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Abstract

The ability of bacterial pathogens to inhibit apoptosis in eukaryotic cells during infection is an
emerging theme in the study of bacterial pathogenesis. Prevention of apoptosis provides a survival
advantage because it enables the bacteria to replicate inside host cells. Bacterial pathogens have
evolved several ways to prevent apoptosis by protecting the mitochondria and preventing cytochrome
c release, by activating cell survival pathways, or by preventing caspase activation. This review
summarizes the most recent work on bacterial anti-apoptotic strategies and suggests new research
that is necessary to advance the field.

Bacterial pathogens and apoptosis

The ultimate goal of all pathogens is to establish a site, or a replicative niche, in the host where
the pathogen can multiply. Bacterial pathogens possess unique traits that provide a survival
advantage upon infection of the host. Some pathogens manipulate the immune response,
whereas others attempt to avoid recognition. Some bacteria induce apoptosis in host cells. The
ability of certain bacteria to prevent apoptosis has recently emerged as a new theme in
pathogenesis.

Apoptosis, or programmed cell death, is a natural phenomenon that occurs regularly in
multicellular organisms [1,2]. Apoptosis is characterized by DNA fragmentation, chromatin
condensation, cytoplasmic shrinkage, and cell death without lysis or damage to neighboring
cells. Apoptosis, which is activated by intrinsic and extrinsic pathways (Figure 1), differs from
other forms of cell death [3,4].

Bacteria, viruses [5] and parasites [6] can either induce or prevent apoptosis to augment
infection. Many bacterial pathogens that cause apoptosis target immune cells such as
macrophages [7] and neutrophils [8] because these cells would otherwise kill the pathogens
[9,10]. Bacterial induction of apoptosis has been studied extensively, and several
comprehensive reviews on pro-apoptotic bacterial pathogens are available [10,11]. However,
new research has shown that many bacterial pathogens can in fact prevent apoptosis during
infection. This research grew out of the observations that some organisms induce cell death in
one cell type but not so in others (see below). It is becoming more evident that the ability to
inhibit apoptosis during infection provides the bacterial pathogen with a survival tool in vivo.
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Given that there are now many examples of apoptosis inhibition during bacterial infection
(Table 1, Figure 2), we review the various ways that bacterial pathogens inhibit apoptosis.
Bacterial pathogens can be grouped into three classes based on the mechanisms employed to
inhibit apoptosis. Here, we describe these three mechanisms and provide examples of bacterial
pathogens that employ each method. The diversity of bacterial pathogens that inhibit apoptosis
and the multiple mechanisms they have evolved underscore the importance of this trait to
bacterial pathogenesis.

Protection of the mitochondria and prevention of cytochrome c release

One mechanism utilized by Chlamydia and Neisseria to prevent apoptosis is the use of a
secreted product that prevents cytochrome c release. This mechanism has been studied
extensively in Chlamydia [12-14]. Infected epithelial cells were exposed to either
staurosporine (STS) or ultraviolet (UV) irradiation to determine if the bacteria can prevent
apoptosis induced by these stimuli. Initially, it was discovered that Chlamydia trachomatis
inhibits the pro-apoptotic host proteins Bax and Bak and prevents them from permeabilizing
the mitochondrial membrane. Cytochrome c release and subsequent caspase activation are
inhibited in infected cells [12]. Further research indicated that Chlamydia targets pro-apoptotic
proteins with a BH3 domain (i.e. Bik, Puma and Bim) for degradation [15-17]. The chlamydial
proteasome-like activity factor (CPAF), a protease that is secreted by C. trachomatis, was
identified as the bacterial product required for the degradation of the pro-apoptotic proteins
[18]. In addition, Chlamydia could also upregulate the inhibitor of apoptosis proteins (IAPS)
when tumor necrosis factor o (TNF-a) was used as an inducer of the extrinsic pathway of
apoptosis [19]. It is unknown if both CPAF and upregulation of the IAPs are required for the
anti-apoptotic activity of Chlamydia, and this should be addressed. Moreover, protein
interaction studies of CPAF and BH3 domain proteins might shed light on how Chlamydia
specifically targets these host factors.

