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ABSTRACT

Several pathogenic or opportunistic bacteria can induce or inhibit host cell apoptosis. The modulation of
cellular pathways that results in the induction or delay of host cell apoptosis is an important mechanism
of bacterial virulence. These processes can be mediated by various host cell signaling pathways that are
subverted by the bacteria. Pathogens can activate apoptotic proteins such as caspases, inactivate anti-apoptotic
proteins such as NFkB and mitogen-activated protein kinases, or up-regulate the endogenous receptor/ligand
system that induces apoptosis, generally when the bacteria are bound to the host cell surface. Bacteria-
induced apoptotic or anti-apoptotic processes are often related to the ability of the bacteria to reach the host
tissues. However, since apoptosis is also involved in host defense mechanisms against infectious agents,
this phenomenon apparently plays a central role in host-pathogen interactions.
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INTRODUCTION

Apoptosis is defined as cell death activated by
an internally controlled suicide program and in-
volves a subtly orchestrated disassembly of cellular
components designed to eliminate unwanted cells in
various physiological processes during embryogen-
esis. During apoptosis, doomed cells are removed
with minimum disruption to the surrounding tissue.
However, apoptosis also occurs under pathological
conditions and is sometimes accompanied by necro-
sis [24]. Bacterial infections in particular play an
important role in triggering apoptosis.

The bacteria that use apoptotic mechanisms in-
clude a variety of facultative intracellular pathogens,
such as Listeria monocytogenes, Mycobacterium
tuberculosis, Salmonella spp., Shigella spp., Hae-
mophilus influenzae, Neisseria meningitides and
Neisseria gonorrhoeae, as well as bacteria that are
not considered typical facultative intracellular patho-
gens, such as Helicobacter pylori. Strictly intracel-
lular pathogens such as the genera Rickettsia and
Chlamydia can also cause apoptosis. In this review,
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we discuss the main mechanisms used by strictly and
facultative intracellular bacteria to induce apoptosis,
and the relationship between this phenomenon, viru-
lence and pathogenicity. The molecular characteriza-
tion of apoptosis and the interactions between host
and bacterial cells are also considered.

Molecular mechanisms of apoptosis

Bacteria can trigger apoptosis through a large
variety of mechanisms that include the secretion of
protein synthesis inhibitors, pore forming proteins,
molecules responsible for the activation of the
endogenous death machinery in infected cells, and
super antigens. Since many of the enzymes and
signal transduction pathways that mediate apoptosis
have been extensively discussed in several recent
reviews [51,61,77,78,84,95,111], we will restrict
this review to molecules induced by bacteria
involved in apoptosis. The first group of enzymes
involved in many forms of apoptosis, including
bacteria-induced apoptosis, are the caspases [95].
These host cell cytoplasmic proteases cleave many
cellular proteins to produce alterations in membrane
symmetry, mitochondrial function, and DNA
fragmentation. Mitochondria play a key role in
apoptosis [58,97] since they depolarize, swell, and
release pro-apoptotic factors during this process. The
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pro-apoptotic factors include cytochrome c¢ and the
apoptosis inducing factor (AIF) [61]. Cytochrome c
associates with a scaffold protein APAF-1 to activate
caspase 3 and produce cell death [111]. AIF can
trigger cell death independently of caspases by being
translocated directly to the nucleus to induce DNA
fragmentation [51,53]. In addition, CD95 or TNF-
receptor uses the activation of caspase 8 to trigger
downstream events such as mitochondrial changes
and/or caspase 3 activation, whereas primary DNA
damage apparently mediates apoptosis primarily
via mitochondria, followed by the activation of
“execution” caspases. Pro-apoptotic molecules are
balanced by anti-apoptotic factors, with the “inhibitors
of apoptosis” (IAPs) and Bcl-2-like proteins being
some of the most important anti-apoptotic factors.
IAPs can associate with and directly inhibit caspases
[108], but regulation of these proteins by bacterial
factors has not yet been demonstrated. Bcl-2-like
proteins constitute a family of pro- and anti-apoptotic
proteins. The Bcl-2 factor, Bel-xL, and other members
prevent apoptosis induced by many stimuli, whereas
Bim, Bax, Bad, and other members promote apoptosis
[78,84,106]. The mode of action of Bel-2-like proteins
is still unclear.

The mechanisms of bacteria-induced apoptosis
that use the host machinery will be discussed with
reference to Shigella flexneri, Salmonella typhimu-
rium, Yersinia enterocolitica, Y. pestis, Y. pseudotu-
berculosis and Pseudomonas aeruginosa. Although
many other bacteria, including enteropathogenic
Escherichia coli, Listeria monocytogenes and Neis-
seriae, also trigger apoptosis, we will limit our
considerations to a few bacteria to demonstrate the
paradigms of bacteria-induced activation of host cell
apoptosis (Fig. 1).

Bacteria-induced apoptosis
Shigella and Salmonella

Historically, the genus Shigella consists of four
pathogenic “species”: S. dysenteriae, S. flexneri, S.
sonnei, and S. boydii. However, DNA hybridization
experiments have clearly established that this
genus consists of a single species that also includes
Escherichia coli, or vice-versa [89]. In this review,
we will use the former nomenclature. Shigella
flexneri, the causative agent of bacillary dysentery,
induces apoptosis in macrophages in vitro and
in vivo [48,53,113,115]. In this process, bacterial
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internalization and subsequent escape into the cytosol
are essential for pathogenesis. In the cytosol, S. flexneri
translocates the plasmid-encoded invasion antigen B
(IpaB) via a type-III secretion system. IpaB directly
binds and activates caspase-1, and its translocation
results in apoptosis [45]. The induction of apoptosis
by Shigella is tissue-specific and this bacterium does
not induce apoptosis in epithelial cells [64].

An intriguing model has been proposed for the
role of apoptosis in controlling Shigella infection
[112]. In this model, caspase-1 plays dual pivotal
roles in driving macrophage apoptosis and acute
inflammation. Caspase-1 activation and the
apoptotic death of Shigella-infected macrophages
cause the release of mature interleukin IL-1f3 [114],
which in turn recruits polymorphonuclear leukocytes
(PMN ) to the infection sites [112]. The PMNs cross
the intestinal epithelium, altering the integrity of this
epithelial barrier. This promotes massive secondary
invasion of the bacteria and acute inflammation [112].
The roles of apoptosis and the release of mature
IL-1pB in the pathogenesis of shigellosis have also
been demonstrated ex vivo in a rabbit-ligated-loop
infection model of experimental shigellosis [8,93].
Furthermore, studies in vivo of cytokine production
by cells of patients with shigellosis have shown that
the number of TNFa-producing cells is increased,
suggesting that TNFo may play a role in activating
caspase-1 and the subsequent apoptotic pathway in
the host cell in vivo [83]. This model for the role of
apoptosis in the pathogenesis of bacterial infections
could have implications for acute infections caused
by several other intracellular bacteria, such as
Salmonella and Listeria.

