocepacia requires a variety of ROS-
detoxifying molecules—such as superoxide
dismutase and a melanin-like pigment—
for survival within macrophages.14,15

Presumably these ROS-scavenging
mechanisms enable B. cenocepacia to
survive an initial NOX2-dependent assault
and provide the bacteria with sufficient
time to express and deliver the GEF-
inhibiting effector that will ultimately
suppress Rac activity and consequently
NOX2 function, as has been described.9

Detailed comparison of the time course of
inactivation of Rac and of NOX2 by B.
cenocepacia should clarify the relationship
between these events.

In addition to impaired NOX2 function
many other immune-related functions of
the infected phagocyte are predicted to be
perturbed by B. cenocepacia infection as a
result of Rho-GTPase inactivation. A
healthy phagocyte, such as a dendritic cell
or macrophage, commonly combats infec-
tion in non-lymphoid tissue by internaliz-
ing prey (e.g., bacteria). After phagocytosis
the cell harboring its prey will migrate to a
draining lymph node, where it will present
prey-derived antigens to lymphocytes and

Figure 1. Recruitment of Rac/Cdc42 and F-actin to sites of B. cenocepacia entry into macrophages.
To assess the recruitment of active Rac/Cdc42 to sites of B. cenocepacia phagocytosis RAW 264.7 cells
were transfected with a plasmid encoding the active Rac/Cdc42 reporter p21-binding domain of
p21-activated kinase (PBD-PAK) fused to yellow fluorescent protein and were infected with live
B. cenocepacia J2315 expressing mRFP as previously described.7 Cells were fixed with 4% (v/v)
paraformaldehyde and were permeabilized with 0.1% (v/v) Triton X-100. Cells were then stained with
phalloidin conjugated to Alexafluor-647 to evaluate the organization of F-actin prior to imaging.
In (A) a representative image showing the localized accumulation of YFP-PBD-PAK at a site of
B. cenocepacia phagocytosis is presented (top panels). The accumulation of F-actin at the same entry
site is also shown [(A), bottom panels]. The hatched boxes demarcate the region of the cells depicted
in the insets. In (B) the effect of pre-treating RAW 264.7 cells expressing YFP-PAK-PBD with 100 ng/ml
C. difficile toxin B for 1 h prior to infection is presented. In the top panels of part B the distribution of
YFP-PAK-PBD is shown and the organization of F-actin by phalloidin staining is also demonstrated
(bottom panels). Note the absence of PAK-PBD or F-actin recruitment to the site where B. cenocepacia
is bound to the RAW macrophage surface. The images in (A) and (B) reflect 5 min post-infection and
were acquired by spinning disk confocal microscopy. Scale bars equal 12.7 mm.
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fulfill its role in initiating adaptive
immunity.16 Cell migration is a sophisti-
cated, actin-dependent process that
requires coordinated activation of Rho-
family GTPases including Rac and Cdc42;
given that intracellular B. cenocepacia
disrupt the activation of the GTPases
and the associated actin polymerization,
it is reasonable to expect that phagocyte
migration will be severely compromised,
preventing antigen presentation at the
appropriate site. The assault on the process
of antigen presentation will not be limited
to phagocyte migration. In dendritic cells
(and ostensibly macrophages) the delivery
of major histocompatibility class II-
positive compartments is also a Rho
GTPase-dependent process that requires
F-actin.17,18 Furthermore, the delivery of
peptide-loaded MHCII to the plasma-
lemma requires membrane tubulation
of MHCII-positive compartments.19,20

Interestingly, membrane tubulation
requires active Rab7 and, as described
previously, B. cenocepacia also disrupts
Rab7 activation.5,18,21 Through the
combined interference with Rac and Rab7
function Burkholderia will presumably
ablate the ability of an infected phagocyte
to present B. cenocepacia-derived antigens at
the cell surface. At present we do not know
if Rab7 inactivation is effected through
T6SS or if the disruption of Rab7 and Rho
GTPases is in any way related mechan-
istically, but it would be of considerable
interest to evaluate the impact of B.
cenocepacia infection on the cell biology of
antigen presentation.

It has been appreciated for some time
that B. cenocepacia survives within profes-
sional phagocytes, the very cells that are
supposed to eradicate it from the body,
but the mechanisms employed by the
bacteria to accomplish this feat have

remained elusive. The realization that
Rho GTPase activation is impaired by
B. cenocepacia is a significant step toward
understanding at the molecular level how
Burkholderia achieves intracellular survival
and disrupts immune cell function. This
mechanism, however is likely just the tip
of a large iceberg, as B. cenocepacia is
endowed with more than 8 million base
pairs of coding sequence and is likely to
possess many more effectors that disrupt
host cell function in ways that we have yet
to appreciate.
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