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ABSTRACT

Legionella pneumophila is the causative agent of Legionnaires’ disease, a severe pneumonia.
L. pneumophila injects via a type-IV-secretion-system (T4SS) more than 300 bacterial
proteins into macrophages, its main host cell in humans. Certain of these bacterial effectors
target organelles in the infected cell and hijack multiple processes to facilitate all steps of the
intracellular life cycle of this pathogen. In this review, discuss the interplay between
L. pneumophila, an intracellular bacterium fully armed with virulence tools, and
mitochondria, the extraordinary eukaryotic organelles playing prominent roles in cellular
bioenergetics, cell-autonomous immunity and cell death. We present and discuss key findings
concerning the multiple interactions of L. pneumophila with mitochondria during infection
and the mechanisms employed by T4SS effectors that target mitochondrial functions to

subvert infected cells.
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MAIN TEXT
1. Introduction

Mitochondria are emblematic structures in cell biology and have traditionally been
considered the powerhouse of the cell, as they play an essential role in cellular bioenergetics.
In this double-membrane organelle, nutrients are oxidized in a process termed oxidative
phosphorylation (OXPHOS), which involves the creation and exploitation of a membrane
potential across the inner mitochondrial membrane, resulting in ATP synthesis (Formosa and
Ryan, 2018). However, mitochondria are currently recognized as multitask organelles in
eukaryotic cell biology as they take part in the regulation of crucial cellular processes.
Mitochondria carry out essential steps of heme, iron-sulfur cluster, and amino acid
biosynthesis as well as fatty acid oxidation (Lill and Freibert, 2020; Schulz, 2013; Spinelli
and Haigis, 2018). They also play an important role in Ca®" homeostasis and, as a central
coordination element for Ca**-dependent pathways, mitochondria play a key role in the
regulation of programmed cell death. For these actions, contact sites of mitochondria with the
Ca*"-storing endoplasmic reticulum (ER) are essential (Giorgi et al., 2012). Furthermore,
mitochondria can release pro-apoptotic proteins such as cytochrome C into the cytosol,
triggering the activation of the intrinsic apoptotic pathway (Obeng, 2021a). Mitochondria are
also engaged in the initiation of immune signaling and take part in innate immune response
by producing mitochondrial reactive oxygen species (mROS), which are secondary
messengers involved in the activation of inflammasomes (Herb and Schramm, 2021; West et
al., 2011b). Like the ER, mitochondria have a stress response mechanism to deal with the
accumulation of unfolded proteins in the matrix (Melber and Haynes, 2018). Along with
these features, the highly dynamic morphology of mitochondria is another characteristic of
this organelle. Mitochondria are able to undergo fission and fusion events depending on the
conditions in the cell. While mitochondrial fission is necessary before cellular division,
fusion events take place when there is a low nutritional supply as it might contribute to
maintain energy levels (Wai and Langer, 2016). Considering their central role in multiple
cellular processes, mitochondria are an attractive target for intracellular pathogens. Multiple
studies have reported how viruses and intracellular bacteria have evolved ways of targeting
mitochondria to influence their intracellular survival, to improve the access to nutrients, to
delay host apoptosis or to evade host immunity (Marchi et al., 2022; Sorouri et al., 2022).

Here we review the different mechanisms that Legionella pneumophila, the intracellular
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bacteria that causes Legionnaires’ disease in humans, employs to manipulate mitochondrial

functions during infection of host cells.

Legionella pneumophila was recognized for the first time during an outbreak of pneumonia in
the summer of 1976 during the 58th annual convention of the American Legion in
Pennsylvania, United States. An unconventional respiratory disease affected 221 participants
and 34 fatal cases were reported (Fraser et al., 1977). In December 1976, Joseph E. McDade
and Charles C. Shepard identified and characterized a rod-shaped gram-negative bacterium as
causative agent of the disease. It was named Legionella pneumophila after the American
Legion and the new genus was named Legionella, which at that time had only one known
species (Brenner et al., 1979; Fraser et al., 1977; McDade et al., 1977). Today, the genus
Legionella comprises at least 65 species but not all of them are equally responsible for
laboratory-confirmed cases of Legionnaires’ disease. L. pneumophila serogroup (Sg) 1 is the
most relevant, being responsible of 80-90% of the cases in Europe and the United States (Yu
et al., 2002). L. longbeachae accounts for approximately 1% of cases worldwide but is on the
rise in Europe and accounts for 50-60% of cases in Australia and New Zealand (Bacigalupe
et al.,, 2017). Other species and serogroups, such as L. pneumophila Sg3 and Sg6 are also
reported to cause disease in some cases as well as species such as, L. bozemanii or L.
micdadei, but they are rare and are isolated mainly from immunocompromised patients
(Beauté, 2017; Currie and Beattie, 2015; Yu et al., 2002). Legionella spp. are opportunistic
pathogens for humans as they are naturally present in freshwater environments, as well as in
moist soil and composted material either as free-living biofilm-associated bacteria or
associated with their hosts, primarily aquatic amoebae (Rowbotham, 1980). Human infection
most commonly occurs when susceptible individuals inhale Legionella-containing aerosols
generated by contaminated manmade water sources, such as showers, hot tubs, plumbing
networks, and air-conditioning systems (Blatt et al., 1993). Through these routes, Legionella
can reach the human lungs, where they can infect alveolar macrophages using the same
mechanisms that they utilize to survive within their amoebal hosts. Indeed, L. pneumophila
has the capacity to replicate in numerous phagocytic hosts, ranging from different amoeba

species to mammalian cells (Boamabh et al., 2017; Escoll et al., 2013).

After uptake by host cells, L. pneumophila remodels the phagocytic vesicle into a replicative-
permissive-niche known as the Legionella-containing vacuole (LCV). Interestingly, during
the first steps of infection, physical contacts occur between mitochondria and the LCV

(Escoll et al., 2017b; Hoffmann et al., 2014a; Horwitz, 1983). Within this sophisticated
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intracellular compartment, L. pneumophila sequentially evades phagolysosomal degradation,
is protected from intracellular defenses and intercepts nutrients to support growth and
proliferation. L. pneumophila employs different secretion systems to deliver virulence-
associated proteins across the LCV membrane that modulate specific host cell functions to
the bacterial advantage. Among them, type 2 and type 4 secretion systems (T2SS and T4SS,
respectively) are present in all Legionella species and play essential roles during infection
(Mondino et al., 2020a). The T2SS translocates around 25 effector proteins that are necessary
for environmental persistence and for replication in amoeba, and that play also a role in
replication in macrophages (Cianciotto, 2013, 2009). In. contrast, the T4SS translocates more
than 330 effectors which represent about 10% of the bacterial proteome in the host cell and
thereby governs all steps of the intracellular life of L. pneumophila in both amoeba and
human macrophages (Ensminger, 2016; Lockwood et al., 2022; Mondino et al., 2020).
Certain of these effectors modulate the cellular metabolism, host cell death and immunity
pathways directly targeting mitochondrial functions (Table 1). Despite of their importance
for bacterial virulence, the mechanisms underlying the activity of these effectors on host
mitochondria has not been fully understood yet. Here we present the key findings about the
interactions of L. pneumophila with mitochondria during infection, discuss the mechanisms
by which T4SS secreted effectors target mitochondrial functions to subvert infected cells, and
provide a perspective view on the interplay between Legionella and mitochondria, the
extraordinary eukaryotic organelles governing cellular bioenergetics, cell-autonomous

immunity and cell death.
2. The dynamic contacts between mitochondria and Legionella-containing phagosomes

Once L. pneumophila is taken up by phagocytic cells, a rapid and extensive communication
between the vacuole and different components of the host membrane system occurs to
convert the phagosome into LCV. This implies a conversion of the plasma membrane of the
phagosome into a smooth ER-like membrane, the interception of vesicles and the escape from
the the endocytic maturation process and the inhibition of the fusion with the lysosome (Ge
and Shao, 2011) These rapid interactions were described as early as 1983 by using electron
microscopy on fixed samples of infected human monocytes and shortly after in
L. pneumophila-infected amoeba (Newsome et al., 1985). Indeed, within three minutes after
phagocytosis >95% of vacuoles were surrounded by smooth vesicles apparently fusing with
or budding off from the vacuolar membrane and, 30% of LCVs were also surrounded by