A molecular interaction identical to that of
Shigella is used by Salmonella, which also induces
apoptosis in macrophages [104]. Using a type I se-
cretion system, intracellular Salmonella secretes an
IpaB homolog (SipB) into the cytosol, where it di-
rectly binds to and activates caspase-1 [44]. In mice,
there is a correlation between Salmonella-induced
apoptosis of macrophages and disease progression,
suggesting that apoptosis may play a role in this
infection [85]. Salmonella-induced apoptosis con-
tributes to the escape of intracellular bacteria from
spent host cells following nutrient deprivation and
the termination of bacterial replication. This is be-
cause Salmonella-induced macrophage apoptosis is
enhanced after transition from the logarithmic to the
stationary phase growth [62].
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Although Salmonella causes an acute localized
inflammation in the intestine that is similar to
the acute infection caused by Shigella, this genus
can also potentiate fatal systemic infections not
commonly associated with shigellosis [49,93].
Hence, similar mechanisms for inducing apoptosis
are used by Shigella and Salmonella, and the role
of apoptosis in modulating the pathogenesis of
the disease is probably similar in some (but not
all) aspects. For example, Salmonella-induced
apoptosis might confer acute gastroenteritis, similar
to that associated with shigellosis, which eventually
controls the infection. Alternatively, modulation
of the host apoptotic pathways could cause down-
regulation of the host immune response, resulting in
systemic spread of the pathogen, as in the case of
salmonellosis. This is reminiscent of the bacterial
dissemination and systemic infection caused by
another pathogen, Yersinia, in which the induction
of apoptosis has been suggested to play a role in the
pathogenesis of infection [18,71].

Like Shigella, Salmonella enterica serovar
typhimurium also does not induce apoptosis in
epithelial cells [62]. This may be because of a true
inability to induce apoptosis in intestinal epithelial
cells or because of blockade by Shigella because
these intestinal cells are the primary sites for
intracellular bacterial proliferation during shigellosis.
Hence, epithelial cells are an important compartment
for bacteria because they enable these pathogens to
cause disease [113,115].

Escherichia coli

The apoptotic episode caused by E. coli has been
associated mainly with the ability of some E. coli
(STEC) to produce a Shiga-like toxin, including the
most common serotype (O157:H7). STEC is thus a
bacterial enteropathogen capable of binding to the
intestinal epithelium and producing Shiga-like toxins,
which are associated with hemorrhagic colitis and
the hemolytic-uremic syndrome in humans [5,82].
The apoptosis of intestinal epithelial cells decreases
barrier functions [1] and could provide a mechanism
for Shiga-like toxins to enter the bloodstream [47].

As discussed above, caspases play an central
role in mediating the intracellular signaling events
that result in apoptosis [22]. Caspase-8 is involved
in the Shiga-like toxin-mediated apoptosis of
epithelial cells. However, whether the Shiga-like
toxin activates caspase-8 directly via Gb3 binding

or indirectly through death receptors and ligands
remains to be elucidated. The activation of caspase-
8 probably results in the induction of cytochrome c
release from the mitochondria, thereby activating
procaspase-3, which in turn activates caspase-9 and
the mitochondria death pathway [59,63]. Knowledge
of the molecular pathogenesis of enterotoxigenic
E. coli infection could provide the basis for the
development of novel treatment strategies that
would interrupt progress of the disease. Caspases
are potential and promising therapeutic targets for
the modulation of apoptosis. For instance, treatment
with a caspase inhibitor prevented cell death and
reduced neurological damage in an animal model of
bacterial meningitis [15].

Yersinia

Yersiniainvades several types of mammalian cells
in vitro, including epithelial cells and fibroblasts, and
M cells in vivo. However, several Yersinia-secreted
proteins block internalization by professional phago-
cytes. Yersinia induces apoptosis in macrophages in
vitro [69,72,90] and in vivo [71]. Translocation of the
effector molecule YoplJ (Yersinia pseudotuberculo-
sis) or YopP (Yersinia enterocolitica) into the macro-
phage by the type III secretion system is required for
the induction of apoptosis. Yersinia Yopl/P represses
activation of the nuclear factor NF«kB by inhibiting
the phosphorylation and subsequent degradation of
its inhibitor protein, IkB. As a result, the apoptotic
process and the production of TNFa by Yersinia-
infected cells is repressed [69,94]. YopJ/P binds di-
rectly to proteins of the mitogen-activated protein
kinase (MAPK kinases) superfamily, blocking both
phosphorylation and activation. The inhibition of
MAPKK activity by YoplJ/P explains how this single
bacterial factor blocks several signaling pathways
regulated by JUNK, p38, and also NFkB signaling,
thereby preventing cytokine synthesis and promoting
apoptosis [80]. The ability of Yersinia to eliminate
phagocytic cells by apoptosis and to down-regulate
inflammatory cytokines undoubtedly promotes bac-
terial dissemination.

The role played by the anti-apoptotic MAPKKs
and NFkB pathways of the infection by Yersinia in
macrophages has recently been elucidated. Both
MAPKKSs and NFkB up-regulate apoptosis in re-
sponse to the infection [110]. Also, the Toll-like
receptor 4 (TLR4) [81] has been shown to act as a
potent inducer of apoptosis in macrophages [41].
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This cellular receptor is implicated in starting and
regulating the apoptotic process, together with
MAPKK and NFkB, whereas different intracellular
factors are controlled by YopJ/P or other pro-apop-
totic proteins.

Pseudomonas aeruginosa

A distinct mechanism is used by Pseudomomas
aeruginosa to trigger the cell death of infected host
epithelial cells. P. aeruginosa is considered to be
one of the most important bacteria in clinical prac-
tice because it is resistant to many antibiotics and
plays a crucial role in life-threatening infections in
immunocompromised patients. Of particular impor-
tance are pulmonary infections by P. aeruginosa in
patients with cystic fibrosis. Almost all patients with
this disease develop chronic P. aeruginosa infections
that cause lung destruction and pre-mature death of
the patient.

Upon infection of epithelial cells in vitro or in
vivo, P. aeruginosa induces up-regulation of the
CD95/CD95 ligand on the cell surface [39]. The
CD95/CD95 ligand system is one of the most im-
portant endogenous receptor ligand pairs triggering
apoptosis. The up-regulation of CD95 and the CD95
ligand on cells infected with P. aeruginosa depends
on the function of the type III secretion system.
When the bacteria lack this secretion system, they
almost fail to trigger apoptosis in epithelial cells.
The binding of CD95 by the CD95 ligand upon up-
regulation induces the activation of caspases 8 and
3, the release of mitochondrial cytochrome ¢, and
JUNK activation. Furthermore, reactive oxygen in-
termediates seem to be important in the induction of
P aeruginosa-triggered death [99]. The significance
of the CD95/CD95 ligand system for P. aeruginosa-
triggered cell death is shown by genetic studies us-
ing cells or mice genetically deficient in functional
CD95 or CD95 ligand. Epithelial cells obtained from
CD95- or CD95 ligand-deficient mice or fibroblasts
lacking either CD95 or the CD95 ligand did not
undergo apoptosis in response to infection by P,
aeruginosa.

Helicobacter pylori

Helicobacter pylori can mimic the apoptotic
mechanism by producing the pro-apoptotic toxin
VacA. This toxin is rapidly transported into the mito-
chondria of epithelial cells and induces changes con-
sistent with the permeabilization of mitochondrial
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membranes. This damage involves a mechanism
that requires cellular entry dependent on a toxin with
membrane channel activity. Targeting of the mito-
chondrial membranes is a strategy used by patho-
genic microbes to control cell viability while circum-
venting upstream pathways and checkpoints associ-
ated with cell death. Persistent H. pylori infections in
the human gastric mucosa are a significant risk factor
for the development of gastric and duodenal ulcers,
as well as stomach cancer. The rate of infection in
humans is greater than the incidence of H. pylori-
mediated diseases, the onset of which is influenced
by multiple factors, including the virulence of the
infecting strain and the genetic predisposition of the
host. Apoptosis within the gastric mucosa is strongly
associated with the presence of H. pylori [50,91],
which induces apoptosis in in vitro in human gastric
adenocarcinoma cells, as well as in murine and ger-
bil models of infection [9,103]. Although multiple H.
pylori factors have been reported to be pro-apoptotic,
VacA was recently demonstrated to be sufficient to
induce cellular apoptosis [13,25]. The pro-apoptotic
activity of VacA can serve multiple functions during
infection by H. pylori, including colonization of the
stomach by killing the parietal cells responsible for
maintaining the acidic environment [92].

