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Pathogenic and Opportunistic Respiratory Bacteria-Induced Apoptosis
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Several pathogenic or opportunistic bacteria have the ability to either induce or inhibit host cell apoptosis. The
capacity to modulate cell pathways that result in the induction or delay of host cell apoptosisis considered to be an
important bacterial virulence mechanism. These processes could be mediated by different host cell signaling
pathways that are subverted by the bacteria. Pathogens ar e able to activate apoptotic proteins, such as caspases, or
inactivate anti-apoptotic proteins, such as NFkB and the MAPKKSs, or even up-regulate the endogenous receptor/
ligand system that induces apoptosis, generally when the bacteria are bound to the host cell surface. The bacteria-
induced apoptotic or anti-apoptotic processes ar e often related with the fact that the bacteria acquire the ability to
reach the host tissues. However, apoptosis is also considered to be a host defense mechanism against infectious
agents. Thus, the apoptosis phenomenon plays a central role in host-pathogen interactions.
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Apoptosis is defined as cell death activated by an
internally controlled suicide program. Itisasubtly orchestrated
disassembly of cellular components designed to eliminate
unwanted cellsduring embryogenesisin various physiol ogical
processes. Bacteria are able to trigger apoptosis through a
great variety of mechanisms, including the secretion of
compounds such asprotein synthesisinhibitors, poreforming
proteins, molecules responsible for the activation of the
endogenous death machinery in the infected cell, and super
antigens. Because many enzymes and signal transduction
pathways mediating apoptosis have been extensively
described in several recent reviews, wewill restrict the present
review to molecules started by bacteriainvolved in apoptosis.
The first group of enzymes involved in many forms of
apoptosis, including bacteria-induced apoptosis, are the
caspases [1]. These host cell cytoplasmatic enzymes are
proteases that cleave many cellular proteins, which lead to
changes in the membrane that include alterations to the
membrane symmetry, mitochondrial changes, and DNA
fragmentation. Mitochondriaare also key playersin apoptosis
[2], since they depolarize, swell, and release pro-apoptotic
factors during thisprocess. The pro-apoptotic factorsinclude
cytochrome C and the apoptosis inducing factor (AIF) [3].
Cytochrome C associates with a scaffold protein APAF-1,
leading to the activation of caspase 3 and the execution of cell
deathAlFisabletotrigger cell death independent of caspases,
by direct translocation to the nucleus and induction of DNA
fragmentation [4]. Also, the CD95 or TNF-receptor employs
theactivation of caspase8totrigger further downstream events
such as mitochondrial changes and/or caspase 3 activation,
whereas primary DNA damage seems to mediate apoptosis
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primarily via mitochondria, followed by activation of
“execution” caspases. Pro-apoptotic molecules are balanced
by anti-apoptotic factors, being the“Inhibitors of Apoptosis’
(IAPs) and the Bcl-2-like proteins among the most important
anti-apoptotic factors. IAPs are able to associate with and
directly inhibit caspases [5] but a regulation by bacterial
factorsispresently unknown. Bcl-2-like proteins constitute a
whole family of proteins comprising pro- and anti-apoptotic
members. The Bcl-2 factor, Bcl-xL, and other membersprevent
apoptosisby many stimuli, whereas Bim, Bax, Bad, and other
members promote apoptosis[6]. The mode of action of Bcl-2-
likeproteinsisstill unclear.

Mechanisms of bacteria-induced apoptosis employing the
host machinery will be discussed in the case of Pseudomonas
aeruginosa, Neisseria meningitidis, Haemophilus influenza,
Legionella pneumophila, Mycobacterium tuberculosis,
Streptococcus pneumoniae have been shown to trigger
apoptosis. However, wewould liketo focuson afew bacteriato
demonstrate the paradigms of the bacteria-induced activation of
the host cell machinery toward apoptosis, asshownin Figure 1.