closely associated mitochondria. At 1 hour after infection the proportion of mitochondria
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associated with the LCV was reported to be 65% (Horwitz, 1983). During recruitment, the
thickness of the LCV membrane, similar to the plasma membrane, was reduced to the
thickness of ER or mitochondrial membranes and the membranes of both organelles were
connected to the LCV by “fine connections or hairs” (Tilney et al., 2001). It was suggested
that this process is T4SS-dependent, as the LCV of L. pneumophila AdotA mutants that do
not have a functional T4SS do not have ER vesicles or mitochondria associated at their
surface and the LCV membrane showed the same thickness as the plasma membrane (Tilney
et al., 2001). These observations generated the understanding that the LCV is rapidly
surrounded by mitochondria, and that these host organelles are recruited by T4SS effectors.
However, new approaches such as time-lapse confocal imaging of living cells of infected
human primary macrophages confirmed that the LCV is indeed rapidly (within 1-6 h post-
infection) surrounded by mitochondria, as reported previously for fixed cells, but it also
revealed that the interactions between mitochondria and the LCV are highly dynamic and
transient. Interestingly, when these mitochondrial contacts were monitored in cells infected
with L. pneumophila mutants that lacked a functional T4SS, no difference was observed
compared to cells infected with wild-type bacteria, suggesting that mitochondria are
associated with the LCV independently of T4SS effectors. Mitochondrial-LCV contacts have
been reported for several different amoeba and human cells that can support L. pneumophila
infections (Newsome et al., 1985; Abu Kwaik, 1996; Otto et al., 2004; Francione et al., 2009)
except for S2 cells from Drosophila melanogaster (Sun et al., 2013). Why such transient
interactions occur during the early hours of infection is still unknown, but as there is no
implication of T4SS effectors this suggests that they might be inherent to phagosome
formation and processing. Indeed, associations of mitochondria and phagosomes were also
observed when macrophages phagocytize lipopolysaccharide (LPS)-coated latex beads (West
et al., 2011a). Moreover, physical interactions of mitochondria with phagosomes have been
observed also for infections with Chlamydia, Shigella or Salmonella (Hall et al., 2013;
Matsumoto et al., 1991; Sirianni et al., 2016). This suggests that these interactions are
infection-dependent and might be a general defence mechanism of the host cell against

pathogens.

Although the nature and the biological role of the mitochondria-LCV contacts remain
unclear, the observation of tiny osmiophilic hairs in the contact sites (Tilney et al., 2001) may
suggest a direct physical contact. Generally, inter-organelle microdomains, such as

mitochondria-associated ER membranes (MAMs), play unique regulatory functions and are
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involved in many biological processes such as lipid synthesis and trafficking, calcium
experiments are needed to understand whether these contacts play a regulatory role.
Interestingly, we observed that a transfer of MitoTracker dye from mitochondria to the LCV
occurs occasionally during these contacts (Escoll et al., 2017b). As MitoTracker dyes form a
covalent bond with thiols on mitochondrial proteins (Cottet-Rousselle et al., 2011), dye
transfer during contacts might suggest that proteins are transferred from mitochondria to the
LCV. Interestingly, it was reported from proteomic studies of LCVs isolated from
macrophages that, after 1h of infection, about 25-30% of the host proteins identified are
mitochondrial proteins. These are even the most represented proteins of a eukaryotic
organelle within the LCV proteome. A lower but significant proportion of mitochondrial
proteins (19%) was also found in the proteome from LCVs isolated from infected
D. discoideum amoeba (Hoffmann et al., 2014b; Naujoks et al., 2016; Schmélders et al.,
2017). To understand whether a functional specificity in the proteins delivered by the
mitochondria exists, we used the dataset published by Hoffmann and colleagues and
performed a functional enrichment analysis for mitochondrial proteins identified in LCVs
isolated from macrophages (Hoffmann et al., 2014a). Our analyses, summarized in Figure 1,
show that the proteins identified were not related to a specific mitochondrial function, but we
found an enrichment of nearly all structural proteins as well as of many mitochondrial
functions, such as translation, lipid metabolism, or proteins involved in OXPHOS (Figure
1A). In line with this, a cell component analysis showed an enrichment of proteins mainly
from the mitochondrial inner membrane and matrix (Figure 1B). These analyses might also
suggest that during early steps of infection a cargo-unspecific transfer of proteins occurs
independently of the subcellular localization of the proteins, which might indicate that the
transfer occurs via vesicular trafficking. However, we cannot rule out the possibility that

these proteins are from mitochondrial contamination during LCV purification.

In mitochondria, vesicular trafficking and protein delivery to other organelles occur via
mitochondria-derived vesicles (MDVs), firstly described as a quality control mechanism to
transport damaged respiratory chain complexes from mitochondria to the endolysosomal
compartment for degradation (Sugiura et al., 2014). However, there is one example of MDV-
mediated delivery of mitochondrial proteins to bacterial phagosomes reported to happen

activates the host stress response and stimulates the production of MDVs, which deliver the
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mitochondrial enzyme superoxide dismutase-2 (Sod2) to bacterial phagosomes. Sod2-
dependent production of mitochondrial peroxide (mH,0,) in the phagosome contributes to
bacterial killing, as Sod2 depletion compromises mH»O, production and pathogen killing in
L. pneumophila infection remains to be elucidated, however it has been reported that
mitochondrial-derived effector molecules, other than proteins, such as mitochondrial-derived
itaconic acid are delivered to the LCV during infection of macrophages (Naujoks et al.,
2016). Furthermore it was shown that Interferon (IFN) stimulation induces Immune-
Responsive Gene (IRG)1 in the mitochondria of L. pneumophila-infected macrophages,
which mediates production of itaconate, a potent antimicrobial. While mitochondria were
dynamically contacting the LCV, mitochondrial-IRG1-derived itaconate was delivered to the
LCV and mediated their antimicrobial effects. This example shows that the dynamic contacts

of mitochondria and the LCV have also functional consequences (Naujoks et al., 2016).

Taken together,, although mitochondria-LCV contacts continue to be a mystery, their very
dynamic and T4SS-independent nature and a possible, un-specific transfer of proteins might
reflect the normally occurring inter-organellar interactions between mitochondria and

phagosomes within eukaryotic cells.

3. Regulation of mitochondrial functions by L. pneumophila with metabolic

consequences

Intracellular bacterial pathogens such as L. pneumophila, can obtain nutrients and energy
needed to support their replication can only from the infected host cell. Due to this metabolic
and bioenergetic dependence intracellular pathogens have evolved different strategies to
reprogram host cell metabolism to their advantage. The specific mechanisms and processes
underlying metabolic changes of host cells upon bacterial infection are only partly
understood. However, it has been shown that mammalian cells infected by different
intracellular bacteria have an altered metabolism that mimics the Warburg effect or aerobic
glycolysis as it is in cancer cells (Eisenreich et al., 2013; Escoll and Buchrieser, 2018). The
Warburg metabolism is an anabolic program that is essential for cell growth and proliferation
and favours glucose intake to fuel glycolysis coupled to fermentation but diminishes ATP
production by mitochondrial OXPHOS (Vander Heiden et al., 2009). As glycolysis also fuels
several biosynthetic pathways, this metabolic switch from an OXPHOS-based metabolism to
aerobic glycolysis might be a faster way to generate biosynthetic intermediates required for

bacterial growth (Eisenreich et al., 2013; Escoll and Buchrieser, 2018). Moreover, during the
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Warburg effect, mitochondrial activity is repurposed from the bioenergetic role of OXPHOS-
mediated ATP generation to a biosynthetic role where mitochondria are used for amino acid
and fatty acid synthesis. When bioenergetics parameters were measured during
L. pneumophila infection, a biphasic alteration of the metabolism of infected macrophages
occurred at very early times (Escoll et al., 2017b). This altered metabolism consisted in a
preliminary phase of increased glycolysis and OXPHOS that peaks at 1 h post infection
followed by a second phase where glycolysis remains high while OXPHOS and
mitochondrial ATP production are dramatically reduced (Figure 2). This second phase
mimics a Warburg-type metabolism and lasts at least 5 h after infection, before bacterial
replication takes place and activation of macrophage cell death pathways are triggered (Escoll
et al.,, 2017b). The analyses of mutants deficient in the T4SS that cannot inject bacterial
effectors and, therefore, cannot replicate within infected cells allowed to elucidate a role of
secreted effectors in this metabolic rewiring. The first phase of increased glycolysis and
OXPHOS occurs in the absence of a functional T4SS (T4SS-independent), whereas the
Warburg-like phase is T4SS-dependent, since OXPHOS is not reduced in T4SS-deficient
mutants. It was reported that several Toll-like receptors (TLR), one of the most studied
families of pathogen recognition receptors that activate innate immunity, are involved in
sensing L. pneumophila LPS (Akamine et al., 2005; Grigoryeva and Cianciotto, 2021;
Lachmandas et al., 2016). Specifically, L. pneumophila activates TLR2, that leads to
increased glycolysis and OXPHOS in human primary cells (Lachmandas et al., 2016), and
TLR4, that 1is vital for the macrophage response in the early stages
of L. pneumophila infection. Importantly, TLR4 plays a role in the metabolic reprogramming
of macrophages upon LPS activation (Murugina et al., 2020). Taking this in consideration, it
is conceivable that the induction of the first phase (increased glycolysis and increased
OXPHOS) that is T4SS-independent but TLR-dependent is related to a metabolic switch
induced by the infected macrophage in response to L. pneumophila LPS. However, the
reduction of OXPHOS observed in the second phase, during the Warburg-like program, is
intimately linked to T4SS effectors , revealing a participation of secreted effector proteins in
the impairment of mitochondrial activity. As L. pneumophila T4SS-deficient mutants also
have LPS, and the second phase is settled before bacterial replication within the macrophage
begins, LPS is not responsible for the differences observed between wt and mutant strains in
the second phase. Interestingly, the accumulation of MDV-Sod2-derived mH,0, discussed
above, requires TLR signalling (Abuaita et al., 2018). Taken together these results support a
model where T4SS-independent increase of OXPHOS at early times of L. pneumophila
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TLR signalling and might be functionally linked to enhance the antimicrobial response in the

infected macrophage.