Inaddition to blocking apoptosis, Chlamydia-infected cells continue to undergo DNA synthesis
and mitosis up to 40 h post-infection, which aids in establishing a persistent infection [20].
Preventing apoptosis would help ensure that the eukaryotic cell continues to divide in the
presence of apoptotic signals from the host (see Concluding Remarks, below). Obligate
intracellular pathogens like Chlamydia rely on the survival of the host cell. Therefore, it is
important not only to inhibit apoptosis, but also to ensure that the cell maintains the division
cycle given that cell cycle arrest often leads to apoptosis. It would be interesting to determine
if Chlamydia still prevents apoptosis in non-dividing cells. Identification of bacterial proteins
required for maintaining mitosis and evaluation of whether these proteins are required for or
complement apoptosis inhibition should be performed to further our understanding of apoptosis
inhibition and persistent infection.

Neisseria also inhibits apoptosis by preventing cytochrome c release [21,22]. Neisseria
meningitidis uses its outer membrane protein porin PorB to prevent apoptosis by targeting it
to the mitochondria, which results in inhibition of cytochrome c release. When Neisseria-
infected HelL a cells are incubated with STS, mitochondrial integrity remains, there is no
cytochrome c release, and a normal mitochondrial membrane potential is maintained [22]. In
addition, when purified PorB is incubated with host cells for 24 h, PorB enters the cell and
prevents STS-induced apoptosis. Purified PorB localizes to the mitochondrial membrane and
PorB co-immunoprecipitates with the mitochondrial protein voltage-dependent anionic
channel (VDAC), which is acomponent of the mitochondrial permeability transition pore (PT).
The authors suggested that PorB interacts directly with the mitochondrial PT or indirectly with
the PT by binding to VDAC, and that this interaction stabilizes the mitochondria in the presence
of STS [21]. Since this publication, however, additional studies on the PT and the role of
VDAC:s [23,24] suggest that VDACs might not be important for mitochondrial membrane
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permeabilization during cell death. Therefore, PorB localizes to some other protein in the PT
and how PorB specifically interacts with the PT to prevent STS-induced apoptosis remains to
be determined.

The PorB homolog in Neisseria gonorrhoeae, porin IB, also translocates to the mitochondria,
but one group found that it causes apoptosis in Jurkat T cells and HeLa cells [25]. However,
Massari et al. [21] speculated that differences in cell types or porin purification explain the
discrepancies between the results. In addition, serum deprivation was used, which makes the
cells more sensitive to stress and apoptotic stimuli. Massari et al. repeated the experiments
with PorB and porin IB using both serum-deprived and normal experimental conditions, and
found the same results as he described for PorB. They concluded that N. gonorrhoeae has the
same ability to stabilize the mitochondria through porin IB as N. meningitidis does with PorB
[21,22].

Other groups have found that porin 1B might function differently to inhibit apoptosis. N.
gonorrhoeae increases the expression of the host anti-apoptotic genes bfl-1, clAP-2 and
cox-2 through nuclear factor kappa B (NF-kB) activation [26,27]. Bfl-1 interacts with pro-
apoptotic proteins such as Bid and Bax to inhibit cytochrome c release, clAP-2 prevents
caspase-3 activation, and Cox-2 activates the phosphatidylinositol 3-kinase/Akt pathway
(PI3K/AKt) [26]. This pathway results in Akt phosphorylation, which in turn prevents pro-
apoptotic proteins from permeabilizing the mitochondrial membrane [28]. NF-kB activation
is required for the induced expression of the pro-survival genes, and an NF-xB activation
inhibitor prevents upregulation of the genes [27]. Finally, apoptosis is also inhibited in N.
gonorrhoeae-infected human fallopian tube epithelial cells when tumor necrosis factor o (TNF-
a) is used to induce apoptosis [29], indicating that Neisseria can also inhibit the extrinsic
pathway, and therefore could possess several mechanisms to inhibit apoptosis.

