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B
acteria commonly encode viru-
lence determinants that mediate
the disruption of host cell mem-
branes; however, vacuole lysis

and invasion of the host cell cytosol is
a strategy used by only a select few bac-
terial pathogens for intracellular replica-
tion (1). Many bacterial pathogens
replicate in specialized vacuoles that must
be actively maintained to prevent these
organelles from fusing with lysosomes and
to regulate acquisition of new membrane
for vacuole expansion during bacterial
replication (2). However, why is this,
when, in theory, it should be easier for
a bacterium to lyse the vacuole and repli-
cate in the cytosol? A study in PNAS
provides new data that demonstrate that
vacuole integrity is important for the in-
tracellular survival of Legionella pneumo-
phila and illustrate how invasion of the
host cytosol can play a role in countering
bacterial infection (3).
L. pneumophila is found commonly in

fresh water environments and soil. When
Legionella are engulfed by parasitic pro-
tozoan hosts, the bacteria rapidly use
a type IV secretion apparatus called Dot/
Icm to deliver a large number of effector
proteins that promote intracellular sur-
vival and replication (4). Genomic analysis
has revealed extensive plasticity in the
repertoire of genes encoding these effec-
tors among different species and se-
rogroups of Legionella (5). It is thought
that effector plasticity is driven in large
part by the genetic diversity among
the protozoan hosts that cohabitate
the environments in nature where
Legionella reside.
For humans, serious health problems

can result if aerosols are generated from
an environmental source containing a high
density of Legionella. Bacteria entering the
lung are internalized and replicate within
resident alveolar macrophages. This in-
fection triggers a robust innate immune
response that is very effective at activating
macrophages and recruiting neutrophils
that are able to internalize and kill Le-
gionella (6). When high numbers of Le-
gionella are present in the lung, this robust
innate immune response and the resulting
pulmonary infiltrate can manifest as a
severe pneumonia called Legionnaires
disease.
Mouse macrophages are intrinsically

more resistant to Legionella infection
compared with human macrophages (7).
This property has been exploited to iden-
tify bacterial factors that are sensed by

macrophages to promote cell autonomous
responses that restrict pathogen replica-
tion. The power of this system was illus-
trated when mouse macrophages were
used to identify mutant Legionella that
could escape host detection by displaying
an enhanced intracellular replication
phenotype (8, 9), which aided in the dis-
covery of a cell death pathway in mouse
macrophages that is activated when Le-
gionella flagellin is sensed by the host re-
ceptor Naip5 (10, 11).

In PNAS, Creasey and Isberg show
that the robust ability of Legionella to ac-
tivate host pathways that restrict bacterial
replication in macrophages can be lever-
aged to better understand the function of
effector proteins delivered by the Dot/Icm
system (3). This study focused on an ef-
fector called SdhA, which gained notoriety
among the estimated 275 different effec-
tors because it is one of the only proteins
that, when eliminated from the effector
repertoire, results in a defect in the in-
tracellular replication of Legionella (12).
Although a measurable phenotype is ob-
served in protozoan hosts and in human
macrophage-like cells, the intracellular
replication defect displayed by a ΔsdhA
strain is extremely strong when using
macrophages derived from an A/J strain of
mouse that is unable to efficiently sense
Legionella flagellin as a result of a defect
in the gene encoding the Naip5 protein.
However, why would the ΔsdhA pheno-

type be so severe in mouse macrophages?
The authors found that infection of mouse
macrophages with the ΔsdhA mutant re-
sulted in enhanced induction of many cy-
tosolic immune surveillance pathways,
including pathways that lead to cell death
and type-I IFN production (3). Surpris-
ingly, an examination of macrophages in-
fected with ΔsdhA mutants revealed
vacuole instability that resulted in the ap-
pearance of Legionella in the host cytosol.
Legionella in the cytosol were targeted
for destruction, possibly by autophagy-
directed trafficking of bacteria to degra-
dative organelles. Attempts to eliminate
individual host cytosolic surveillance
pathways were insufficient to complement
the ΔsdhA replication defect in macro-
phages, indicating that cytosolic bacteria
are potent agonists of multiple pathways
that can independently restrict bacterial
replication or perhaps the critical pathway
induced by these cytosolic bacteria repre-
sents a new pathway.
To better understand the interesting

phenotype displayed by the ΔsdhA strain,
macrophages were used to enrich for
bacteria that could escape the robust
growth restriction displayed by mamma-
lian host cells, which led to the identifica-
tion of suppressor mutations that resulted
in enhanced intracellular replication of