dynamics (Abu Khweek et al., 2016; Escoll et al., 2017b). The host mitochondrial network, a
key player in the maintenance of bioenergetics and physiological homeostasis within the cell,
is incessantly dynamic as constant fusion and fission of mitochondria takes place, tightly
While the movement of mitochondria appear to be random, recent studies showed that the
fine-tuned nature of mitochondrial motility and architecture affects and is affected by cellular
bioenergetics, metabolism, survival, stress or disease conditions (Chan, 2020; Wai and
Langer, 2016). An example is mitochondrial fission that leads to changes in mitochondrial
morphology from elongated networks to single rod-shaped mitochondria. It has been shown
that chronic fragmentation of mitochondria leads to a loss of respiratory efficiency, to a loss
of mitochondrial ATP production, and to a metabolic shift of the host cell towards other
sources of energy, such as glycolysis (Escoll et al., 2017b; Yu et al., 2015). This might
explain why triggering mitochondrial fission is common during infection by bacterial
pathogens, as it can effectively reduce OXPHOS and thus induce a Warburg-like metabolism
(Jain et al., 2011; Lum and Morona, 2014). For L. pneumophila, two effectors involved in
mitochondrial fission have been reported, MitF and LpSpl (Figure 2) (Abu Khweek et al.,
20164, p. 2; Escoll et al., 2017b). MitF or LegG1 (Lpgl1976/Lpp1959), is a bacterial activator
of host Ran GTPases that modulates cytoskeleton dynamics and cell migration of host cells
during infection (Rothmeier et al., 2013; Simon et al., 2014). We recently discovered that this
effector is also involved in the activation of mitochondrial fission, as the infection of human
monocyte-derived macrophages (hMDMs) with an AmitF’ mutant strain was impaired in the
known to be governed by cellular GTPases of the dynamin family (Labbe et al., 2014) and,
among them, the dynamin 1-like protein DNMIL (also known as DRP1) is a critical player in
the process of mitochondrial fission (Chan, 2012). During early infection with
L. pneumophila DNMLI1 aggregates in host mitochondria and promotes mitochondrial

fragmentation in a MitF (and T4SS) dependent manner. This step is key to impair OXPHOS
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and ATP production in infected human macrophages (Figure 2). Homologs of MitF are
present in several L. pneumophila strains and other Legionella species, suggesting that also
other L. pneumophila strains and Legionella species might induce mitochondrial
fragmentation by similar mechanisms (Escoll et al., 2017b; Swart et al., 2020). Interestingly,
MitF actions on DNMIL-dependent mitochondrial fission seem to involve cytoskeletal
rearrangements. Indeed, MitF activates Ran and RanBP2 (Rothmeier et al., 2013), and Ran
and RanBP2 are involved in L. pneumophila WT-induced mitochondrial fragmentation
(Escoll et al., 2017b). But Ran and RanBP2 have also been shown to activate actin
polymerization and to bind directly to Arp2/3 complex and WASP (Sadhukhan et al., 2014;
Yi et al., 2011). Arp2/3 and WASP are reported to interact with DNMI1L in L. pneumophila
WT-infected macrophages (Escoll et al., 2017b). As focal assembly of actin through Arp2/3
induces DNM1L-dependent fragmentation (Moore et al., 2016), it is possible that MitF
activation of Ran/RanBP2 induces Arp2/3-WASP-mediated actin polymerization and
DNM1L-dependent fragmentation (Escoll et al., 2017b).

LpSpl (LegS2; Lpp2128 or Lpg2176), a T4SS effector that codes for an eukaryotic
sphingosine 1-P (S1P) lyase and that is involved in the inhibition of starvation-induced
autophagy in infected cells (Rolando et al., 2016), seems also to alter mitochondrial dynamics
(Abu Khweek et al., 2016b). In eukaryotes, the sphingosine 1-phosphate lyase (SPL) enzyme
is responsible for the irreversible degradation of S1P to phosphoethanolamine and
hexadecanal (van Veldhoven and Mannaerts, 1993). SIP is a metabolite involved in the
regulation of many different cell processes like migration, angiogenesis or development.
Therefore, LpSpl activity might induce pleiotropic effects in the host cell. Contrary to
eukaryotic SPL that localizes mainly at the ER (Ikeda et al., 2004), LpSpl forms patches in
the mitochondrial outer membrane during infection (Degtyar et al., 2009) which might limit
its enzymatic activity to this organelle. Indeed, LpSpl shows diverse effects in the
mitochondria and, like MitF, seems involved in the regulation of mitochondrial dynamics, as
infected-BMDM with a mutant of L. pneumophila AlegS2 (the homologue of LpSpl in strain
L. pneumophila Philadelphia) lose the ability to fragment the mitochondrial network (Abu
Khweek et al., 2016). The mechanism by which LpSpl induces mitochondrial fission and
what are the consequences for mitochondrial bioenergetics or L. pneumophila pathogenesis
remains unknown. It was suggested that the atypical morphology of the mitochondria
observed in AlegS2-infected cells was the consequence of the reduced host immune response

provoked by lower NF-«kB activation (Abu Khweek et al., 2016). Further studies are needed
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to understand the role of LpSpl/LegS2 in the regulation of mitochondrial morphology and
whether this effector cooperates with MitF to induce mitochondrial fragmentation and

OXPHOS reduction and ATP production.

One mechanism by which LpSpl participates in the modulation of mitochondrial functions
has been reported recently (Escoll et al., 2021) (Figure 2). T4SS-dependent fragmentation of
the mitochondrial network triggers a reduction of mitochondrial respiration in
L. pneumophila-infected macrophages, which suggests a functional connection between
mitochondrial dynamics and mitochondrial respiration (Escoll et al., 2017b). The molecular
factors determining that fragmented mitochondria are bioenergetically less efficient are in the
internal membrane of the mitochondria (IMM), as mitochondrial cristae represent the IMM
hub where most of the respiratory complexes are embedded and are forming supercomplexes
(Cogliati et al., 2016). Mitochondrial fission induces a remodelling of the mitochondrial
morphology that involves changes in the number or shape of the cristae and directly impacts
the stability and assembly of respiratory complexes and supercomplexes which, consequently
also impacts mitochondrial respiration and OXPHOS (Cogliati et al., 2013; Giacomello et al.,
2020). The electron transport chain (ETC) supercomplexes are composed of five complexes
(CI to CV) whose activity is coupled in the ETC allowing mitochondrial respiration. In this
process, the reduced coenzymes NADH and FADH2 are oxidized at complexes I and II
where their electrons are extracted to energize the mitochondrial ETC (Nolfi-Donegan et al.,
2020). The sequential transit of these electrons through complexes I, I1I, and IV (or II, IIT and
IV) allows to pump protons from the matrix to the intermembrane space (IMS) and at
complex IV, diatomic oxygen O, serves as the terminal electron acceptor, and H,O is formed
(Nolfi-Donegan et al., 2020). The increased concentration of protons at the intermembrane
space, compared to the matrix, generates a mitochondrial membrane potential (Ay,,). This
Ay, allows the utilization of the proton-motive force by the complex V, the Fo-F;-ATPase,
to perform OXPHOS and to generate ATP (Nolfi-Donegan et al., 2020). Therefore,
mitochondrial respiration, OXPHOS and the generation and maintenance of the Ay, are
directly linked. This implies that bacterial-induced OXPHOS reduction may thus trigger
profound consequences for host cells due to the collapse of the Ay, and subsequent death of
infected cells. How L. pneumophila and other intracellular bacteria reduce OXPHOS and deal
with the subsequent Ay, drop has recently been started to be understood. L. pneumophila-
infected hMDMs showed that despite reduced OXPHOS, the Ay, was maintained during
infection (Escoll et al., 2021) (Figure 2). One possibility how this could be achieved lies in

12
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the two modes of action of the FoF,-ATPase. Indeed, the FyF,-ATPase can rotate clockwise,

it works in the ‘forward mode’ and is synthesizing ATP by using the Ay, generated by the

H circuit but it can also rotate counterclockwise, it works in the ‘reverse mode’ (Campanella
et al., 2009, p. 1) and hydrolyzes ATP to maintain the Ay, in the absence of OXPHOS. It
has been shown that L. pneumophila maintains Ay, during infection, in the absence of
OXPHOS, through the induction of the ‘reverse mode’ of the mitochondrial F,-F,-ATPase
(Escoll et al., 2021). Inhibition of the L. pneumophila-induced ‘reverse mode’ of the Fy-F-
ATPase collapsed the Ay, and caused cell death in infected cells, suggesting that
L. pneumophila uses this mechanism to deal with Ay, drops in conditions of highly reduced
OXPHOS, as it is the case at early times post infection (second phase). Induction of the
reverse mode by L. pneumophila is T4SS-dependent and involves the above mentioned
effector LpSpl (Figure 2) (Escoll et al., 2021). Importantly, bacterial replication occurs
preferentially in hMDMs that conserved the Ay, and showed delayed cell death, indicating
that the modulation of the mode of action of the mitochondrial FyF,- ATPase is a virulence
mechanism that preserves the integrity of infected host cells and thereby maintains replication
niche of L. pneumophila. To date, LpSpl is the only known bacterial effector that targets the
functions of a component of the ETC, however, it was shown that infection of macrophages
with extracellular Escherichia coli produces an alteration of the composition and activity of
ETC complexes and supercomplexes (Garaude et al., 2016; Ramirez-Camacho et al., 2019).
Thus, it is tempting to assume that the configuration and functioning of other components of

the mitochondrial ETC might be altered during infection of macrophages by L. pneumophila.