Future research will be needed to address the varying results between the two species of
Neisseria. Perhaps N. meningitidis also requires NF-«xB activation. It is also possible that
despite the close relatedness of the two species, these organisms use quite different strategies
to inhibit apoptosis. Identification of the eukaryotic proteins that bind to PorB and porin IB is
required to determine if these porins function differently to inhibit apoptosis. Experiments in
which the porins are switched between the two species of Neisseria could be performed. In
any event, Neisseria and Chlamydia are prototypes of bacteria that inhibit apoptosis by
preventing cytochrome c release through the secretion of a bacterial product.

of cell survival pathways

The second mechanism by which bacteria inhibit apoptosis is through exploitation of the cell
survival pathways naturally present in the host. Salmonella, Anaplasma, Ehrlichia, Rickettsia,
Wolbachia and Bartonella are examples of bacteria with this ability. Salmonella enterica
serovar Typhimurium inhibits camptothecin-induced apoptosis in HeLa and rat small intestine
epithelial cells by activating the PI3K/Akt pathway [30]. This pathway prevents cytochrome
c release, which inhibits activation of the caspase cascade. Akt phosphorylation and activation
during infection occurs due to secretion of a type Il secretion system (T3SS) effector, SopB.
A AsopB mutant is unable to prevent camptothecin-induced apoptosis, and Akt is not activated
in cells infected with this mutant [30]. Future studies on SopB should determine if this
Salmonella protein functions like eukaryotic proteins that activate the PI3K/Akt pathway, for
example, Cox-2. These studies will help to further the understanding of the role of this bacterial
protein in apoptosis inhibition, and could enable identification of other bacterial proteins that
function in a similar manner. Finally, it is interesting to note that Salmonella induces cell death
in macrophages [31], which enables the bacteria to escape immune cells. Therefore,
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Salmonella infection of a eukaryotic cell leads to different outcomes depending on which cell
type is infected.

Anaplasma phagocytophilum prevents apoptosis in neutrophils [32-34]. No inducer of
apoptosis is required because neutrophils isolated from human donors spontaneously undergo
apoptosis by 24 h in cell culture, and A. phagocytophilum infection of these neutrophils
prevents the spontaneous apoptosis normally observed [32]. Protein and gene expression
studies showed that the p38 mitogen-activated protein kinase (MAPK) pathway is activated
by the bacteria during infection. p38 MAPK activation leads to the inhibition of caspase-3
activation, but other signaling pathways might also be involved [32]. Not only is p38 MAPK
upregulated, but the extracellular signal-regulated kinase (ERK), PI3K/Akt and NF-«xB
pathways are also upregulated [33]. A bacterial product has not been identified for this
upregulation of cell-survival pathways, but active infection is required because heat-killed
bacteria do not prevent neutrophil apoptosis as efficiently as live bacteria [33]. Identifying a
bacterial protein required for apoptosis inhibition could shed light on which of the above
pathways are essential for apoptosis inhibition. In addition, A. phagocytophilum can inhibit the
extrinsic pathway of apoptosis by preventing caspase-8 cleavage [34], and therefore ensures
its survival by blocking both pathways of apoptosis.

Three other obligate intracellular pathogens inhibit apoptosis by activating cell survival
pathways. First, Ehrlichia chaffeensis inhibits apoptosis in the human monocyte cell line THP1
through upregulation of NF-kB, as determined using microarray analysis. In addition, other
pro-survival genes such as bcl-2 and other bel-2-related genes are also induced during infection
(Box 1) [35]. Further analysis is needed to verify the microarray data and to identify the E.
chaffeensis proteins required for apoptosis inhibition. Next, the obligate intracellular pathogen
Rickettsia rickettsii prevents apoptosis in endothelial cells in an NF-xB-dependent manner,
which results in the upregulation of pro-survival proteins, the downregulation of pro-apoptotic
proteins, and a lack of cytochrome c release and caspase activation [36,37]. It has not been
determined exactly how infection leads to NF-«xB activation, or what bacterial products are
required to inhibit apoptosis. Future studies identifying the bacterial protein required for NF-
kB activation will not only be important to understand the strategy used by R. rickettsii, but
will enable comparisons with other bacterial pathogens that depend on NF-xB activation for
the inhibition of apoptosis. Finally, Wolbachia is an endosymbiont of filarial nematode
parasites, and inhibits apoptosis in these nematodes [38]. The presence of Wolbachia is
important during parasitic infections in humans. Interestingly, the Wolbachia surface protein
inhibits apoptosis in human neutrophils. Only the lack of caspase-3 activation was reported
[39], and additional studies are clearly needed to determine how the surface protein is anti-
apoptotic. The Wolbachia surface protein could serve as a means to identify the proteins
required for apoptosis inhibition in Anaplasma and Ehrlichia through homology studies
because these organisms are closely related.