TheRespiratory Bacteria-Induced Apoptosis
Pseudomonas aeruginosa

A distinct mechanism is employed by Pseudomomas
aeruginosato trigger the cell death of infected host epithelial
cells. P. aeruginosa is considered to be one of the most
important bacteriain clinical practice becauseit isresistant to
many antibiotics and plays a crucia role in life-threatening
infections of immunocompromised patients. However, most
important arethe pulmonary P. aeruginosainfectionsof patients
with cysticfibrosis. Almost all patientswith thisdisease develop
chronic P. aeruginosa infections, which causelung destruction
and the patient’s premature death. Upon infection of epithelial
cellsinvitroor invivo, P. aeruginosainduces up-regul ation of
the CD95/CD95 ligand onthecell surface[8]. The CD95/CD95
ligand systemisoneof the most important endogenous receptor
ligand pairs triggering apoptosis. The up-regulation of CD95
and the CD95 ligand on cells infected with P. aeruginosa
depends on thefunction of thetypelll secretion system. When
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Figur e 1. The main mechanisms of bacteriainduced cell apoptosis. Thetraced linesrepresent the cellular plasmatic membrane.
The apoptotic pathways induced by Neisseria meningitidis, Mycobacterium tuberculosis, Streptococcus pneumonia,
Haemophilusinfluenza (activation of TLR2/TLR4 and further NFkB production), Pseudomonas aer uginosa (CD45 and caspase
8 activation) and Legionella pneumophila (intracellular pathogen with direct caspase 3 activation). Based in Gao and Abu-

Kwak([7].
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the bacterialack thissecretion system, they almost fail to trigger
gpoptosisinepithelia cells. Binding of CD95 by the CD95 ligand
upon up-regulation induces the activation of caspases8 and 3,
release of mitochondria cytochrome C, and JUNK activation.
Furthermore, reactive oxygen intermediates seemto beimportant
in the induction of P. aeruginosa-triggered death. The
significance of the CD95/CD95 ligand system for P. aeruginosa-
triggered cell death is shown by genetic studies employing
cellsor micegenetically deficient in functional CD95 or CD95
ligand. In vivo epithelia cells obtained from CD95- or CD95
ligand- deficient mice or exvivo fibroblastslacking either CD95
or the CD95 ligand failed to respond to infections by P.
aeruginosa with an induction of apoptosis[9].
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Neisseria meningitidis

The pathogenesis of Neisseria meningitidis and
Neisseria gonorrhoeae requirestheir interaction with human
cellsand cellular barriers. These pathogensinteract with blood,
plasma, and exudate fluids, and they also adhereto and invade
epithelial and endothelial cells [10-13]. Severa Neisseria
components are involved in the modulation of pathogen—
host cell interactions, including type IV pili, Opa proteins,
and porins. There is contrasting information regarding the
effects of neisserial porinson apoptosis. Muller et al. [14-16]
demonstrated that the N. gonorrhoeae porin PorB1B interacts
with HeL acell mitochondriaand induces cal cium efflux and
apoptosis. However, it has been shown that meningococcal
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PorB caninteract with mitochondria, thushaving aprotective
effect against the induction of apoptosis by treatment with
staurosporine (STS) [17]. There are several explanations for
the contrasting effects of N. gonorrhoeae PorB1B and N.
meningitidis PorB on the susceptibility to apoptosis. These
include actual differencesinthetwo porins, differencesinthe
purification of the porins, differences in the cell culture
conditions (especially the absence or presence of fetal bovine
seruminthe culture medium) [14-17], and intrinsic differences
between the cell linesused in the experiments. The mechanism
by which neisserial porinsactivatelymphocytesB isprobably
related to their adjuvant activity, which would be attenuated
if apoptosiswasalso induced. Therefore, inhibition of immune
cell apoptosis by neisserial porins could be inherent in their
immunopotentiating ability. Moreover, because pathogenic
Neisseria has been shown to invade host cells, blocking host
cell apoptosismight giveenough timefor the pathogen to adapt
tothe new environment and multiply to sufficient levels, which
will promote further infection. Additionally, the loss of
intracellular ions, particularly potassium, playsaprimary rolein
apoptosis, and a deeper understanding of the role of ion
channelsand plasmamembranetransportersin cellular signaling
during apoptosis could have important physiological
implications for lymphocyte function. Thisinformation could
beimportant for the design of therapeutic strategiesfor several
diseases of theimmune system, in which apoptosisisinvolved.
Another pathogenic mechanism aso involved in Neisseria
apoptosis is the meningococcal LOS integrated in the outer
membrane, whichisreleased asvesiclesor “blebs’ from surplus
outer membranemateriad [18,19]. Nativeouter membranevesicles
(OMV's) contain 24%-50% L PSrel ativeto the protein, whereas
purified OMVsfrom N. meningitidis, which are partly detoxified
so that they can be used for vaccination purposes, contain 5%-
9% LOSrelative to their protein content. Recently, two strong
candidates for the LOS signaling protein have been identified
inmyeloid cellsand have been termed Toll-likereceptor-2 and 4
(TLR2and TLR4) [20]. TLRZisinvolvedinthe[21], and bacteria
products such as lipopeptides [22]. As for TLR4, it has been
shown to mediate the effect of Gram-negative bacteriaby LPS
[23] together withCD14[24].