The transport of ADP and ATP across the mitochondrial inner membrane is also an essential
activity to maintain OXPHOS, as it provides the substrate for ATP production and allows its
delivery to the cell (Atlante and Valenti, 2021; Klingenberg, 2008). The members of the
adenine nucleotide translocase (ANT) family exchange ATP/ADP across the mitochondrial
inner membrane and, in line with their vital role as gatekeepers of the energy flux, they are
one of the most abundant proteins in the IMM (Klingenberg, 2008). In mammals, four ANT
isoforms with redundant functions that physically interact and cooperate with the OXPHOS
machinery to enhance mitochondrial respiration, as the overexpression of any of the ANT
isoforms increases basal respiration and ATP production, are present (Lu et al., 2017). A
recent study showed that the L. pneumophila effector Ceg3 (Lpg0080) is secreted during
infection and specifically blocks ANT-mediated ADP/ATP exchange in host mitochondria
(Fu et al., 2022; Kubori et al., 2022) (Figure 2). This effector shows mono-ADP-
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ribosyltransferase activity and is specifically targeted to mitochondria, where ADP-
ribosylates ANTs on an arginine residue in a conserved motif that is essential for ADP/ATP
transport. Thus, ANTs are ADP-ribosylated in human cells infected with wild-type
L. pneumophila but not in cells infected with strains expressing a catalytically inactive form
of Ceg3 or lacking a functional T4SS. This modification specifically blocks transport without
affecting other ANT-related functions, such as the induction of mitophagy (Fu et al., 2022;
Hoshino et al., 2019; Kubori et al., 2022). Interestingly, Lpg0081 is an effector with ADPr
hydrolase activity that reverses the actions of Ceg3 over ANTs (Kubori et al., 2022).
Moreover, over-expression of Ceg3 reduces OXPHOS as a result of the reduction in ADP-
ATP exchange a reduction that was abrogated when Lpg0081 was also overexpressed
(Kubori et al., 2022). It is possible that Ceg3 modulation of OXPHOS is coordinated with
MitF-induced mitochondrial fragmentation and thereby represents a mechanism forcing
infected cells to reduce OXPHOS and to rely on glycolysis to generate ATP and fuel
biosynthetic pathways. Interestingly, besides blocking host ANTSs, L. pneumophila secretes
LncP (Lpp2981), an effector that is targeted to mitochondria and mimics the ANT family of
transporters. Transport studies using purified LncP reconstituted into liposomes revealed that
LncP mainly catalyzes the exchange of ATP (and GTP) across membranes and is carries out
unidirectional (uniport) transport of ATP (Dolezal et al., 2012). This suggests that
L. pneumophila employs its own transporter to transport ATP across the IMM, an activity
that might be coordinated with Ceg3 and Lpg0081. Taken together, during infection,
L. pneumophila uses Ceg3 to temporary inhibit the endogenous ANT carrier but substitutes
this function with a bacterial-encoded “ANT-like” carrier, LncP, representing perhaps a fine-
tuning strategy to adapt mitochondrial ATP efflux to the new metabolic conditions occurring

during infection (Figure 2).

4. Regulation of mitochondria during L. pneumophila infection allows to bypass cell-

autonomous immunity and to control host cell death

In addition to their role in cellular metabolism, mitochondria are centrally positioned hubs in
the innate immune system and cell death pathways by functioning as signalling platforms of
cell-autonomous defence systems (Tiku et al., 2020; West et al., 2011b). Macrophages are at
the forefront to fight bacterial infection and play a unique role in phagocytosis and pathogen
clearance but they also deploy several cell-autonomous defences to protect themselves from
infection, such as the generation of reactive oxygen species, nitric oxide, anti-microbial

peptides or the establishment of a detrimental nutritive environment (Weiss and Schaible,
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2015). Interestingly, mitochondria are key structures for triggering and processing many of

these cell-autonomous immune mechanisms.

One cell-autonomous defence mechanism employed by macrophages during bacterial
infection is to undergo pyroptosis, a highly macrophage-specific pro-inflammatory cell death
pathway (Casson and Shin, 2013). In contrast to apoptosis, which is a non-inflammatory type
of cell death, when macrophages trigger pyroptotic cell death they generate a potent immune
response while effectively destroying the replication niche of bacterial pathogens, such as
L. pneumophila. Pyroptosis is triggered by different signals, some of them are from
mitochondria, which are sensed by the cytoplasmic sensors known as inflammasomes, and
involve the rapid release of cytosolic content, including bacteria, and pro-inflammatory
cytokines, such as IL-1P and IL-18, thus alerting the immune system of an imminent danger
(Bertheloot et al., 2021; Byrne et al., 2013). However, when the bacterial load is low,
macrophages can also mount a rapid autophagic response against bacterial invasion known as
xenophagy, which is also coordinated by the inflammasomes kill intracellular bacteria before
macrophages trigger pyroptosis (Byrne et al., 2013; Wang and Li, 2020). L. pneumophila-
infected cells might also trigger classical mitochondrial apoptosis, which is driven by a loss
of the Ay, culminating in this non-inflammatory form of cell death (Speir et al., 2014a).
Thus, intracellular pathogens such as L. pneumophila have evolved several mechanisms to
evade cell-autonomous immunity of the infected cells, such as impairing antimicrobial
activity or to efficiently control the different types of cell death, first by likely delaying cell
death to allow bacterial replication and then eventually by facilitating it to favour their
dissemination. We will thus discuss below how L. pneumophila subverts mitochondrial
functions linked to cell-autonomous immunity in infected cells, such as the activation of
inflammasomes, the triggering of pyroptosis, the regulation of autophagy and the effective

control of cell death.

4.1 Reactive oxygen species (ROS), mitochondrial ROS (mROS) and inflammasome-

mediated pyroptosis

Innate immune detection of intracellular bacteria mobilizes a myriad of toxic anti-microbial
effectors to combat the pathogen and destroy it within the phagosomes. One of these defenses
is the induction of large amounts of reactive oxygen species (ROS). Although ROS are
primarily produced by the NADPH oxidase system in phagocytes, mitochondrial oxidative
metabolism is also a source of cellular ROS. The production of mROS has been considered a

deleterious consequence of the malfunctioning of the mitochondrial ETC. Now it is thought
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that mROS play an important role as a secondary messenger in the cell and regulate several
defence mechanisms contributing to bacterial clearance (Figure 3) (Geng et al., 2015; West

etal., 2011a).

The production of mROS in mitochondria depends on several factors, including premature
leakage of electrons from complexes I, I, and III, increased Ay, or the energetic status of the
mitochondria (Antonucci et al., 2021; Escoll et al., 2019). Upon sensing LPS, complex I is
one of the major sites of production of mROS in macrophages. TLR signaling by LPS
decreases OXPHOS-dependent ATP production, increases oxidation of succinate by
Complex II, decreases the forward transport at Complex I, and increases the Ay,,, which all
together trigger the reverse electron transport and mROS production at Complex I (Mills et
al., 2016). In addition, blocking the reverse electron transport with Complex I inhibitors
reduces LPS-induced mROS and IL1pB production (Kelly et al., 2015; Mills et al., 2016),
demonstrating that Complex I functions are necessary to regulate inflammation. The
mechanisms underlying TLR-induced production of mROS have been started to be
uncovered. TLR1, TLR2 and/or TLR4 activation leads to the mitochondrial recruitment to
phagosomes, mediated by the assembly of a complex of the ubiquitin ligase TRAF6 and the
mitochondrial complex I-assembly factor ECSIT, which results in the increase of both,
cellular ROS and mROS production (West et al., 2011a). Consistent with a role of ROS in
bactericidal responses, ECSIT- or TRAF6-deficient macrophages exhibit decreased levels of
TLR-induced cellular ROS and are impaired in their ability to kill Salmonella Typhimurium
(West et al., 2011a). Additional components upstream are Mstl and Mst2 kinases, which
participate in activating the GTPase Rac to promote TLR-triggered assembly of the TRAF6-
ECSIT complex (Geng et al., 2015). Reducing macrophage mROS by expressing catalase in
mitochondria results in defective bacterial killing (West et al., 2011a). L. pneumophila
infection inhibits cellular ROS and mROS in cultured cells, as well as dramatically
suppresses mROS in the lungs of infected mice (Figure 3) (Harada et al., 2007; Kajiwara et
al., 2018). Additionally, metformin, a drug that inhibits mitochondrial ETC complex I,
induces mROS production and AMPK activation, resulting in protection against
L. pneumophila infection both in vivo and in vitro. Interestingly, the protective role of
metformin was partially mediated by mROS and was independent of AMPK related-effects
(Kajiwara et al., 2018), suggesting that mROS have also an anti-bacterial role during