Neisseria

The pathogenesis of Neisseria meningitidis
and N. gonorrhoeae requires their interaction with
human cells and cellular barriers. These pathogens
interact with blood, plasma, and exudate fluids, and
also adhere to and invade epithelial and endothelial
cells [66,68,100-102]. Several Neisseria components
are involved in the modulation of pathogen-host cell
interactions, including type IV pili, Opa proteins and
porins. There is conflicting information regarding
the effects of neisserial porins on apoptosis. Muller
et al. [73-75] demonstrated that the N. gonorrhoeae
porin PorB1B interacts with HeLa cell mitochondria
and induces calcium efflux and apoptosis.
However, meningococcal PorB can protect against
mitochondrial apoptosis induced by staurosporine
[28,65].

There are several explanations for the divergent
effects of N. gonorrhoeae PorB1B and N. meningitidis
PorB in apoptosis. These include structural variations
in the two porins, differences in the procedures used
to purify these proteins, differences in the cell culture
conditions (especially the absence [ 73-76] or presence
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[65] of fetal calf serum in the culture medium), and
intrinsic differences between the cell lines used in
the experiments. The mechanism by which neisserial
porins activate lymphocytes B is probably related to
their adjuvant activity, which would be attenuated if
apoptosis were also induced. Hence, the inhibition of
immune cell apoptosis by neisserial porins could be
inherent in their immunopotentiating ability.

Since pathogenic Neisseria invade host cells,
blocking host cell apoptosis might provide enough
time for the pathogen to adapt to the new environ-
ment and multiply to sufficient levels, thereby allow-
ing further infection. Additionally, the loss of intrac-
ellular ions, particularly potassium, plays a primary
role in apoptosis, and a better understanding of the
role of ion channels and plasma membrane transport-
ers in cellular signaling during apoptosis could have
important physiological implications for lymphocyte
function. This information could be important for
the design of therapeutic strategies for several dis-
eases of the immune system in which apoptosis is
involved.

Another mechanism also involved in Neisseria-
mediated apoptosis is the meningococcal lipooli-
gosaccharide (LOS) present in the outer bacterial
membrane and that is released as vesicles or ‘blebs’
from surplus outer membrane material [27]. Native
outer membrane vesicles (OMVs) contain 24-50%
LOS relative to the protein [12], whereas OMVs
purified from N. meningitidis and partially detoxi-
fied so that they can be used for vaccination contain
5-9% LOS relative to their protein content [32].
Recently, two strong candidates for the LOS signal-
ing protein have been identified in myeloid cells and
are known as Toll-like receptors 2 and 4 (TLR2 and
TLR4) [6,30,55,60,96,107,109]. TLR2 is involved
in the recognition of Gram-positive bacteria, My-
cobacterium [30,109], and bacterial products such
as lipopeptides [16,60], whereas TLR4 mediates
apoptotic of Gram-negative bacteria by LOS or LPS
[19,43] together with CD14 [105].

Legionella

The agent of Legionnaire’s disease, Legionella
pneumophila, invades and replicates within alveolar
macrophages and monocytes and, possibly, alveolar
epithelial cells. Studies in vitro have shown that L.
pneumophila and L. micdadei induce apoptosis in
macrophages and alveolar epithelial cells [17]. The
expression of apoptosis-inducing factor(s) by L.

pneumophila is apparently regulated by the Dot/Icm
type IV-like secretion system because several dot/icm
mutants fail to induce apoptosis [36-38]. Thus, L.
pneumophila-induced apoptosis via cell contact might
be mediated by binding of the pathogen to a common
receptor on macrophages and epithelial cells, or via
translocation of an effector protein through the Dot/
Icm secretion system [33-38,76].

Although the induction of macrophage apoptosis
by L. pneumophila is a constitutive event, necrosis
mediated by the Legionella pore-forming toxin
is temporarily triggered upon the termination
of bacterial proliferation [33-38,76]. This could
represent a coordinated strategy used by this
intracellular pathogen to invade, proliferate within,
and eventually exit from the spent host cell.
Legionella pneumophila-induced apoptosis plays
a role in intracellular trafficking and evasion of
endocytic fusion, at least during the early stages of
the infection. L. pneumophila completely blocks
maturation of its phagosome via the endosomal-
lysosomal degradation pathway [2,3,20,23].

Apoptosis induced by some facultative intracel-
lular bacteria that block endocytic fusion (such as
Legionella) could modulate the biogenesis of their
vacuoles into idiosyncratic niches suitable for intrac-
ellular proliferation. The ability of L. pneumophila to
proliferate intracellularly and to kill the host cell by
apoptosis and necrosis seen in tissue culture does not
go determined in vivo. A large proportion of Legion-
naire’s disease patients are immunocompromised,
and several host immune responses are activated and
are effective against infection by L. pneumophila.
Therefore, although L. pneumophila is apparently an
uncontrolled pathogen in vitro, its fate in vivo is con-
trolled at complex levels, presumably by both bac-
terial and host effector mechanisms, such as INFy.
During the early stages of infection and exponential
replication, L. pneumophila activates caspase-3
by a Dot/Icm-dependent process without driving
the infected cell into apoptotic death. At any stage
of infection, intracellular replication ceases when
apoptosis is triggered in the host cell either by L.
pneumophila or via caspase-3 activation by pharma-
cological agents. High caspase-3 activity is observed
throughout the exponential intracellular replication
of the pathogen. Caspase-3 binds to the apoptotic
cell in the late stages of infection, concomitant with
the termination of intracellular replication [4].

Amebas are the natural hosts of L. pneumophila
in the environment [3]. L. pneumophila does not
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induce apoptosis in amebas, although the latter can
undergo apoptosis following proper stimulation. In
contrast to the biphasic killing of mammalian cells,
L. pneumophila kills amebas during the late stages
of the infection exclusively via necrosis mediated by
pore-forming toxins. This mode of killing is essential
in order for the bacteria to leave the protozoan
host after terminating replication [33,41,42]. L.
pneumophila disrupts the phagosomal membrane and
becomes cytoplasmic in the last stages of infection
in macrophages and Acanthamoeba polyphaga.
Lysossomal elements, mitochondria, cytoplasmic
vesicles, and amorphous material are dispersed after
phagosomal disruption in human macrophages and
A. polyphaga [70].

Listeria

Listeria monocytogenes induces apoptosis by
lysing the phagosomal membrane and escaping into
the cytosol to initiate intracellular infection, a process
that is mediated by a secreted pore-forming toxin,
listeriolysin O (LlyO). L. monocytogenes induces
LlyO-dependent apoptosis [40] in a variety of cell
types, including hepatocytes [86], lymphocytes
[67] and dendritic cells [40]. The insertion of LlyO
into the mitochondrial membrane may cause the
release of cytochrome c that in turn activates the
caspase cascade. Alternatively, the insertion of
LlyO into the mitochondrial and/or endoplasmic
reticulum membrane may stimulate calcium efflux,
thereby activating the calcium-dependent protease
calpain and/or caspases [8]. In contrast to most
other intracellular bacterial pathogens that induce
apoptosis, L. monocytogenes does not induce
apoptosis in macrophages but causes LlyO-mediated
necrosis [11]. Despite the lack of apoptosis in
macrophages and no release of mature IL-1f (an
indicator of apoptosis — Figure 1), Listeria-infected
hepatocytes produce PMN chemo-attractants during
the early stages of infection [86]. These chemo-
attractants are involved in the phagocytosis of dead
cells such as hepatocytes. Apoptosis in hepatocytes
results in hepatic abscesses that represent the first
physiological barrier to Listeria.