Mycobacterium tuberculosis

Mycobacterium tuberculosis induces apoptosis in
macrophages both in vitro and in vivo via a TNFo and
caspase-1-dependent pathway [25,26]. Both TNFo production
by macrophages and induction of apoptosisin macrophages
are mediated by binding of the mycobacterial cell wall
components and/or lipoproteins to the Toll-like receptor-2
(TLR-2) [27]. However, itisnot clear whether theseinteractions
alsoresult in apoptosis, particul arly because most pathogenic
bacteria have lipoproteins. Nevertheless, some components
of themycobacterial cell wall alsoinfluence apoptosis caused
by this pathogen. This influence can be exemplified by the
lipoarabinomannan — LAM [28,29]. Thismoleculeisableto
activate the apoptotic cycle throughout phosphorylation of

the Bad protein, preventing binding to the anti-apoptotic
proteinsBcl2 and Bel X [30].

M. tuberculosis also protects cells against apoptosis via
two key pathways: induction of the TLR-2-dependent
activation of the NFkB cell survival pathway and enhancement
of the production of the soluble TNF receptor 2 (STNFR2),
which neutralizesthe pro-apoptotic activity of TNFo. [31,32].
Therefore, modulation of the apoptotic pathways by M.
tuberculosis is complex and includes both the induction of
cell-death and cell-survival signals. Whether the pro- and anti-
apoptatic activities are manifested during different stages of
theinfection isunknown. The modulation of apoptosisby M.
tuberculosis and its direct and overlapping effects on the
immune system are likely to play key rolesin pathogenesis.

M acrophage apoptosis occurswithin the granuloma. This
histological process seems to favor host immunity, but M.
tuberculosis is capable of partially suppressing it. The pro-
and anti-apoptotic activities of M. tuberculosis, which are
possibly manifested during different stages of the infection,
could be necessary for the establishment of a persistent
infection. Vaccines and immunotherapies that result in
increased levels of macrophage apoptosis within the
granuloma may be able to tip the balance away from the M.
tuberculosis virulence toward a successful host immune
response. Alternatively, increased knowledge of thesignaling
pathways and effector mechanism(s) triggered during
apoptosis should lead to new immunotherapies that could
stimulate macrophagesto kill M. tuberculosis[30].

In conclusion, apoptosis induction by M. tuberculosis is
divided into three main events, the arrest under phagosomal
maturation (performed by the calciumionsand the cytoplasmatic
protein- calmodulin), the anti-apoptotic response (where the
Bcl proteins are involved), and the suppression of host cell
antibacterial response (role played by MAPKK) [33]. Thus,
Mycobacterium species are well adapted to the hostile
environment of phagocytic cells, and they use several survival
strategieswithin host cells not seeninthe case of other bacteria.
A clear understanding of the interaction mechanisms between
mycobacteriaand host cells still hasto be gained.