L. pneumophila infection and the bacterium has mechanisms to downregulate its production.
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Although these results clearly pointed to a role of mROS in the anti-bacterial response of
macrophages, to date it is still unknown whether the direct transfer of mROS from
mitochondria to phagosomes kills phagocytized bacteria, or whether mROS generated in the
mitochondria and delivered into the cytosol have direct anti-bacterial effects. As the levels of
cellular ROS produced by the NADPH-oxidase in the cytoplasm of phagocytes are expected
to exceed ETC-derived mROS (West et al., 2011b), it cannot be ruled out that the bactericidal
activity triggered by mROS is related to its role in innate immunity as an activator of
inflammasome signalling (discussed below). Moreover, as discussed above, TLR-dependent
MDYV transfer and accumulation of mitochondrial Sod2 into phagosomes produces ROS in
the phagosome and contributes to anti-microbial toxicity, showing an additional mechanisms
by which mitochondrial-derived ROS kills bacteria. However, ETC-derived mROS is not
involved as the mitochondrial ROS-generating enzyme Sod2 is targeted to phagosomes via
MDVs (Abuaita et al., 2018), but as ROS are volatile molecules that can cross membranes
(Fisher, 2009), the possibility that mitochondria-phagosome contacts facilitate the direct
transfer of mROS from mitochondria to the phagosome to kill bacteria exists. Thus, a
remaining question is to understand whether the main contribution of mROS to bactericidal
activity is through the generation and diffusion of mROS that directly kill bacteria, through
the activation of the inflammasome, or through the delivery of mitochondrial Sod2 to

phagosomes.

As introduced before, ROS and mROS are activators of inflammasomes, which are cytosolic
multiprotein oligomers responsible for the activation of inflammatory responses in
macrophages. Macrophages are equipped with an arsenal of pattern recognition receptors
(PRRs) sensing microbial- or danger-associated molecular patterns (MAMPs/DAMPs) and
elicit rapid innate immunity responses to protect the organism (Amarante-Mendes et al.,
2018). In addition to TLRs that are located at the surface of mammalian cells and recognize
microbial ligands such as LPS, the Nod-like receptors (NLRs) are other important types of
PRRs that detect bacterial molecules in the cytoplasm (Akira et al., 2006). NLRs are
fundamental components of the signaling platforms known as inflammasomes. TLRs and
NLRs are thought to activate distinct signaling pathways in response to L. pneumophila and
promote diverse outcomes to defend the cell against infection (Speir et al., 2016). NLRs can
activate inflammasomes after direct recognition of PAMPs/DAMPs or downstream of TLR
signaling pathways (Motta et al., 2015). Upon activation, NLRs recruit apoptosis-associated
speck-like protein containing a CARD (ASC) and/or pro-caspase-1, which activate caspase-1
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and promotes pyroptosis progress via the secretion of mature IL-1B/IL-18 and gasdermin D
activation (Figure 3) (Motta et al., 2015). ROS and mROS released during infection serves as
an important NLRP3-inflammasome activating signal, as they promote mitochondrial damage
and liberation of mitochondrial DAMPs, which lead to macrophage pyroptosis (Weinberg et
al., 2015). Thus, the presence of mitochondrial elements in the cytoplasm, such as mROS,
oxidized mitochondrial DNA or the presence of cardiolipin from the mitochondrial inner
membrane, is sensed as DAMPs and induce the inflammatory response via the NLRP3
inflammasome (Weinberg et al., 2015). Therefore, besides its potential role as antimicrobial
toxic effector, mROS play an important role as signaling molecule as they are direct
activators of the NLRP3 inflammasome to trigger pyroptosis (Figure 3) (Heid et al., 2013;
Weinberg et al., 2015).

L. pneumophila and other intracellular bacteria induce pyroptosis in macrophages through the
NLRC4 inflammasome, by the direct recognition of bacterial PAMPs in the cytoplasm, such
as flagellin (Byrne et al., 2013a; Ren et al., 2006). Interestingly, studies in Pseudomonas
aerugunosa infected BMDMs showed that mitochondrial dysfunction is also essential for
proper NLRC4 inflammasome activation, as inhibiting mROS or degrading intracellular
mitochondrial DNA abrogated NLRC4 inflammasome activation (Jabir et al., 2015). Thus, to
avoid inflammasome-mediated pyroptosis, pathogens control mROS levels by sustaining
optimal mitochondrial activity. Indeed, removal of damaged mitochondria by autophagy of
mitochondria (mitophagy) significantly attenuated NLRC4 inflammasome activation (Jabir et
al., 2015), indicating that P. aeruginosa activates mitophagy to selectively target
dysfunctional mitochondria and avoid pyroptosis. Although a similar strategy was also
observed for other intracellular bacteria, such as L. monocytogenes (Zhang et al., 2019), no
bacterial effector specifically regulating mitophagy during infection has been identfied. As
commented before, L. pneumophila infection inhibited mROS and ROS in vitro, as well as
dramatically suppressed mROS in vivo (Harada et al., 2007; Kajiwara et al., 2018). The
consequences of L. pneumophila-induced regulation of mROS remain a mystery, however
these actions over ROS and mROS could reflect a reduced mitochondrial damage during

infection and might thus also contribute to inhibition of inflammasome activation.

Certain bacteria, such as Sal/monella enterica or E. coli, influence the levels and activity of
different ETC complexes during infection (Garaude et al., 2016). However, to date there are
no studies on the function of ETC complexes during L. pneumophila infection and no effector

directly targeting ETC complexes has been identified. The T4SS effector MitF secreted by
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L. pneumophila induces fragmentation of mitochondrial networks, leading to a decrease in
OXPHOS (Escoll et al., 2017b). As mitochondrial fission induces an alteration of the
structure of mitochondria this should lead also to a reconfiguration of the ETC complexes
during infection. Furthermore, L. pneumophila modulation of the mitochondrial dynamics
might lead not only to decreased OXPHOS, but also to altered mROS levels (Figure 3). The
activity of Ceg3 and LncP effectors on mitochondrial ATP/ADP fluxes might also impact
mROS production (Dolezal et al., 2012; Fu et al., 2022; Kubori et al., 2022). Moreover,
L. pneumophila maintains the Ay, in the infected macrophage cell, in the absence of
OXPHOS, through the induction of the ‘reverse mode’ of the mitochondrial FF,-ATPase
(Escoll et al., 2021). Thus, Legionella-induced low OXPHOS might be sensed by the cell as
adequate mitochondrial functioning as long as mitochondrial integrity and danger signals are
controlled, which would be related to the maintenance of the Ay, (Escoll et al., 2021) or the
inhibition of mROS production (Harada et al., 2007; Kajiwara et al., 2018). Therefore,
modulation of mitochondrial OXPHOS levels, ATPase functioning and mROS production by
L. pneumophila might have additional benefits than bioenergetics, as these regulations might

be intimately linked to the regulation of cell-death in infected macrophages (Figure 3).

4.2 Modulation of autophagy at mitochondrial-associated ER contacts by
L. pneumophila

Autophagy, a fundamental and evolutionary conserved eukaryotic process responsible for
maintaining cellular homeostasis and controlling the quality and quantity of the organelles
and the cytoplasmic biomass is a cell-autonomous immune response partially linked to
engulf nonfunctional or damaged cellular components and deliver them to lysosomes for its
degradation (Mizushima, 2011). However, the autophagic machinery enables also the
detection and elimination of intracellular pathogens through lysosomal degradation, in a
process known as xenophagy (Wang and Li, 2020). Bacterial engulfment by macrophages
generally drives a pronounced autophagic response that targets the bacterial phagosome
(xenophagy) as well as mitochondria damaged by infection (mitophagy). Mitophagy limits
the production of mROS and mitochondrial DAMPs, thus inhibiting the activation of NLRP3
inflammasomes and pyroptosis (Galluzzi et al., 2017; Marchi et al., 2022). Autophagy is,
therefore, a cell-autonomous immune process fighting bacterial infection. It is essential to
restrict intracellular growth of many bacteria, contributes to antibacterial immunity and also

coordinates the inflammatory immune response of the macrophage. For example, for
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L. pneumophila it has been shown that early decisions in the infected macrophage cell

determine whether autophagy or pyroptosis are triggered (Byrne et al., 2013b).