Mycobacterium

Mycobacterium tuberculosis induces apoptosis
in macrophages in vitro and in vivo via a TNFa- and
caspase-1-dependent pathway [31,52,87,88]. TNFa
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production and the induction of apoptosis in macro-
phages are mediated by the binding of mycobacte-
rial cell wall components and/or lipoproteins to the
Toll-like receptor-2 (TLR-2) [7,98]. Other bacterial
cell surface products such as Borrelia burgdorferi
lipoproteins also bind TLR-2 and activate the human
cell lines U373 and HEK 293 [16,46]. However,
it is unclear whether these interactions also result
in apoptosis, particularly because most pathogenic
bacteria have lipoproteins. Nevertheless, some
components of the mycobacterial cell wall, such as
lipoarabinomannan (LAM) [14], can also influence
apoptosis caused by this pathogen. LAM can activate
the apoptotic cycle through phosphorylation of the
Bad protein, thereby preventing binding to the anti-
apoptotic proteins Bcl2 and BelX [14].

M. tuberculosis also protects cells against apop-
tosis via two key pathways: induction of the TLR-2-
dependent activation of the NFkB cell survival path-
way [7] and enhancement of the production of the
soluble TNF receptor 2 (sTNFR2), which neutralizes
the pro-apoptotic activity of TNFa [10,56]. Conse-
quently, the modulation of apoptotic pathways by M.
tuberculosis is complex and includes the induction of
cell-death and cell-survival pathways. The extent to
pro- and anti-apoptotic activities are manifested dur-
ing different stages of the infection is unknown. The
modulation of apoptosis by M. tuberculosis and its
direct and overlapping effects on the immune system
probably play key roles in pathogenesis.

Macrophage apoptosis occurs within the granu-
loma. This histological process favors host im-
munity, but M. tuberculosis is capable of partially
suppressing it. The pro- and anti-apoptotic activities
of M. tuberculosis may be necessary to establish a
persistent infection. Vaccines and immunotherapies
that result in increased levels of macrophage apop-
tosis within the granuloma may tip the balance away
from M. tuberculosis virulence towards a successful
host immune response. A better understanding of the
signaling pathways and effector mechanism(s) trig-
gered during apoptosis should lead to new immuno-
therapies that can stimulate macrophages to kill M.
tuberculosis [14,54].

In conclusion, apoptosis induction by M. tuber-
culosis involves three main events, namely, arrest
during phagosomal maturation (mediated calcium
ions and the cytoplasmic protein calmodulin), the
anti-apoptotic response (in which Bcl proteins are in-
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volved), and suppression of the host cell antibacterial
response (mediated by MAPK) [57]. Mycobacterium
species are therefore well adapted to the hostile envi-
ronment of phagocytic cells and use several survival
strategies not seen in other bacteria.

Chlamydia

Chlamydia consists of intracellular bacterial spe-
cies that can affect the apoptotic pathways in two

nase inhibitor staurosporine, the DNA-damaging
agent etoposide, TNFa, an anti-FAS antibody, and
granzyme B/perforin. In addition to the complete in-
hibition of caspase-3 activity in Chlamydia-infected
cells, the release of cytochrome ¢ from mitochondria
is also blocked during the early stages of infection
[29]. However, Chlamydia psittaci induces apoptosis
in macrophages and epithelial cells during the late
stages of infection, and this induction requires intra-

cellular bacterial replication [79].

Although the bacterial factor(s) that trigger(s)
apoptosis in the host cell is unknown, Chlamydia
activates an apoptotic pathway that is apparently
independent of known caspases, in a manner

opposing directions, each of which is manifested
during different stages of the infection. During the
early stages of infection, Chlamydia trachomatis
protects infected cells against apoptosis induced
by a wide spectrum of stimuli, including the ki-
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Figure 1. Main mechanisms of bacteria-induced cell apoptosis. The broken lines represent the cellular membrane that
separates the extracellular and intracellular environments. The apoptotic pathways induced by Helicobacter pylori (via
action of VacA on the mitochondria), Neisseria (via NFkB activation of the apoptotic mechanism), Escherichia coli (ap-
optosis initiated by the action of hemolysin- Hly on mitochondria) and pathogens normally associated with apoptotic
processes such as Listeria (Lly action), Yersinia (activation of MAPKK and NFkB pathways), Shigella, Salmonella (cas-
pase 1 activation pathway), Legionella (caspase 3 apoptotic activation pathway), Mycobacterium, as well as strictly in-
tracellular pathogens such as Rickettsia and Coxiella (similar to the mechanism of Neisseria-induced cell apoptosis, see
above), are shown. Modified from Gao and Abu-Kwaik [34].
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reminiscent of the caspase-independent apoptosis
induced by the overexpression of Bax [106]. The
dual activity of Chlamydia in manipulating host cell
apoptosis indicates a strategy by which intracellular
bacteria control the balance between anti- and
pro-apoptotic activities at discrete stages of the
infection [79]. Chlamydia species require several
days of intracellular replication and differentiation
to produce sufficient infectious elementary bodies
to spread to adjacent cells. These bacteria also rely
on the host cell integrity and metabolic activities
for their strict parasitic lifestyle. Hence, the anti-
apoptotic activity exerted during the early stages of
infection helps to maintain the metabolic activities
of the infected cell [29,79]. Subsequent activation
of the host cell apoptotic pathways in the late
stages of infection may facilitate dispersal of the
bacteria and initiate a host inflammatory response
that eventually controls the infection. In addition
to the role of bacterial effector molecules, the pro-
apoptotic and anti-apoptotic effects of Chlamydia at
different stages of the infection may be modulated by
extracellular mediators such as cytokines.

Rickettsia and Coxiella

Another obligate intracellular bacterial genus,
Rickettsia, also blocks apoptosis in the host cell. In
contrast to the apoptosis induced by the inhibition
of NFkB by Yersinia, Rickettsia rickettsii protects
infected vascular endothelial cells from apoptosis
via activation of the NF«kB signaling pathway [21].
However, apoptosis of the infected cells occurs
when R. rickettsii-induced activation of NFxB is
inhibited, which suggests that R. rickettsii also has
a pro-apoptotic activity [21]. Although the nature of
this pro-apoptotic activity is unknown, the TNFa-
mediated apoptotic pathway is not involved [21].
Alternatively, apoptosis could be a host cell response
to bacterial invasion that is normally prevented by
bacterial activation of NFkB.

The infection of macrophages by the obligate in-
tracellular bacterium Coxiella burnetii stimulates the
production of TNFoa and TNFa-mediated apoptosis
during the late stages of infection [26]. Apoptosis of
infected macrophages is associated with a moderate
release of IL-1p, which suggests a role for caspase-1
[26]. As in the case of M. tuberculosis, the apoptosis
of infected macrophages is associated with a marked
reduction in the viability of intracellular bacteria
[26], which suggests a protective role for apoptosis
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in infection by C. burnetii. A possible anti-apoptotic
activity of C. burnetii, especially during the early
stages of infection, remains to be demonstrated.