It is intriguing to note that not all obligate intracellular pathogens inhibit apoptosis in a similar
manner. As mentioned above, Chlamydia utilizes a different strategy to prevent apoptosis
during infection. One key difference might be because Chlamydia remains inside a vacuole
during infection whereas other obligate intracellular pathogens, such as Rickettsia, replicate in
the cytoplasm of the host cell. Perhaps future studies will determine if this difference correlates
with the differences seen between apoptosis inhibition for these organisms.

Bartonella henselae activates NF-kB, leading to increased expression of clAP-1 and clAP-2
and inhibition of caspase-3 activation and apoptosis [40]. Mitochondrial integrity and the
presence or absence of cytochrome c release have not been tested. The B. henselae outer
membrane adhesin A (BadA) was identified as the bacterial product required for the inhibition
of apoptosis [40]. However, B. henselae and Bartonella quintana also inhibit apoptosis in

Trends Microbiol. Author manuscript; available in PMC 2009 September 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Faherty and Maurelli

Page 5

vascular endothelial cells through the BepA protein, which is secreted through the type 1V
secretion system [41]. Although infection activates NF-kB, BepA translocates to the plasma
membrane and increases the cyclic adenosine monophosphate (CAMP) levels in the cell, which
results in the anti-apoptosis activity. cAMP is known to increase the expression of clAP-2,
activate protein kinase A (PKA) to inhibit the pro-apoptotic Bad protein, and activate the ERK
and p38 MAPK pathways [41]. It was not determined if clAP-2, PKA, ERK or p38 MAPK
were affected by the BepA-dependent increase in CAMP levels. The differences in results
between the two studies might be attributed to differences in cell types used, but future studies
should determine if one or both of the Bartonella proteins are required for protection. B.
henselae and B. quintana cause human infections in which angioproliferative lesions can occur.
Interestingly, Bartonella vinsonii, Bartonella elizabethae and Bartonella clarridgeiae are not
associated with disease and do not inhibit apoptosis in endothelial cells in the presence of
actinomycin D, a chemical inducer of apoptosis [42]. This observation further illustrates how
bacterial pathogens have evolved to inhibit apoptosis to establish a replicative niche inside the
host. Bartonella, along with Salmonella, Anaplasma, Ehrlichia, Wolbachia and Rickettsia,
have found ways to inhibit apoptosis through the exploitation of the host cell survival pathways
that normally function to block apoptosis. This strategy of apoptosis inhibition is an indirect
but effective approach to prevent apoptosis during infection.