Intracellular pathogens subvert the host autophagy machinery to block xenophagy as it is
allowing host cells to resist infection (Escoll et al., 2016; Zheng et al., 2022). However,
pathogens might also exploit other forms of autophagy, such as mitophagy, to remove
damaged mitochondria, and thus reduce host cell death to maintain their replicative niche
(Jabir et al., 2015; Zhang et al., 2019) . Moreover, autophagy and pyroptosis seem to have
different possible outputs in single bacterial-infected macrophages, as autophagy inhibits
inflammasome activation in macrophages and vice versa during L. pneumophila infection,
suggesting a model where pyroptosis is triggered if the autophagic capacity of macrophages

to remove bacteria is exceeded (Byrne et al., 2013b).

L. pneumophila possesses different effectors modulating the autophagic machinery, such as
RavZ, LegA9, LpSpl, Lpg1137/Ceg20 or Lpg2411 (Abu Khweek et al., 2016a; Arasaki et al.,
2017; Choy et al., 2012; Rolando et al., 2016), each having a distinct role in modulating
autophagy. Interestingly, two of them LpSpl and Lpg1 137, hamper autophagosome formation
presumably by targeting the ER-mitochondria communication at MAMs, which are specific
membranous microdomains at the ER-mitochondria interface. MAMs are inter-organellar
sites of coordination, representing key hubs where many cellular processes are regulated
(Perrone et al., 2020). MAMs participate in the coordination of autophagosome formation,
lipid synthesis and trafficking, calcium homeostasis, mitochondrial morphology,
inflammasome activation and apoptosis (Missiroli et al., 2018; Vance, 2014). Therefore,
MAMs are attractive targets for intracellular pathogens and their effectors to shut down
MAM communication which has pleiotropic effects on the host cell (Escoll et al., 2017a;
Missiroli et al., 2018). One example is LpSpl, a L. pneumophila T4SS secreted effector
detected at ER and mitochondrial membranes (Degtyar et al., 2009; Rolando et al., 2016),
indicating that LpSpl is probably localized at MAMs, where it modulates sphingolipid levels
thereby limiting autophagosome formation and counteracting the antibacterial autophagy
response of the infected host cell (Rolando et al., 2016). Additionally, as discussed above,
LpSpl is involved in the regulation of mitochondrial dynamics (Abu Khweek et al., 2016a),
consistent with the fact that mitochondrial fission also takes place at MAMs (Friedman et al.,
2011). Another L. pneumophila effector, Lpgl137 (Ceg20), accumulates at MAMs to
promote the degradation of the scaffold protein syntaxin 17 (STX17) and disrupts ER—

mitochondria communication, ultimately inhibiting autophagy to support pathogen survival
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(Arasaki et al., 2017). These results suggests that although L. preumophila possesses
different effectors participating in the modulation of the fine balance of autophagy levels,
hijacking MAM communications might be a key target of L. pneumophila, allowing it
subvert the intricate autophagy process of the host cell to survive and preserve its niche to

proliferate.

4.3 Modulation of the mitochondrial-apoptotic pathway during L. pneumophila

infection

Programmed cell death through apoptosis is also critical for the response of immune system

cells to L. pneumophila infection. Apoptosis is a well-orchestrated suicide program that

replicative niche and triggering bacterial clearance in a cell autonomous manner (Youle and
Strasser, 2008). Apoptosis can be triggered either by an intrinsic or an extrinsic pathway
caspase-3 and -7, they function differently. The extrinsic pathway transmits external
apoptotic stimuli to the cell death machinery though the stimulation of death receptors, such
as TNFRs, FasR or TRAILRs (Lossi, 2022). The intrinsic pathway is initialized in the
mitochondria and its activation depends on an intricate balance of pro- and anti-apoptotic
factors of the Bcl-2 protein family that control the activity of the sentinel cell death
regulators, Bax, and Bak (Edlich, 2018). When pro-apoptotic factors overcome the inhibitory
effects of the anti-apoptotic ones, Bax and Bak oligomerize in the mitochondrial outer
membrane and contribute to the mitochondrial membrane permeabilization and release of
cytochrome C, which nucleates apoptosome formation. The apoptosome leads to the cleavage
and activation of caspases-3 and -7, initiating the organized dismantling of the cell (Pena-
Blanco and Garcia-Saez, 2018). Thus, apoptotic, programmed cell death might play two
defensive roles during infection. One eliminates pathogens at the early stage of infection
without emitting alarm signals, the other one induces dendritic cells (DCs) to engulf apoptotic
bodies containing infected microbes, which allows extracellular antigens to access MHC-II
molecules and subsequently induces a protective immune response (Elliott and Ravichandran,

2010).

As L. pneumophila is an intracellular pathogen that reside within macrophages, the apoptotic
pathway can be considered a double-edged sword, that can be detrimental or beneficial

depending on the course of the infection. At early stages of infection, L. pneumophila inhibits
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host cell death and promotes survival pathways to maintain its replicative niche (Behar et al.,
2010; Lamkanfi and Dixit, 2010). However, at later phases of infection, the activation of the
apoptotic pathway allows L. pneumophila to efficiently exit the host cell and spread to the
neighbouring cells. Thus, L. pneumophila has evolved sophisticated strategies to subvert the
host cell death machinery and, as mitochondria play a central role in the induction of cell
death pathways, several T4SS effectors target mitochondrial functions. This is particularly
intriguing as L. pneumophila evolved with amoeba, its natural host, and there is no evidence
for the presence of apoptotic programmed cell death or caspases in amoebae, although
caspase-like proteins (metacaspases or paracaspases) have been discovered (Gao and Kwaik,
2000). Interestingly, L. pneumophila-infected amoeba undergo necrosis mediated by pore-
forming activity (Gao and Kwaik, 2000), but apoptotic programmed cell death was not
reported to be triggered by L. pneumophila infection in amoeba (Gao and Kwaik, 2000;
Hiagele et al., 1998). How L. pneumophila evolved mechanisms to hijack the apoptotic

pathway of macrophages is thus still an enigma.

In macrophages L. pnemophila actively delays apoptosis to complete its life cycle, as
macrophages show increasing apoptotic phenotypes, such as nuclear condensation and
phosphatidylserine exposure, which are caspase-3 dependent, only at the late stages of
infection (Abu-Zant et al., 2007a; Gao and Abu Kwaik, 1999) (Figure 4). During the early
stage, approximately until 18h post-infection, L. pneumophila-infected hMDMs exhibit a
remarkable, T4SS-dependent resistance to the induction of apoptosis (Abu-Zant et al., 2007a,
2005). Paradoxically, in a wide variety of host cells such as human and murine macrophage
or monocyte cell lines L. pneumophila infection triggers activation of the executioner
caspase-3 at early stages, also in a T4SS-dependent manner, and this activation is even more

robust during exponential bacterial replication (Abu-Zant et al., 2005; Molmeret et al., 2004).

How L. pneumophila evades apoptosis, since L. pneumophila can trigger caspase3 activation
during macrophage invasion without inducing immediate cell death, remains unresolved. This
might due to a pro/anti-apoptotic balance moving towards cell survival, as a loss of anti-
apoptotic BCL-2 family members, BCL-XL and MCL-1, induces cell death of infected
macrophages and promotes L. pneumophila clearance in lungs (Speir et al., 2016). Several
T4SS effectors are involved in triggering sustained NF-«kB signalling. Early post-infection,
L. pneumophila induces the transcriptional upregulation of several anti-apoptotic BCL-2
family members via the NFkB transcription factor in a T4SS-dependent manner. In

agreement, pharmacological inhibition of NFkB induces apoptosis and impairs
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L. pneumophila growth (Abu-Zant et al., 2007b). This strong anti-apoptotic signaling cascade
seems to render infected cells refractory to potent, external apoptotic stimuli and might
compensate the activation of Caspase-3 and other pro-apoptotic factors such as BNIP3 that
are activated during L. pneumophila infection, (Abu-Zant et al., 2007a; Losick and Isberg,
2006).