CONCLUDING REMARKS

In this review, we have described the main differ-
ences and similarities among the mechanisms used
by bacteria to induce apoptotic or anti-apoptotic ef-
fects in host cells. These mechanisms were explored
by comparing the apoptotic pathways in host cells
infected by obligate intracellular bacteria (Rickettsia,
Chlamydia, Coxiella) and by facultative intracellular
(Salmonella, Shigella, Legionella, Listeria, Myco-
bacterium) and extracellular (Pseudomonas, Neis-
seria, Helicobacter and Escherichia coli) bacteria.
The main events triggered by the microorganisms
discussed here are specific for each pathogen and
include the activation of caspases, mitochondrial
alterations, and the activation of MAPK Kkinases.
Elucidation of the signaling pathways, the cellular
receptors and/or the bacterial factors involved in the
induction of apoptosis could reveal new therapeutic
targets for blocking bacterial-induced apoptosis. The
development of drugs towards such targets should
provide us with new tools for treating several dis-
eases caused by bacterial pathogens.

ACKNOWLEDGMENTS

This work was supported by a CNPq post-doctoral
fellowship to Marcelo Lancellotti (grant no. 150800/
2005-3).

REFERENCES

1. Abreu MT, Palladino AA, Arnold ET, Kwon RS,
McRoberts JA (2000) Modulation of barrier function
during Fas-mediated apoptosis in human intestinal
epithelial cells. Gastroenterology 119, 1524-1536.

2. Abu Kwaik Y (1998) Fatal attraction of mammalian
cells to Legionella pneumophila. Mol. Microbiol. 30,
689-696.

3. Abu Kwaik Y, Venkataraman C, Harb OS, Gao LY
(1998) Invasion of protozoa by Legionella pneumophila
and its role in bacterial ecology and pathogenesis. App!.
Environ. Microbiol. 64,3127-3133.

4. Abu-Zant A, Santic M, Molmeret M, Jones S, Helbig
J, Abu-Kwaiki Y (2005) Incomplete activation of
macrophage apoptosis during intracellular replication of
Legionella pneumophila. Infect. Immun. 73, 5339-5349.

5. Agbodaze D (1999) Verocytotoxins (Shiga-like toxins)
produced by Escherichia coli: a minireview of their
classification, clinical presentations and management
of a heterogeneous family of cytotoxins. Comp.
Immunol. Microbiol. Infect. Dis. 22,221-230.



Bacteria-induced apoptosis 83

6. Akashi S, Ogata H, Kirikae F, Kirikae T, Kawasaki
K, Nishijima M, Shimazu R, Nagai Y, Fukudome K,
Kimoto M, Miyake K (2000) Regulatory roles for
CD14 and phosphatidylinositol in the signalling via
Toll-like receptor 4-MD-2. Biochem. Biophys. Res.
Commun. 268, 172-177.

7. Aliprantis AO, Yang RB, Mark MR, Suggett S, Devaux
B, Radolf JD, Klimpel GR, Godowski P, Zychlinsky
A (1999) Cell activation and apoptosis by bacterial
lipoproteins through Toll-like receptor-2. Science 285,
736-739.

8. Arondel J, Singer M, Matsukawa A, Zychlinsky A,
Sansonetti PJ (1999) Increased interleukin-1 (IL-
1) and imbalance between IL-1 and IL-1 receptor
antagonist during acute inflammation in experimental
shigellosis. Infect. Immun. 67, 6056-6066.

9. Ashktorab H, Frank S, Khaled AR, Durum SK, Kifle B,
Smoot DT (2004) Bax translocation and mitochondrial
fragmentation induced by Helicobacter pylori. Gut 53,
805-813.

10. Balcewicz-Sablinska MK, Keane J, Kornfeld H,
Remold HG (1998) Pathogenic Mycobacterium
tuberculosis evades apoptosis of host macrophages by
release of TNFR2, resulting in inactivation of TNFa.
J. Immunol. 161, 2636-2641.

11. Barsig J, Kaufmann SH (1997) The mechanism of
cell death in Listeria monocytogenes-infected murine
macrophages is distinct from apoptosis. Infect. Immun.
65, 4075-4081.

12.Bjerre A, Brusletto B, Rosenqvist E, Namork E,
Kierulf P, Ovstebo R, Joo GB, Brandtzaeg P (2000)
Cellular activating properties and morphology
of membrane-bound and purified meningococcal
lipopolysaccharide. J. Endotoxin Res. 6, 437-445.

13.Boquet P, Ricci V, Galmiche A, Gauthier NC (2003)
Gastric cell apoptosis and H. pylori: has the main
function of VacA finally been identified? Trends
Microbiol. 11, 410-413.

14. Briken V, Porcelli SA, Besra GS, Kremer L (2004)
Mycobacterial lipoarabinomannan and related
lipoglycans: from biogenesis to modulation of the
immune response. Mol. Microbiol. 53, 391-403.

15.Braun JS, Novak R, Herzog KH, Bodner SM,
Cleveland JL, Tuomanen EI (1999) Neuroprotection
by a caspase inhibitor in acute bacterial meningitis.
Nat. Med. 5,298-302.

16. Brightbill HD, Libraty DH, Krutzik SR, Yang RB,
Belisle JT, Bleharski JR, Maitland M, Norgard
MYV, Plevy SE, Smale ST, Brennan PJ, Bloom BR,
Godowski PJ, Modlin RL (1999) Host defense
mechanisms triggered by microbial lipoproteins
through Toll-like receptors. Science 285, 732-736.

17.Byrne B, Swanson MS (1998) Expression of
Legionella pneumophila virulence traits in response to
growth conditions. Infect. Immun. 66, 3029-3034.

18.Chen LM, Kaniga K, Galan JE (1996) Salmonella
spp. are cytotoxic for cultured macrophages. Mol.
Microbiol. 21, 1101-1115.

19.Chow JC, Young DW, Golenbock DT, Christ WJ,
Gusovsky F (1999) Toll-like receptor-4 mediates
lipopolysaccharide-induced signal transduction. J.
Biol. Chem. 274, 10689-10692.

20.Clemens DL, Lee BY, Horwitz MA (2000) Deviant
expression of Rab5 on phagosomes containing the
intracellular pathogens Mycobacterium tuberculosis
and Legionella pneumophila is associated with altered
phagosomal fate. Infect. Immun. 68,2671-2684.

21. Clifton DR, Goss RA, Sahni SK, van Antwerp D, Baggs
RB, Marder VJ, Silverman DJ, Sporn LA (1998) NF-
kB-dependent inhibition of apoptosis is essential for
host cell survival during Rickettsia rickettsii infection.
Proc. Natl. Acad. Sci. USA 95, 4646-4651.

22.Cohen GM (1997) Caspases: the executioners of
apoptosis. Biochem. J. 326, 1-16.

23. Cosulich SC, Horiuchi H, Zerial M, Clarke PR, Woodman
PG (1997) Cleavage of rabaptin-5 blocks endosome
fusion during apoptosis. EMBO J. 16, 6182-6191.

24. Cotran RS, Kumar V, Collins T (1999) Cellular pathology
I: cell injury and cell death. In: Pathologic Basis of
Disease 6th ed. pp. 18-29. W.B. Saunders: Philadelphia.

25.Cover TL, Krishna US, Isracl DA, Peek Jr RM
(2003) Induction of gastric epithelial cell apoptosis
by Helicobacter pylori vacuolating cytotoxin. Cancer
Res. 63, 951-957.