Interaction with cellular caspases

Unlike the two previous strategies, Shigella flexneri uses a novel tactic to inhibit apoptosis. S.
flexneri inhibits apoptosis in epithelial cells but causes cell death in macrophages, which is a
dichotomous trait it shares with Salmonella [43]. However, S. flexneri is able to prevent
apoptosis in epithelial cells downstream of cytochrome c release [44]. Upon infection of HelLa
cells and T84 cells, S. flexneri inhibits STS-induced apoptosis by preventing the activation of
caspase-3. Cytochrome c release and caspase-9 activation occur in the presence of STS in
infected HelL a cells; however, caspase-3 activation is prevented. When STS is not used,
cytochrome c release is not detected, indicating that the bacteria do not damage the
mitochondria upon normal infection. A AmxiE mutant of S. flexneri is unable to prevent STS-
induced apoptosis in infected HeLa cells. MxiE is a transcriptional activator that induces the
expression of 17 Shigella genes, whose gene products are secreted into the cytoplasm of the
host cell through the T3SS [44]. The MxiE-regulated genes required to inhibit apoptosis remain
to be identified. S. flexneri might block apoptosis by targeting the activated form of caspase-9
or the inactive form of caspase-3 to prevent caspase-3 activation. In addition, preliminary
analysis with TRAIL (TNF-a-related apoptosis-inducing ligand), an inducer of the extrinsic
pathway, has shown that S. flexneri is able to prevent apoptosis induced via this pathway (C.
Faherty, unpublished). This suggests that S. flexneri inhibits both pathways of apoptosis by
inhibiting caspase-3 activation. It has also been reported that the Shigella effector IpgD, which
is homologous to the Salmonella effector SopB (see above), activates the PI3K/Akt pathway
like Salmonella [45]. Although the activation of this pathway might have pro-survival affects
upon infection, it is not the primary mechanism of apoptosis inhibition during Shigella
infection. IpgD activates the PI3K/Akt pathway during the first hour of infection, whereas
SopB induces a more sustained activation of the pathway for four hours [30,45]. Finally, a
AipgD mutant is still able to prevent STS-induced apoptosis [39].

Legionella pneumophila seems to exploit the activation of caspase-3 during intracellular
replication in macrophages while at the same time preventing apoptosis until the late stages of
infection [46]. L. pneumophila utilizes the Dot/lcm type IV secretion system to activate
caspase-3, which in turn enables evasion of the endosomal-lysosomal pathway through an
unidentified mechanism [46]. L. pneumophila is then free to grow inside a replicative niche
derived from the rough endoplasmic reticulum [46]. The caspase-3 activation is independent
of the intrinsic or extrinsic pathways of apoptosis. During late stages of infection, L.
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pneumophila escapes into the cytoplasm of the host cell, and then apoptosis facilitates bacterial
escape and egress [46]. Apoptosis inhibition during early infection despite caspase-3 activation
is achieved through the activation of NF-kB, which is also dependent on the Dot/lcm system
[47]. Furthermore, the bacterial effector SdhA, which is secreted by the Dot/lcm system, is
required for apoptosis inhibition [48]. L. pneumophila provides a fascinating example of a
bacterial pathogen that exploits caspase-3 activation for replication while at the same time
inhibiting cell death, until the bacteria no longer need the cell.

Shigella and Legionella are the first examples of bacteria that affect caspase-3 activation. The
parasite Toxoplasma gondii also inhibits apoptosis by targeting caspase-3 [49], and it will be
interesting to see if S. flexneri uses the same strategy as T. gondii. The consequence of this
form of protection is that the host cells are damaged when certain apoptotic stimuli are present,
because cytochrome c release indicates that the mitochondria are no longer intact. Shigella is
a facultative intracellular pathogen and, therefore, it might not require prolonged apoptosis
inhibition for survival in vivo. This situation is different from obligate intracellular pathogens
such as Chlamydia in that these organisms require longer apoptosis inhibition for their longer
replication cycle inside the host cell. Nevertheless, the ability of pathogens to inhibit apoptosis
at the point of caspase-3 activation seems to be ideal for protecting the host cells from both
pathways of apoptosis.

Concluding remarks and future directions

An emerging theme in bacterial pathogenesis is the ability of bacteria to inhibit apoptosis in
eukaryotic cells to establish a replicative niche inside the host. Bacterial pathogens employ at
least three different mechanisms to inhibit apoptosis. Mitochondrial permeabilization and
subsequent cytochrome c release are important events in apoptosis, and also serve as a means
to differentiate the various mechanisms used to inhibit apoptosis. Bacterial pathogens can
secrete proteins to protect the mitochondria, upregulate cell survival pathways to prevent
cytochrome c release, or ignore this step and focus attention on the caspases to inhibit apoptosis.
Related organisms such as A. phagocytophilum and E. chaffeensis use similar methods to
inhibit apoptosis, whereas other related organisms such as N. meningitidis and N.
gonorrhoeae utilize different mechanisms to inhibit apoptosis. Clearly, the method employed
by each bacterial strain does not have to be the same, and each method probably represents the
most efficient means of inhibiting apoptosis for that pathogen in that particular cell type.