L. pneumophila relies also on additional mechanisms to sustain macrophage viability (Figure
4). The L. pneumophila effector SidF binds and inhibits BNIP3 and Bcl-rambo, two pro-
apoptotic members of the BCL-2 family, which are primarily located in the outer membrane
of mitochondria (Banga et al., 2007). Both BNIP3 and Bcl-rambo are putative pro-apoptotic
proteins and their activity can be blocked by the anti-apoptotic protein BCL-2 (Kataoka et al.,
2001; Zhang and Ney, 2009). Moreover, BNIP3 and Bcl-rambo can target mitochondria
directly and induce cell death in a BCL-2-independent manner by interacting with ANT, the
ADP/ATP carrier of mitochondrial membranes, to induce loss of mitochondrial membrane
potential and caspase activation (Kim et al., 2012). Consistent with this, loss of SidF was
reported to result in increased apoptotic cell death of L. pneumophila infected macrophages.
This finding raised the possibility that BNIP3 and Bcl-rambo are key host factors controlled
by L. pneumophila to regulate host cell death (Banga et al., 2007). However, a more recent
study using single-cell analysis of L. pneumophila-infected macrophages demonstrated that
L. pneumophila can replicate and induce normal macrophage killing rates in the absence of
SidF, as well as BNIP3 and Bcl-rambo. In line with this, the inhibition of SidF, BNIP3, or
Bcl-rambo did not affect L. pneumophila lung infections in mice (Speir et al., 2017). These
results suggest that L. pneumophila can evade apoptosis independently of SidF and highlights
that host cell death signalling following L. pneumophila infection might depend on the
expression levels of different cell death components in the infected cell at the single-cell
level. However, a recent study reported that different clinical isolates of L. pneumophila Sgl
induce diverse levels of caspase-3 activation and cell death, which highlights that host cell
death susceptibility to infection dependents also on specific bacterial determinants

(Guillemot et al., 2022).

Indeed, additional effectors have been reported to be involved in the regulation of
mitochondrial-derived apoptosis. SdhA was identified through a genetic screen of
L. pneumophila mutants with intracellular growth defects. This protein shows no
recognizable domain, is constitutively expressed, and is translocated into the host cell by the

T4SS throughout the intracellular growth cycle. SdhA has pleiotropic functions, such as
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maintaining the integrity of the LCV or inhibiting host pyroptosis and it is thought to be
involved in protecting L. pneumophila against stress conditions. Infection of macrophages
with sdhA-deficient L. pneumophila results in mitochondrial disruption, membrane
permeability, caspase-3 activation, and caspase-1- and caspase-11-dependent pyroptosis,
suggesting that SdhA likely suppresses mitochondrial- as well as non-mitochondrial-

mediated apoptosis (Laguna et al., 2006).

Host ATP/ADP carriers, such as ANTs, are thought to play a critical role in apoptosis by their
ability to compromise the bioenergetics of mitochondria, resulting in Cytochrome C release
and apoptosome formation (Zhivotovsky et al., 2009). Indeed, ANTs are essential
components of the mitochondrial permeability transition pore (mPTP) and its formation
triggers cell death by caspase-dependent or -independent mechanisms (Belzacq et al., 2002;
Kinnally et al., 2011) (Figure 5). Therefore, as the T4SS effector SidF binds and inhibit
BNIP3-ANT interaction, L. pneumophila might reduce apoptosis also by blocking mPTP
opening. Additional inhibition of host ANT by Ceg3-mediated mono-ADP-ribosylation could
also participate in blocking mPTP opening (Figure 5).

The effector LncP might be critical in this process, as it is an ATP/ADP carrier targeted to the
inner mitochondrial membrane (Dolezal et al., 2012). Although loss of LncP does not
abrogate intracellular L. pneumophila growth, and it does not complement yeast mutants
lacking endogenous carrier proteins, overexpression of LncP is toxic for yeast grown in
nutrient-limiting media. Interestingly, the yeast mutant lacking the carrier protein Aac was
resistant to this LncP-induced inhibition of cell viability as both transport ATP, and most
likely the combined export of ATP from the matrix by LncP and Aacl leads to a growth
defect (Dolezal et al., 2012). Thus, it is possible that LncP induces cell death on its own
under certain conditions (Figure 5), particularly in conditions of low ATP/ADP transport.
This is particularly interesting, as the effectors Ceg3 and Lpg0081 specifically modulate
endogenous ATP/ADP carrier activity during infection (Fu et al., 2022; Kubori et al., 2022).
Further studies are needed to address the role of LncP and its possible coordination with

Ceg3-mediated inhibition of endogenous ATP/ADP carriers in the induction of apoptosis.

Besides macrophages, L. pneumophila can also infect other immune cell types, such as
dendritic cells (DCs). However, murine DCs are poor hosts for as they are more sensitive to
L .pneumophila-induced cell death (Nogueira et al., 2009). Compared to macrophages
infected at the same conditions, apoptotic cell death occurs much earlier and is induced by the

caspase-3 mediated canonical intrinsic pathway in DCs infected with L. pneumophila.
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Although activation of caspase-3 does not trigger immediate apoptosis or disrupts bacterial
replication in DCs, L. pneumophila-induced cell death of DCs is completely abrogated in the
absence of caspase-3 or Bax/Bak and is also reduced upon expression of the anti-apoptotic
protein BCL-2. Furthermore, different to macrophages, caspase-3 and, particularly, Bax/Bak-
deficient DCs, can sustain L. pneumophila growth over several days, demonstrating that
mitochondrial-dependent apoptosis is the primary mechanism of cell death of DCs caused by
L. pneumophila infection (Nogueira et al., 2009). This suggest that unlike L. pneumophila-
infected macrophages, murine DCs fail to upregulate anti-apoptotic factors (Abu-Zant et al.,
2007b). Why DCs undergo rapid apoptosis upon L. pneumophila infection is still a matter of
debate. It is hypothesized that this response may be designed to interfere with the migration
of infected DCs through the lymphatic system, to prevent DCs from serving as “Trojan
Horses” transporting pathogenic microbes from peripheral sites to central organs (Nogueira et
al., 2009). However, it is also possible that L. pneumophila actively induces apoptosis in DCs
to prevent their maturation and, hence, activation of adaptive immune responses in the
lymphatic system and therefore avoids antigen processing and presentation, DC migration to

lymph nodes and subsequent T-cell co-stimulation (Mellman and Steinman, 2001).

L. pneumophila can still induce cell death normally in the absence of a functional
mitochondrial permeability transition pore complex (Speir et al., 2017), which confirms that
at late stages, macrophage cell death includes signals operating independently of the intrinsic
mitochondrial apoptotic pathway. In line with this, a strong correlation between caspase-3
dependent apoptosis and TNF-a levels in infected macrophages was observed, despite the
variability seen among the L. pneumophila isolates (Guillemot et al., 2022). Interestingly,
inhibiting TNF-o by using anti-TNF-a antibodies dramatically reduces apoptosis of the
different isolates, highlighting the major role of the extrinsic-apoptotic pathway in promoting
caspase-3-mediated cell death during L. pneumophila infection and the involvement of TNF-

a, which is a cytokine produced by macrophages themselves during infection.

At least five effectors have been identified that induce caspase-3 activation when expressed
in HEK293 cell line, VipD, LpSpl/LegS2, Lem12, Cegl8 and Lpg0716 (Zhu et al., 2013)
(Figure 4). At least three of them, (LpSpl/LegS2, Leml12 and Cegl8) are targeted to
mitochondria and a fourth, VipD, a phospholipase which hydrolyses phosphoethanolamine
and phosphocholine from the mitochondrial membrane, was shown to cause destabilization of
the mitochondrial membrane and the release of Cytochrome C (Zhu et al., 2013). However,

the exact roles of these effectors during infection and their influence in triggering apoptosis
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remain elusive, as the co-deletion of these five effectors in L. pneumophila made DCs
partially less sensitive to cell death but it did not impair caspase-3 activation in the U937
human macrophage cell line nor did they influence bacterial infection or intracellular
replication in murine primary macrophages (Zhu et al., 2013). In contrast, LpSpl/LegS2 over
expression on HEK293 cells rendered different results in two studies measuring cell death
(Escoll et al., 2021; Zhu et al., 2013). When early apoptosis was measured in single,
transfected cells upon over expression of LpSpl (Ipp2128), transfected HEK293 cells were
more resistant to Staurosporin-induced cell death, in line with the role of LpSpl inducing the
reverse mode of the ATPase to delay cell death (Escoll et al., 2021). Thus, LpSpl might
protect cells from externally induced apoptosis. However, other study showed that over
expression of LegS?2 (Ipg2176) in HEK293 cells increased Caspase-3 cleavage, a measure of
late apoptosis (Zhu et al., 2013). As LpSpl/LegS2 encodes a S1P lyase, and S1P and ceramide
compose a rheostat regulating autophagy and cell death (Bedia et al., 2011; Iessi et al., 2020),
these results might indicate that overexpression of the bacterial effector in human cell lines
dysregulates this rheostat and leads to cell death. Overexpression of the effector in
transfection experiments most likely induces higher levels of the bacterial protein in the
cytoplasm than those occurring during infection, which might strongly dysregulate S1P levels
and hence the rheostat. Thus, as transfection may lack the fine tuning of LpSpl/LegS2
expression levels at mitochondria and the ER occurring during infection, excessive SPL
activity and abnormal ceramide accumulation might increase cell death of transfected cells.
Probably, those transfected cells that survived transfection as LpSpl is highly toxic for
eukaryotic cells expressed the bacterial protein at lower levels. Measuring LpSpl effects
specifically and uniquely in transfected cells by using quantitative microscopy might thus
uncover phenotypes, such as protection from externally-induced apoptosis, that are otherwise
hidden in bulk analyses of e.g. western blots of Caspase-3 cleavage. Further investigations
are needed to understand the exact role of LpSpl/LegS2 on cell death during infection and
how bacterial manipulation of sphingosine metabolism in the infected cell impacts the

S1P/ceramide rheostat.