Fig. 1. Properties displayed by vacuoles contain-
ing Legionella. (A) Vacuoles containing wild type
Legionella deliver the SdhA protein into the cy-
tosol and the PlaA protein into the vacuole lumen.
These vacuoles remain intact and infected mac-
rophages do not display enhanced activation of
cytosolic surveillance pathways. (B) Vacuoles con-
taining the ΔsdhA mutant display a loss of mem-
brane integrity and enhanced activation of cytosolic
surveillance pathways is observed. (C) Vacuoles con-
taining the ΔsdhA, ΔplaA double mutant are stable
and macrophages do not show enhanced activation
of cytosolic surveillance pathways.
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the Legionella ΔsdhA strain. The strongest
suppressors of the ΔsdhA phenotype were
loss-of-function mutations in the plaA
gene, which eliminate production of a se-
creted phospholipase (13). The integrity of
vacuoles containing the ΔsdhA mutant
was enhanced when the plaA gene was
deleted or when the phospholipase activity
of the enzyme was inactivated by site-di-
rected mutation. Thus, the phospholipase
activity of PlaA renders vacuoles more
susceptible to disruption in the absence
of SdhA (Fig. 1).
The epistatic relationship between

SdhA and PlaA in maintaining vacuole
integrity is very similar to that reported for
the effector proteins SifA and SseJ from
the vacuolar pathogen Salmonella enterica
serovar Typhimurium, in which vacuoles
containing sifA mutant bacteria display
integrity defects that can be suppressed by
mutations in sseJ (14, 15). Interestingly,
SseJ and PlaA are both lipases belonging
to the GDSL family of proteins (16). Al-
though there is no homology or predicted
structural similarity, this raises the possi-
bility that SifA and SdhA could perform
similar functions. The SifA protein mod-
ulates membrane dynamics on vacuoles
containing Salmonella and is required for
the formation of tubules that emanate
from the vacuole. In the absence of SifA,
membrane dynamics are perturbed in
a manner that enhances vacuole disrup-
tion, and SseJ function augments this

effect. Thus, SdhA may also be involved
in controlling membrane dynamics, and
without SdhA function, the vacuole con-
taining Legionella becomes less stable, in
part because of the lipolytic activities
of PlaA.
The question remains why the re-

quirement for SdhA is stronger when us-
ing mouse macrophages compared with

Vacuole integrity is

important for the

intracellular survival of

Legionella pneumophila.

human macrophages or protozoan hosts.
Is vacuole disruption enhanced in mouse
macrophages? This could indicate that
PlaA activity in mouse macrophages is el-
evated compared with macrophages from
other animals. Alternatively, paralogous
effectors predicted to have biochemical
activities similar to SdhA could function
better in other model host cells compared
with mouse macrophages (12). If vacuole
disruption were similar in the different
host cells, it could mean that mouse mac-
rophages respond more robustly to cyto-
solic Legionella compared with other cells
or that these cells have an additional cy-

tosolic surveillance mechanism that is not
expressed in more permissive cell types.
The concept that the cytosol of mam-

malian cells might not be a good growth
medium for bacteria was suggested by
studies in which different bacteria were
microinjected directly into the cytosol of
the epithelial cell line Caco-2, and it was
found that a number of vacuolar patho-
gens were unable to replicate in the cyto-
sol (17). Although the mechanisms by
which the host cytosol can sense and re-
strict pathogen replication remain largely
unexplored, it has been shown that bacte-
ria in the cytosol can be recognized by the
host ubiquitination machinery (18–20).
Bacterial ubiquitination is a signal that
promotes compartmentalization of cyto-
solic invaders into autophagosomes and
promote degradation. These new studies
with Legionella indicate that cytosolic in-
vasion can also activate cell death path-
ways and suggest that there may be
pathways not yet characterized that are
important for cytosolic immunity to mi-
crobial invasion. Thus, Legionella may
prove to be a valuable reagent to better
understand the mechanisms mammalian
cells have evolved to combat cytosolic in-
vasion by bacteria.
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