Legionella pneumophila

The agent of the Legionnaire’s disease, Legionella
pneumophila, invades and replicates within the alveolar
macrophages, monocytesand, possibly, aveolar epithelia cells.
In vitro studies have shown that L. pneumophila, as well as
Legionella micdadei, induces apoptosis in macrophages and
alveolar epithelia cells. The expression of apoptosis-inducing
factor(s) by L. pneumophila seems to be regulated by the Dot/
Icm type 1V-like secretion system, because several dot/icm
mutantsfail toinduce apoptosis. Thus, L. pneumophila-induced
apoptosis via cell contact might be mediated by binding of the
pathogen to the common receptor on macrophagesand epithelial
cells, or viatrand ocation of an effector protein through the Dot/
Icm secretion system [7,34-37]. Although the induction of
macrophage apoptosisby L. pneumophilaisaconstitutive event,
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necrosis mediated by the Legionella pore-forming toxin is
temporarily triggered upon termination of bacterial proliferation
[7,34-37]. Thiscould represent acoordinated strategy employed
by thisintracellular pathogen to invade, proliferate within, and
eventually exit from the spent host cell. It is possible that L.
pneumophila-induced apoptosis plays a role in intracellular
trafficking and evasion of endocytic fusion, at least during the
early stages of theinfection. L. pneumophila completely blocks
maturation of its phagosome along the endosomal-lysosomal
degradation pathway [38]. Apoptosis induced by some
facultativeintracellular bacteriathat block endocytic fusion (such
asLegionella) could play arolein modulating the biogenesis of
their vacuolesintoidiosyncratic nichespermissivefor intracd lular
proliferation. It isnoteworthy that the ability of L. pneumophila
to proliferate intracellularly and kill the host cell by apoptosis
and necrosis in in vitro tissue culture does not go checked in
vivo. A large proportion of Legionnaire's disease patients are
immunocompromised, and several host immune responses are
activated and are effective againgt infection by L. pneumophila.
Therefore, although L. pneumophila seemsto bean uncontrolled
pathogen under in vitro experimental conditions, itsfatein vivo
iscontrolled at complex levels, which presumably involvesboth
bacterial and host effectors mechanisms, such as INFy. During
the early stagesof infection and the exponentia replication of L.
pneumophila, bacteria induce the activation of caspase-3 by a
Dot/Icm-dependent processwithout driving theinfected cell into
apoptotic death. At any infection stage, intracellular replication
is ceased when apoptosisistriggered in the host cell either by L.
pneumophila or via caspase-3 activation by pharmacological
agents. Also, high caspase-3 activation is observed throughout
the pathogen exponentia intracellular replication. Caspase-3
binds to the apoptotic cell in the late stages of infection,
concomitant with thetermination of intracellular replication[39].

Nevertheless, it isknown that amoebae cellsare the natural
hosts of L. pneumophila in the environment [38]. L.
pneumophila does not induce apoptosisin amoebae, although
amoebae are capable of undergoing apoptosis upon proper
stimulation. In contrast with the biphasic killing of mammalian
cells, L. pneumophila kills amoebae during the | ate stages of
the infection exclusively via necrosis mediated by pore-
forming toxins. Thismodeof killing isessentid for thebacteria
to egress the protozoan host upon termination of the
replication [35]. L. pneumophila disrupts the phagosomal
membrane and becomes cytoplasmic at the last stages of
infection in both macrophages and Acanthamoeba
polyphaga. Lysosomal elements, mitochondria, cytoplasmatic
vesicles, and amorphous material areall dispersed among the
bacteria after phagosomal disruption, within both human
macrophages and A. polyphaga [40].

Haemophilus influenzae

In non-typeable Haemophilus influenzae (NTHi) is
described as involved in inducing-apoptosis in host by
induction of epidermal growth factor receptor (EGFR). TheEGFR
has an important role in regulating human Toll-like receptors

(TLRs), however, it remainsunknown. The TLR2 playsacrucial
rolein host defense against both Gram-positive and -negative
bacteria. Although under physiological conditions TLR2 is
expressed at alow level inepithelia cells, itsexpressionisgreatly
up-regulated during bacteria infectionsviaan NF-xB-dependent
manner [41-43]. Thefinding that TLR2 isgreatly induced from
low to high levels during bacterial infection may have several
important implications in host defense and immune response
againgt bacteria. First, the very low expression of TLR2 we
observed in unstimulated epithelia cells is likely to be an
important aspect of TLR2 function because under limiting
conditions the cellular responses to pathogen-associated
molecular patterns could be more stringently regulated by
controlling theamountsof TLR protein produced [44]. Second,
theincreased TLR2 expression will probably contributeto the
accel erated immune response by epithelial cellsaswell asthe
resensitization of epithelial cellsto invading pathogens. If so,
tight regulation of TLR2 expression should be one of the
important immune-regul atory mechanismscommonly involved
in host defense against many bacterial strains[45]. Despitethe
extengvestudiesontherolesof TLRin host defenseandimmune
response, how the expression of TL R during bacterial infections
istightly regulated still remains largely unknown. Given the
important role that EGFR plays in mediating physiological
cellular responses such as proliferation and differentiation, its
role in regulating pathological cellular response such as host
defense and immune response al so remains poorly understood
[46-49]. Theroleof EGFR signalinginregulating TLR, thehost
defense receptor, istotally unclear. Mikami et al. [50] showed
for the first time that EGFR acts as a negative regulator for
TLR2 induction by the bacterium nontypeable Haemophilus
influenzae (NTHi) invitroandin vivo. The negativeregulation
of TLR2 induction by EGFR ismediated viaan Src-MKK 3/6-
p380/BMAP kinase-dependent mechanism. Moreover, direct
activation of EGFR signaling by the bacterium NTHi-derived
EGF-like factor appears to be responsible for triggering the
downstream Src-MKK3/6-p38 MAPK signaling, whichinturn
leads to the negative regulation of TLR2 induction. Finally,
exogenous EGF increasesNTHi invasion of host epithelia cells,
thereby demonstrating the biological significance of TLR2
regulation by EGFR signaling [50].