26. Dellacasagrande J, Capo C, Raoult D, Mege JL (1999)
IFNy-mediated control of Coxiella burnetii survival in
monocytes: the role of cell apoptosis and TNF.
J. Immunol. 162, 2259-2265.

27.DeVoe IW, Gilchrist JE (1973) Release of endotoxin
in form of cell wall blebs during in vitro growth of
Neisseria meningitidis. J. Exp. Med. 138, 1156-1167.

28. Drabick JJ, Brandt BL, Moran EE, Saunders NB,
Shoemaker DR, Zollinger WD (1999) Safety and
immunogenicity testing of an intranasal group B
meningococcal native outer membrane vesicle vaccine
in healthy volunteers. Vaccine 18, 160-172.

29.Fan T, Lu H, Hu H, Shi L, McClarty GA, Nance
DM, Greenberg AH, Zhong G (1998) Inhibition of
apoptosis in Chlamydia infected cells: blockade of
mitochondrial cytochrome C release and caspase
activation. J. Exp. Med. 187, 487-496.

30. Flo TH, Halaas O, Lien E, Ryan L, Teti G, Golenbock
DT, Sundan A, Espevik T (2000) Human Toll-like
receptor 2 mediates monocyte activation by Listeria
monocytogenes, but not by group B streptococci or
lipopolysaccharide. J. Immunol. 164, 2064-2069.

31. Fratazzi C, Arbeit RD, Carini C, Remold HG (1997)
Programmed cell death of Mycobacterium avium serovar
4 infected macrophages prevents the mycobacteria from
spreading and induces mycobacterial growth inhibition
by freshly added, uninfected macrophages. J. Immunol.
158, 4320-4327.

32. Fredriksen JH, Rosenqvist E, Wedege E, Bryn K, Bjune G,
Froholm LO, Lindbak AK, Megster B, Namork E, Rye U
(1991) Production, characterization and control of MenB-

Braz. J. morphol. Sci. (2006) 23(1), 75-86



84 M. Lancellotti ef al.

Vaccine “Folkehelsa”: an outer membrane vesicle
vaccine against group B meningococcal disease. NIPH
Ann. 4, 67-80.

33. Gao LY, Abu Kwaik Y (1999a) Apoptosis in macrophages
and alveolar epithelial cells during early stages of
infection by Legionella pneumophila and its role in
cytopathogenicity. Infect. Immun. 67, 862-870.

34. Gao LY, Abu Kwaik Y (1999b) Activation of caspase-
3 during Legionella pneumophila-induced apoptosis.
Infect. Immun. 67, 4886-4894.

35.Gao LY, Abu Kwaik Y (2000) The mechanism of
killing and exiting the protozoan host Acanthamoeba
polyphaga by Legionella pneumophila. Environ.
Microbiol. 2, 79-90.

36. Gao LY, Harb OS, Abu Kwaik Y (1997) Utilization
of similar mechanisms by Legionella pneumophila to
parasitize two evolutionarily distant hosts, mammalian
and protozoan cells. Infect. Immun. 65, 4738-4746.

37. Gao LY, Stone BJ, Brieland JK, Abu Kwaik Y (1998)
Different fates of Legionella pneumophila pmi and mil
mutants within human-derived macrophages and alveolar
epithelial cells. Microb. Pathog. 25,291-306.

38.Gao LY, Susa M, Ticac B, Abu Kwaik Y (1999)
Heterogeneity in  intracellular  replication and
cytopathogenicity of Legionella pneumophila and
Legionella micdadei in mammalian and protozoan cells.
Microb. Pathog. 27, 273-287.

39. Grassme H, Kirschnek S, Riethmueller J, Riehle A, von
Kurthy G, Lang F, Weller M, Gulbins E (2000) Host
defense to Pseudomonas aeruginosa requires CD95/
CD95 ligand interaction on epithelial cells. Science 290,
527-530.

40. Guzman CA, Domann E, Rohde M, Bruder D, Darji
A, Weiss S, Wehland J, Chakraborty T, Timmis KN
(1996) Apoptosis of mouse dendritic cells is triggered by
listeriolysin, the major virulence determinant of Listeria
monocytogenes. Mol. Microbiol. 20, 119-126.

41. Haase R, Kirschning CJ, Sing A, Schréttner P, Fukase
K, Kusumoto S, Wagner H, Ruckdeschel K (2003) A
dominant role of Toll-like receptor 4 in the signaling of
apoptosis in bacteria-faced macrophages. J. Immunol.
171, 4294-4303.

42. Harb OS, Gao LY, Abu Kwaik Y (2000) From protozoa
to mammalian cells: a new paradigm in the life cycle of
intracellular bacterial pathogens. Environ. Microbiol. 2,
251-265.

43. Heine H, Kirschning CJ, Lien E, Monks BG, Rothe M,
Golenbock DT (1999) Cutting edge: cells that carry a null
allele for toll-like receptor 2 are capable of responding to
endotoxin. J. Immunol. 162, 6971-6975.

44. Hersh D, Monack DM, Smith MR, Ghori N, Falkow
S, Zychlinsky A (1999) The Salmonella invasin SipB
induces macrophage apoptosis by binding to caspase-1.
Proc. Natl. Acad. Sci. USA 96, 2396-2401.

45. Hilbi H, Moss JE, Hersh D, Chen Y, Arondel J, Banerjee
S, Flavell RA, Yuan J, Sansonetti PJ, Zychlinsky A (1998)
Shigella-induced apoptosis is dependent on caspase-1,
which binds to IpaB. J. Biol. Chem. 273, 32895-32900.

46.Hirschfeld M, Kirschning CJ, Schwandner R,
Wesche H, Weis JH, Wooten RM, Weis JJ (1999)

Braz. J. morphol. Sci. (2006) 23(1), 75-86

Cutting edge: inflammatory signaling by Borrelia
burgdorferi lipoproteins is mediated by toll-like
receptor 2. J. Immunol. 163, 2382-2386.

47. Hurley BP, Thorpe CM, Acheson DW (2001) Shiga toxin
translocation across intestinal epithelial cells is enhanced
by neutrophil transmigration. Infect. Immun. 69, 6148-
6155.

48.1slam D, Veress B, Bardhan PK, Lindberg AA,
Christensson B (1997) In situ characterization of
inflammatory responses in the rectal mucosae of patients
with shigellosis. Infect. Immun. 65, 739-749.

49.Jones BD, Ghori N, Falkow S (1994) Salmonella
typhimurium initiates murine infection by penetrating
and destroying the specialized epithelial M cells of
Peyer’s patches. J. Exp. Med. 180, 15-23.

50. Jones NL, Shannon PT, Cutz E, Yeger H, Sherman PM
(1997) Increase in proliferation and apoptosis of gastric
epithelial cells early in the natural history of Helicobacter
pylori infection. Am. J. Pathol. 151, 1695-1703.

51.Joza N, Susin SA, Daugas E, Stanford WL, Cho SK,
Li CY, Sasaki T, Elia AJ, Cheng HY, Ravagnan L, Ferri
KF, Zamzami N, Wakeham A, Hakem R, Yoshida H,
Kong YY, Mak TW, Zuniga-Pflucker JC, Kroemer G,
Penninger JM (2001) Essential role of the mitochondrial
apoptosis-inducing factor in programmed cell death.
Nature 410, 549-554.

52. Keane J, Balcewicz-Sablinska MK, Remold HG, Chupp
GL, Meck BB, Fenton MJ, Kornfeld H (1997) Infection
by Mycobacterium tuberculosis promotes human alveolar
macrophage apoptosis. Infect. Immun. 65,298-304.