Natural selection has a key role in determining how each pathogen inhibits apoptosis. As the
host evolves to eliminate a bacterial infection, the pathogen must itself evolve to counteract
this change to maintain the replicative niche inside the host. It would be constructive if future
research could identify key factors that dictate the choice of strategy. Does it depend on which
cell type the pathogen infects? Does it depend on how the pathogen enters that cell type? Does
it depend on whether the bacteria replicate inside a vacuole or in the cytoplasm? Do
homologous proteins in different organisms prevent apoptosis in the same manner? Do all
obligate intracellular pathogens inhibit apoptosis? Answers to these questions will further our
understanding of apoptosis inhibition as a facet of bacterial pathogenesis and could lead to
novel therapeutics. For example, an inhibitor that targets CPAF in Chlamydia could enable the
host cell to undergo apoptosis in response to infection and might halt persistent infection. This
inhibitor could therefore complement antibiotic therapy. As new pathogens are discovered, the
ability to inhibit apoptosis should be considered as a feature of pathogenicity of the organism.
More importantly, known pathogens should also be re-examined, especially given that
apoptosis inhibition was only recently reported for S. flexneri.

There are two recurrent themes in bacterial pathogens inhibiting apoptosis. First, many
pathogens rely on NF-«B activation to inhibit apoptosis. The Gram-negative bacterial cell
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surface component lipopolysaccharide (LPS) activates the NF-xB pathway during infection
[50]. Because NF-kB activation has many pro-survival effects on the host cell, as outlined here,
activation of the NF-kB pathway by LPS might be a simple explanation of how most bacteria
inhibit apoptosis. Binnicker et al. [27] addressed this aspect in their research with N.
gonorrhoeae. When purified lipooligosaccharide (LOS) was applied to the surface of host cells,
there was no increase in the expression of the pro-survival gene bfl-1. In addition, infection of
host cells with an LOS mutant resulted in the same induced expression of bfl-1 as that seen in
wild-type bacteria. The authors speculated that different bacterial products could promote the
formation of different Rel/NF-«B complexes during activation, which would interact with
different transcription factors and regulatory proteins to regulate the transcription of a
completely distinct set of genes [27]. In addition, live extracellular L. pneumophila and
formalin-killed bacteria do not trigger NF-«B activation, further suggesting that the anti-
apoptotic phenotype induced by pathogens through NF-«B activation is not mediated by LPS
[47]. Understanding how NF-kB activation affects the ability of a pathogen to prevent apoptosis
needs to be further elucidated.

The second recurrent theme is the fact that most of these studies use immortalized cell lines
and chemical inducers of apoptosis, especially in the studies involving epithelial cells. The
chemical inducers enable researchers to apply an apoptotic stimulus in culture conditions to
study apoptosis inhibition. Most immortalized cell lines already have a pro-survival phenotype.
Positive controls, that is, uninfected cells treated with the stimulus, enable researchers to
demonstrate that the bacterial pathogen does in fact inhibit apoptosis during infection. These
strong stimuli can overcome the pro-survival phenotype of the immortalized cell line. However,
many of these stimuli are not physiologically relevant. Therefore, researchers should attempt
to use more physiologically relevant conditions, particularly after initial observations are made.
For instance, the use of primary human cells from the relevant site of infection should be
performed to confirm observations of apoptosis inhibition. Moreover, mimicking apoptotic
stimuli that these cells would normally encounter in vivo should also be considered. For
example, TNF-a. is secreted in response to many infections [51], and it induces the extrinsic
pathway of apoptosis. In addition, transmigration of polymorphonuclear (PMN) leukocytes
induces apoptosis in T84 intestinal epithelial cells [52]. PMN transmigration occurs during
Shigella and Neisseria infections. Therefore, mimicking physiologically relevant conditions
is not only possible, but important for researchers to enable an appropriate understanding of
apoptosis inhibition during infection.