Streptococcus pneumoniae

Sreptococcus pneumoniae is one of the most common
and most aggressive causes of pneumonia and sepsis, and it
represents one of the most frequent and most disastrous
pathogens in bacterial meningitis. A major exotoxin of
Sreptococcus pneumoniae is pneumolysin [51]. This toxin
colocalized with mitochondrial membranes, altered the
mitochondrial membrane potential, and caused the rel ease of
apoptosis-inducing factor and cell death. Also, proinflammatory
effects of pneumolysin include complement activation,
enhanced activation of neutrophils, and increased production
of proinflammatory mediators such as tumor necrosis factor
apha, interleukin-1a, and nitric oxide[52]. Pneumolysin activates
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theinnateimmune system through Toll-like receptor 4 (TLR4)
[53] and described as induced neuronal apoptosis without
activating caspase-1, -3, or -8. However, the pneumolysin
functionsasamitochondrial toxin isconsidered asadeterminant
of caspase-independent apoptosis [21].

Other pneumococci virulence factors are involved in cell
induced-apoptosis as the capsular polysaccharide
[polysaccharide capsule decreases phagocytosis dependent
macrophage apoptoss, thelevel of whichisdirectly proportional
tothenumber of intracellular bacteria[54]. For bronchid epithelia
cells[55,56] and endothelia cells[55], an unencapsul ated mutant
induces apoptosis but its capsulated parental strain induces
necrosis. Polysaccharide capsule aso inhibits dendritic cell
apoptosisfollowing exposure to pneumococci [57].

Also the pneumococcal cell wall, may mediate apoptosis
in brain microvascular endothelial cells causes a delayed
caspase-dependent TLR2-mediated apoptosis [58]. Similar
mechanismsarelikely to explain thelate-onset apoptosiswhich
is afeature of exposure of dendritic cells to extracellular sub-
capsular pneumococcal componentsand heat-killed bacteria[57].
In macrophages there exists alow-level of apoptosisfollowing
exposureto non-opsonised largely extracellular bacteria[54]. Still,
the production hydrogen peroxide by the pneumococcusinduces
cell death in neurons, microglia and brain microvascular
endothelial cells [21,58-60] also studied a variety of other
pneumococca factors in the induction of microglia apoptosis
andfound norolefor cholinebinding proteinA, autolysin, surface
IgA protease, zinc metalloprotease, pneumococcal surface
antigen A or the comA gene involved in DNA transformation
[60]. In monocyte-derived macrophagesautolysin, neuraminidase
or hyauronidase did not influence apoptosisinduction [54].

ConcludingRemarks

In thisreview we have described the main differences and
similarities encountered in the mechanismsused by bacteriato
induce apoptotic or anti-apoptotic effectsin host cells. These
mechanismswere explored by comparing theapoptosis pathway
in host cells by facultative intracellular (Legionella and
Mycobacterium), and extra cellular bacteria (Pseudomonas,
Neisseria meningitidis, Haemophilus influenzae and
Streptococcus pneumoniae). The main eventstriggered by the
microorganisms discussed here are specific for each pathogen
and could be summarized in the activation of caspases,
mithocondrial aterations, and the action of the MAPK kinases.

Knowledge of these processes could give rise to ways of
inhibiting the apoptotic process and provide uswith new toolsfor
treating severd diseases caused by bacterid pathogens. Thiscould
decrease or diminate the damages caused by these bacteriainthe
infected host. Thus, el ucidation of the major mechanismsinvolved
in the induction of apoptosis; i.e, the signaing pathways, the
cellular receptors and/or the bacterid factors involved in this
process could revea new targets for therapy with the purpose of
blocking the apoptotic event. For this reason, apoptosis should
be considered a mgjor theme in cellular microbiology and in
infectious diseases, thus deserving further studies.
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