53. Kim JM, Eckmann L, Savidge TC, Lowe DC, Witthoft
T, Kagnoff MF (1998) Apoptosis of human intestinal
epithelial cells after bacterial invasion. J. Clin. Invest.
102, 1815-1823.

54. Klingler K, Tchou-Wong KM, Brandli O, Aston C, Kim
R, Chi C, Rom WN (1997) Effects of mycobacteria on
regulation of apoptosis in mononuclear phagocytes.
Infect. Immun. 65, 5272-5278.

55. Kopp EB, Medzhitov R (1999) Toll-receptor family and
control of innate immunity. Curr: Opin. Immunol. 11, 13-
18.

56. Kornfeld H, Mancino G, Colizzi V (1999) The role of
macrophage cell death in tuberculosis. Cell Death Differ.
6, 71-78.

57. Koul A, Herget T, Klebl B, Ullrich A (2005) Interplay
between mycobacteria and host signalling pathways.
Nature Rev. Microbiol. 2, 189-202.

58. Kroemer G, Dallaporta B, Resche-Rigon M (1998)
The mitochondrial death/life regulator in apoptosis and
necrosis. Annu. Rev. Physiol. 60, 619-642.

59.Li H., Zhu H, Xu CJ, Yuan J (1998) Cleavage of BID by
caspase 8 mediates the mitochondrial damage in the Fas
pathway of apoptosis. Cell 94, 491-501.

60. Lien E, Sellati TJ, Yoshimura A, Flo TH, Rawadi G,
Finberg RW, Carroll JD, Espevik T, Ingalls RR, Radolf
JD, Golenbock DT (1999) Toll-like receptor 2 functions
as a pattern recognition receptor for diverse bacterial
products. J. Biol. Chem. 274, 33419-33425.



Bacteria-induced apoptosis 85

61. Liu X, Kim CN, Yang J, Jemmerson R, Wang X (1996)
Induction of apoptotic program in cell-free extracts:
requirement for dATP and cytochrome c. Cel/ 86, 147-
157.

62. Lundberg U, Vinatzer U, Berdnik D, von Gabain A,
Baccarini M (1999) Growth phase-regulated induction
of Salmonella-induced macrophage apoptosis correlates
with transient expression of SPI-1 genes. J. Bacteriol.
181, 3433-3437.

63. Luo X, Budihardjo I, Zou H, Slaughter C, Wang X (1998)
Bid, a Bcl2 interacting protein, mediates cytochrome ¢
release from mitochondria in response to activation of
cell surface death receptors. Cell 94, 481-490.

64. Mantis N, Prevost MC, Sansonetti P (1996) Analysis of
epithelial cell stress response during infection by Shigella
Sflexneri. Infect. Immun. 64,2474-2482.

65.Massari P, Ho Y, Wetzler LM (2000) Neisseria
meningitidis porin PorB interacts with mitochondria and
protects cells from apoptosis. Proc. Natl. Acad. Sci. USA
97, 9070-9075.

66. McGee ZA, Stephens DS, Hoffman LH, Schlech WF
3rd, Horn RG (1983) Mechanisms of mucosal invasion
by pathogenic Neisseria. Rev. Infect. Dis. 5 (Suppl. 4),
S708-S714.

67. Merrick JC, Edelson BT, Bhardwaj V, Swanson PE,
Unanue ER (1997) Lymphocyte apoptosis during early
phase of Listeria infection in mice. Am. J. Pathol. 151,
785-792.

68. Meyer TF (1999) Pathogenic neisseriae: complexity of
pathogen—host cell interplay. Clin. Infect. Dis. 28, 433-
441.

69. Mills SD, Boland A, Sory MP, van der Smissen P,
Kerbourch C, Finlay BB, Cornelis GR (1997) Yersinia
enterocolitica induces apoptosis in macrophages
by a process requiring functional type III secretion
and translocation mechanisms and involving YopP,
presumably acting as an effector protein. Proc. Natl.
Acad. Sci. USA 94, 12638-12643.

70. Molmeret M, Bitar DM, Han L, Abu-Kwaiki Y (2004)
Disruption of the phagossomal membrane and egress
of Legionella pneumophila into the cytoplasm during
the last stages of intracellular infection of macrophages
and Acanthamoeba polyphaga. Infect. Immun. 72, 4040-
4051.

71.Monack DM, Mecsas J, Bouley D, Falkow S
(1998) Yersinia-induced apoptosis in vivo aids in the
establishment of a systemic infection of mice. J. Exp.
Med. 188,2127-—2137.

72. Monack DM, Mecsas J, Ghori N, Falkow S (1997)
Yersinia signals macrophages to undergo apoptosis and
Yop] is necessary for this cell death. Proc. Natl. Acad.
Sci. USA 94, 10385-10390.

73. Muller A, Gunther D, Brinkmann V, Hurwitz R, Meyer
TF, Rudel T (2000) Targeting of the pro-apoptotic
VDAC-like porin (PorB) of Neisseria gonorrhoeae to
mitochondria of infected cells. EMBO J. 19, 5332-5343.

74. Muller A, Gunther D, Dux F, Naumann M, Meyer TF,
Rudel T (1999) Neisserial porin (PorB) causes rapid

calcium influx in target cells and induces apoptosis by the
activation of cysteine proteases. EMBO J. 18, 339-352.

75. Muller A, Hacker J, Brand BC (1996) Evidence for
apoptosis of human macrophage-like HL-60 cells by
Legionella pneumophila infection. Infect. Immun. 64,
4900-4906.

76. Muller A, Rassow J, Grimm J, Machuy N, Meyer TF,
Rudel T (2002) VDAC and the bacterial porin PorB
of Neisseria gonorrhoeae share mitochondrial import
pathways. EMBO J. 21, 1916-1929.

77.Newton K, Strasser A (2000) Cell death control in
lymphocytes. Adv. Immunol. 76, 179-226.

78. O’Connor L, Strasser A(1999) The Bcl-2 protein family.
Results Probl. Cell Differ. 23, 173-207.

79. Ojcius DM, Souque P, Perfettini JL, Dautry-Varsat A
(1998) Apoptosis of epithelial cells and macrophages
due to infection with the obligate intracellular pathogen
Chlamydia psittaci. J. Immunol. 161, 4220-4226.

80. Orth K, Palmer LE, Bao ZQ, Stewart S, Rudolph AE,
Bliska JB, Dixon JE (1999) Inhibition of the mitogen-
activated protein kinase kinase superfamily by a Yersinia
effector. Science 285, 1920-1923.

81. Qureshi ST, Gros P, Malo D (1999) Host resistance
to infection: genetic control of lipopolysaccharide
responsiveness by TOLL-like receptor genes. Trends
Genet. 15,291-294.

82. Proulx F, Seidman EG, Karpman D (2001) Pathogenesis
of Shiga toxin-associated hemolytic uremic syndrome.
Pediatr: Res. 50, 163-171.

83. Raqib R, Gustafsson A, Andersson J, Bakhiet M (1997)
A systemic downregulation of y-interferon production
is associated with acute shigellosis. Infect. Immun. 65,
5338-5341.

84. Reed JC (1998) Bcl-2 family proteins. Oncogene 17,
3225-3236.

85. Richter-Dahlfors A, Buchan AM, Finlay BB (1997)
Murine salmonellosis studied by confocal microscopy:
Salmonella typhimurium resides intracellularly inside
macrophages and exerts a cytotoxic effect on phagocytes
in vivo. J. Exp. Med. 186, 569-580.