Another significant area of research will be to determine if the ability to inhibit apoptosis is
associated with the carcinogenic potential of the bacterial pathogen. Helicobacter pylori [53]
and B. henselae inhibit apoptosis, and these organisms cause gastric carcinoma and bacillary
angiomatosis, respectively. Furthermore, Chlamydia seems to stimulate mitosis in infected
cells in addition to inhibiting apoptosis. Do certain organisms have the potential to cause cancer
through apoptosis inhibition? Some viruses with the ability to inhibit apoptosis do cause cancer.
An example is the Epstein—Barr virus, which promotes anti-apoptosis in B lymphocytes and
can cause Burkitt’s lymphoma [54]. Drawing connections between apoptosis inhibition and
the development of cancer will be important for understanding the full potential of bacterial
pathogens.

Clearly, apoptosis inhibition is an emerging theme in bacterial pathogenesis. Prevention of
apoptosis enables bacteria to replicate and survive in an environment that is otherwise
detrimental to the pathogen. This review classifies the different mechanisms of apoptosis
inhibition into three main categories, but other methods might exist. We are only starting to
understand the mechanisms employed by bacteria to inhibit apoptosis and the importance of
such survival strategies to the pathogens. A clear understanding of the molecular basis of
apoptosis inhibition is needed. With all the outstanding questions that remain, future research
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could reveal that bacterial inhibition of apoptosis is far more important than we currently
suspect.

Box 1. The Bcl-2 family of proteins

The Bcl-2 family of proteins is defined by the presence of at least one Bcl-2 homology (BH)
domain. The pro-survival proteins (Bcl-2, Bcl-X., Mcl-1, Bfl-1/A1, Bcl-W and Boo/Diva)
comprise the Bcl-2 subfamily [63,64]. Bcl-2, Bel-X. and Bel-W have a hydrophobic domain
on the carboxyl terminus that targets the proteins to the cytoplasmic face of the outer
mitochondrial membrane, the endoplasmic reticulum and the nuclear envelope. Bcl-2 is an
integral membrane protein whereas Bcl-X. and Bcl-W become tightly associated with these
membranes only after a cytotoxic signal [63]. The pro-apoptotic proteins are broken down
into two subfamilies: the Bax subfamily in which the proteins have multiple BH domains
(Bax, Bak, Bok and Bcl-Xs) and the BH3-only subfamily, which comprise proteins with a
single BH3 domain (Bid, Bad, Bmf, Bim, Bik, Puma, Hrk and Noxa) [63,64]. Both
subfamilies of pro-apoptotic proteins are required for apoptosis initiation. The BH3-only
proteins are direct antagonists and act by binding to and inhibiting the pro-survival proteins
in response to apoptotic signals. Once the BH3-only proteins neutralize Bcl-2, Bel-X. and
Bcl-W, the pro-apoptotic Bax and Bak proteins form heterodimers and homodimers within
the mitochondrial membrane, which results in the release of cytochromec and other pro-
apoptotic factors [63,64].
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Figure 1.

The apoptosis pathway. Apoptosis is activated by intrinsic and extrinsic pathways. In the
intrinsic pathway, certain apoptotic stimuli alter the normal status of the Bcl-2 family of
proteins (Box 1), which leads to permeabilization of the mitochondrial membrane. Under
normal circumstances, the pro-survival proteins of the Bcl-2 family protect the mitochondrial
membrane. Once cytochrome ¢ (CytoC) is released into the cytosol, it binds to the apoptosome
[1], a complex of proteins made up of the apoptosis activating factor-1 (Apafl) protein and the
initiator caspase-9. A morphological change in the apoptosome results from cytochrome c
binding, which causes caspase-9 to become activated. Caspase-9 activates the effector
caspase-3, leading to apoptosis [1]. Caspase-3 is known as the ‘executioner caspase’, because
it activates or cleaves various protein targets, which is detrimental to the cell and results in
death [1]. Activation of caspase-9 and caspase-3 are normally inhibited by a family of proteins
known as the inhibitor of apoptosis proteins (IAPs), and XIAP (X-linked IAP) is the most
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potent IAP [1]. In the extrinsic pathway, ligands such as Fas ligand (FasL) or tumor necrosis
factor a (TNF-a) bind to death receptors on the membrane of the host cell. Trimerization of
the death receptors follows, forming what is known as the death-inducing signaling complex
(DISC), which includes the Fas-associated death domain (FADD) adaptor protein, the Flice-
like inhibitory protein (FLIP), and procaspase-8 [2]. Caspase-8 is activated, which in turn
directly activates caspase-3 [1]. In addition, caspase-8 activates the pro-apoptotic protein Bid,
which stimulates the intrinsic pathway to enhance the apoptotic signal, because Bid activation
eventually leads to cytochrome c release [1].
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Figure 2.

Mechanisms by which bacterial pathogens inhibit apoptosis at different points along the
apoptotic pathway. Chlamydia secretes the chlamydial proteasome-like activity factor (CPAF)
to inhibit and degrade the pro-apoptotic proteins with one BH3 domain. These pro-apoptotic
proteins inhibit the pro-survival Bcl-2 proteins upon activation. The outer membrane protein
porin PorB of Neisseria meningitidis prevents cytochrome c (CytoC) release. Salmonella
secretes the effector SopB through a type I11 secretion system, resulting in the activation of the
phosphatidylinositol 3-kinase/Akt (P13K/Akt) pathway. This pathway prevents cytochrome
c release. Anaplasma also activates the PI3K/Akt pathway in addition to activating nuclear
factor kappa B (NF-«kB). NF-«B prevents the release of cytochrome c and activates the inhibitor
of apoptosis proteins (IAPs). Bartonella, Ehrlichia, and Rickettsia activate NF-xB as well.
Shigella inhibits caspase-3 activation. Legionella directly activates caspase-3 to enhance
infection, but inhibits apoptosis through NF-«xB. Red lines indicate inhibition in the pathway
while green arrows indicate activation. The bacterial proteins that specifically participate in
apoptosis inhibition are shown, where known. The shapes of the bacteria, all shown in red,
represent their morphology. P, phosphate.
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Table 1
Classification of bacteria that inhibit apoptosis

Pathogens grouped by class Cell typea Proposed or demonstrated mechanism

Protection of mitochondria

Chlamydia sp. Hep2, HelLa Inhibits and degrades pro-apoptotic proteins

Neisseria sp. Hela, UEC Prevents cytochrome c release

Activation of cellular pathways

Salmonella enterica Hela, IEC-6 Activates PI3/Akt pathway

Anaplasma phagocytophilum  Neutrophils Activates p38 MAPK, ERK, PI3/Akt, NF-kB pathways
Ehrlichia chaffeensis THP-1 Activates NF-kB and upregulates pro-survival genes
Rickettsia rickettsii HUVEC Prevents cytochrome c release

Wolbachia Neutrophils Prevents caspase-3 activation

Bartonella sp. Mono Mac 6, HUVEC Activates NF-kB pathway, induces clAP-1, clAP-2 expression
Helicobacter pylori MKN45 Induces clAP-2 expression through NF- kB activation
Porphyromonas gingivalis GEC Activates PI3/Akt pathway

Listeria monocytogenes J774 Activates PI3/Akt and NF-xB pathways

Interaction with caspases

Shigella flexneri Hela, T84 Inhibits caspase-3 activation despite cytochrome c release
Legionella pneumophila U937 Activates NF-kB pathway and upregulates pro-survival genes
Further investigation required

Mycoplasma fermentans U937 Inhibits TNFa-induced apoptosis

Brucella suis THP-1 Upregulates pro-survival genes

Escherichia coli K1 THP-1, RAW 264.7 Upregulates pro-survival genes

Coxiella burnetii HelLa, THP-1 Prevents cytochrome c release
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aHeLa, UEC, IEC-6, Hep2, T84 and GEC are epithelial cell lines. MKNA45 is a gastric adenocarcinoma cell line. Mono Mac 6, THP-1 and U937 are
monocytic cell lines. UVEC are primary human umbilical vein endothelial cells. J774 and RAW 264.7 are macrophage cell lines.
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