86. Rogers HW, Callery MP, Deck B, Unanue ER (1996)
Listeria monocytogenes induces apoptosis of infected
hepatocytes. J. Immunol. 156, 679-684.

87.Rojas M, Barrera LF, Puzo G, Garcia LF (1997)
Differential induction of apoptosis by virulent
Mycobacterium tuberculosis in resistant and susceptible
murine macrophages: role of nitric oxide and
mycobacterial products. J. Immunol. 159, 1352-1361.

88. Rojas M, Olivier M, Gros P, Barrera LF, Garcia LF
(1999) TNF-a. and IL-10 modulate the induction of
apoptosis by virulent Mycobacterium tuberculosis in
murine macrophages. J. Immunol. 162, 6122-6131.

89. Rolland K, Lambert-Zechovsky N, Picard B, Denamur
E (1998) Shigella and enteroinvasive Escherichia coli
strains are derived from distinct ancestral strains of E.
coli. Microbiology 144,2667-2672.

90. Ruckdeschel K, Roggenkamp A, Lafont V, Mangeat P,
Heesemann J, Rouot B (1997) Interaction of Yersinia
enterocolitica with macrophages leads to macrophage

Braz. J. morphol. Sci. (2006) 23(1), 75-86



86

9L

92.

93.

94.

95.

96.

97.

98.

99.

M. Lancellotti ef al.

cell death through apoptosis. Infect. Immun. 65, 4813-
4821.

Rudi J, Kuck D, Strand S, von Herbay A, Mariani SM,
Krammer PH, Galle PR, Stremmel W (1998) Involvement
of the CD95 (APO-1/Fas) receptor and ligand system in
Helicobacter pylori-induced gastric epithelial apoptosis.
J. Clin. Invest. 102, 1506-1514.

Salama NR, Otto G, Tompkins L, Falkow S (2001)
Vacuolating cytotoxin of Helicobacter pylori plays a role
during colonization in a mouse model of infection. Infect.
Immun. 69, 730-736.

Sansonetti PJ, Arondel J, Cavaillon JM, Huerre M (1995)
Role of interleukin-1 in the pathogenesis of experimental
shigellosis. J. Clin. Invest. 96, 884-892.

Schesser K, Spiik AK, Dukuzumuremyi JM, Neurath
ME, Pettersson S, Wolf-Watz H (1998) The yopJ locus
is required for Yersinia mediated inhibition of NF-
kB activation and cytokine expression: YopJ contains
a eukaryotic SH2-like domain that is essential for its
repressive activity. Mol. Microbiol. 28, 1067-1079.
Schmitz I, Kirchhoff S, Krammer PH (2000) Regulation
of death receptor-mediated apoptosis pathways. Int. J.
Biochem. Cell. Biol. 32, 1123-1136.

Schroder NW, Opitz B, Lamping N, Michelsen
KS, Zahringer U, Gobel UB, Schumann RR (2000)
Involvement of lipopolysaccharide binding protein,
CD14, and Toll-like receptors in the initiation of
innate immune responses by Treponema glycolipids. J.
Immunol. 165, 2683-2693.

Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow
BE, Brothers GM, Mangion J, Jacotot E, Costantini
P, Loeffler M, Larochette N, Goodlett DR, Aebersold
R, Siderovski DP, Penninger JM, Kroemer G (1999)
Molecular characterization of mitochondrial apoptosis-
inducing factor. Nature 397, 441-446.

Underhill DM, Ozinsky A, Smith KD, Aderem A (1999)
Toll-like receptor-2 mediates mycobacteria-induced
proinflammatory signaling in macrophages. Proc. Natl.
Acad. Sci. USA 96, 14459-14463.

Valente E, Assis MC, Alvim IM, Pereira GM, Plotkowski
MC (2000) Pseudomonas aeruginosa induces apoptosis
in human endothelial cells. Microb. Pathog. 29, 345-
356.

100. van Deuren M, van der Ven-Jongekrijg J, Bartelink AK,

101.

102.

van Dalen R, Sauerwein RW, van der Meer JW (1995)
Correlation between proinflammatory cytokines and
anti-inflammatory mediators and the severity of disease
in meningococcal infections. J. Infect. Dis. 172, 433-
439.

van Putten JP, Duensing TD, Carlson J (1998)
Gonococcal invasion of epithelial cells driven by P.IA,
a bacterial ion channel with GTP binding properties. J.
Exp. Med. 188, 941-952.

Waage A, Brandtzaeg P, Halstensen A, Kierulf P,
Espevik T (1989) The complex pattern of cytokines in

Braz. J. morphol. Sci. (2006) 23(1), 75-86

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

serum from patients with meningococcal septic shock.
J. Exp. Med. 169, 333-338.

Wang TC, Goldenring JR, Dangler C, Ito S, Mueller
A, Jeon WK, Koh TJ, Fox JG (1998) Mice lacking
secretory phospholipase A, show altered apoptosis
and differentiation with Helicobacter felis infection.
Gastroenterology 114, 675-689.

Weinrauch Y, Zychlinsky A (1999) The induction of
apoptosis by bacterial pathogens. Annu. Rev. Microbiol.
53, 158-187.

Wright SD, Ramos RA, Tobias PS, Ulevitch RJ,
Mathison JC (1990) CD14, a receptor for complexes
of lipopolysaccharide (LPS) and LPS binding protein.
Science 249, 1431-1433.

Xiang J, Chao DT, Korsmeyer SJ (1996) BAX-induced
cell death may not require interleukin 1f-converting
enzyme-like proteases. Proc. Natl. Acad. Sci. USA 93,
14559-14563.

Yang YL, Li XM (2000) The IAP family: endogenous
caspase inhibitors with multiple biological activities.
Cell Res. 10, 169-177.

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang
M, Goddard A, Wood WI, Gurney AL, Godowski PJ
(1998) Toll-like receptor-2 mediates lipopolysaccharide-
induced cellular signalling. Nature 395, 284-288.
Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski
R, Golenbock D (1999) Cutting edge: recognition of
Gram-positive bacterial cell wall components by the
innate immune system occurs via Toll-like receptor 2.
J. Immunol. 163, 1-5.

Zhang Y, Ting AT, Marcu KB, Bliska JB (2005)
Inhibition of MAPK and NFkB pathways is necessary
for rapid apoptosis in macrophages infected with
Yersinia. J. Immunol. 174, 7939-7949.

Zou H, Henzel WJ, Liu X, Lutschg A, Wang X (1997)
Apaf-1, a human protein homologous to C. elegans
CED-4, participates in cytochrome C-dependent
activation of caspase 3. Cell 90, 405-413.

Zychlinsky A, Sansonetti PJ (1997) Apoptosis as a
proinflammatory event: what we can learn from bacteria-
induced cell death. Trends Microbiol. 5, 201-204.
Zychlinsky A, Thirumalai K, Arondel J, Cantey JR,
Aliprantis AO, Sansonetti PJ (1996) In vivo apoptosis
in Shigella flexneri infections. Infect. Immun. 64, 5357-
5365.

Zychlinsky A, Fitting C, Cavaillon JM, Sansonetti PJ
(1994) Interleukin 1 is released by murine macrophages
during apoptosis induced by Shigella flexneri. J. Clin.
Invest. 94, 1328-1332.

Zychlinsky A, Prevost MC, Sansonetti PJ (1992)
Shigella  flexneri induces apoptosis in infected
macrophages. Nature 358, 167-169.

Received: November 28, 2005
Accepted: February 23, 2006