Taken together, it seems that the infected cell defends itself by inducing cell death, while
L. pneumophila delay it by the action of multiple T4SS factors. The bacterial-induced
modulations intersect with several signalling hubs where host mitochondria play key roles,
such as inflammasome-dependent pyroptosis and the intrinsic-mitochondrial-apoptosis

pathway. These leads to an intricate network of signalling cross-talks within the infected cells
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that complicates the study of mitochondrial-dependent cell death pathways during
L. pneumophila infection. The application of single-cell approaches might help to dissect this

complicated network of functional interactions regulating cell death pathways.
5. Conclusions

Since the very early times of research on L. pneumophila-host interactions, the relationship of
the bacterium with host organelles, and specifically with mitochondria, has been studied.
Early observations of mitochondrial recruitment to the bacterial vacuole, together with recent
live imaging in single cells, have led to a model where L. pneumophila-mitochondria contacts
are highly dynamic, probably unspecific, independent of T4SS effectors, and where a transfer
of proteins between both structures might occur, probably repositioning the nature of
mitochondria-phagosome contacts within the dynamics of vesicular trafficking. Although it
has been suggested that these contacts serve different roles, such as the release of anti-
microbial mROS or itaconate to the phagosome, further investigations are needed to

understand the role of such dynamic contacts.

As mitochondria are the powerhouses of the cell, any changes in mitochondrial functions
have an important impact in cellular bioenergetics. Indeed, L. pneumophila manipulates via
its T4SS effectors OXPHOS functioning and ATP/ADP transport across mitochondrial
membranes, the mitochondrial FoF;-ATPase, the maintenance of Ay, and the delay of host
cell death thus modifying mitochondrial functions seem to have cellular implications beyond
metabolism. A model could be that reducing OXPHOS promotes a glycolytic metabolism,
and as glycolysis is intimately linked to biosynthetic pathways, this metabolic switch might
provide L. pneumophila with the amino acids and lipids for intracellular growth. OXPHOS
reduction collapses the Ay, and promotes cell death of the infected cell, therefore the
induction of the ‘reverse mode’ of the FoF,-ATPase by L. pneumophila at the expenses of
glycolytic ATP, plays a role in maintaining the Ay, independently of OXPHOS. This also
avoides the collapse of mitochondrial polarization and evading the early death of the infected
cell. As mitochondria are signalling hubs in the cell and guardians of cellular homeostasis
mitochondria might also be sensors of danger-associated metabolic modifications (DAMMs)
triggered during infection (Dramé et al., 2020), and L. pneumophila and other intracellular
bacteria hijack these mechanisms to avoid premature cell death of the infected macrophage

cell.
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The ability of cells to trigger cell-autonomous immune responses to infection seems
intimately linked to mitochondrial functioning, thereby constituting a key component of
intracellular homeostasis during infection (West et al., 2011b). Central molecules regulating
cell-autonomous immune responses are mROS, which are generated at the mitochondrial
ETC when the electron flux is altered, and which can trigger pyroptosis via inflammasome
activation or be direct anti-microbials delivered to the bacterial phagosome (Herb and
Schramm, 2021; Li and Chang, 2021). In this regard, the interplay between autophagy and
pyroptosis during Legionella infection has elegantly shown the kind of fates an infected
macrophage can undergo and Legionella might modulate (Byrne et al., 2013b). Indeed,
Legionella modulates autophagy and pyroptosis via different T4SS effectors. MAMs, the
membrane contacts between the ER and mitochondria where several of these processes such
as the mitochondrial fission machinery, the formation of autophagosomes, the activation of
the NLRP3-inflammasome, and the location of several apoptosis regulators, such as BCL-2
and BCL-XL are regulated, might be targeted by additional L. pneumophila effectors that
need to be identified.

The investigation of the relationship between L. pneumophila and mitochondria has moved
forward, however, several intriguing questions remain to be answered. Are L. pneumophila-
mitochondria contacts providing an advantage to the pathogen? Why OXPHOS is regulated
in a biphasic mode during L. pneumophila infection, with T4SS-independent and -dependent
phases, and what is the impact of TLR signaling on these phases? Is the glycolytic switch
beneficial for the pathogen? What is the role of the L. pneumophila-induced modulation of
ATP/ADP transport in the regulation of OXPHOS and/or mitochondrial FoF;-ATPase
functioning? Is L. pneumophila -induced regulation of mROS avoiding inflammasome
activation and pyroptosis? How L. pneumophila TASS effectors regulating caspase-dependent
apoptosis evolved if the natural host, amoeba, lack caspases? Answering these and other
questions will be a passionate journey to understand mitochondrial biology during

L. pneumophila infection.
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Table 1. List of L. pneumophila effectors described to target mitochondria

L. pneumophila

effector

Lpgl976/
Lpp1959
(LegG1/MitF)

Lpg2176/
Lpp2128
(LegS2, LpSpl)

Lpg0080
(Ceg3)

Lpg0081

Lpp2981
(LncP)

Lpg0376
(SdhA)

Lpg2584
(SidF)

Lpg2831
(VipD)

Lpgl625
(Lem12)

Lpg0898
(Cegl8)

Lpg0716

Lpgl137
(Ceg20)

Effector activity

Ran GTPase
activator

Sphingosine-1P
lyase

mono-ADP-
ribosyltransferase

ADP-
ribosylhydrolases

ANT transporter

Protein-protein
interaction

Phospholipase A2

Serine protease

Mitochondrial
target

DRP1 activation

FoF 1 -ATPase
reverse mode

MAMs ?

ANT carrier
inhibition

ANT carrier
activation

BNIP3 and
BcI2RAMBO
inhibition

STX17 inhibition

Mitochondrial
outcome

Mitochondrial
fragmentation

Mitochondrial
fragmentation

Maintenance of
Ay,

Increased caspase 3

Alteration of
ATP/ADP efflux

Alteration of
ATP/ADP efflux

Alteration of
ATP/ADP efflux

Mitochondrial
integrity
Reduced

proapoptotic
signals

ANT-mediated
apoptotic blockage

Increased caspase 3

Increased caspase 3

Increased caspase 3

Increased caspase 3

Cellular
outcome

Metabolic
rewiring

Metabolic
rewiring
Inhibition
of cell
death
Blockage of
autophagy

Induction of
cell death

Metabolic
rewiring

Metabolic
rewiring

Metabolic

rewiring?

Inhibition
of cell
death

Inhibition
of cell
death

Induction of
cell death

Induction of
cell death

Induction of
cell death

Induction of
cell death

Blockage of
autophagy

Refs

(Escoll et al.,
2017b)

(Abu
Khweek et
al., 2016a)

(Escoll et al.,
2021)

(Rolando et
al., 2016)
(Zhu et al.,
2013)
(Fuetal.,
2022,
Hoshino et
al., 2019)

(Kubori et
al., 2022)

(Dolezal et
al., 2012)

(Laguna et
al., 2006)

(Speir et al.,
2017)

(Zhu et al.,
2013)

(Zhu et al.,
2013)

(Zhu et al.,
2013)

(Zhu et al.,
2013)

(Arasaki et
al., 2017)
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FIGURE LEGENDS

Figure 1. Functional analysis of the mitochondrial proteins identified in the proteome of
the Legionella-containing vacuoles isolated from RAW264.7 macrophages. Gene
Ontology enrichment analyses of biological processes (A) and cellular components (B).
Functional categories were assigned using DAVID (Dennis et al., 2003), for the 499
mitochondrial proteins (47%) obtained from the purified LCV protein dataset of infected
macrophages from Hoffmann et al., 2014. GO terms shown in graphs represent the top 20
with the highest significative p-value (<0.001). Redundant GO terms were removed using

REVIGO (Supek et al., 2011). Enrichment fold change is defined as Observed/Expected.

Figure 2. Regulation of mitochondrial functions by Legionella with metabolic
consequences. Once L. pneumophila is phagocytosed, the recognition of specific ligands by
pattern recognition receptors, such as TLR, triggers a rapid cell autonomous innate immune
response leading to increased OXPHOS and glycolysis. During infection, L. pneumophila
induces mitochondrial fission, in a T4SS-dependent manner. At least two effectors are
involved: MitF an activator of Ran GTPase that induces the DRP1-mediated fragmentation of
mitochondria and LpSpl (LegS2), sphingosine-1 phosphate lyase, which induces fission by
unknown mechanisms. The fission process leads to reduced OXPHOS, which together with
high glycolysis, represents an optimal metabolic program (Warburg-like) to promote
biosynthetic pathways and sustain intracellular growth. To deal with the consequent drop of
Ay, as result of reduced OXPHOS, L. pneumophila-induces the ‘reverse mode’ of the FoF -
ATPase to pump protons through the inner mitochondrial membrane (IMM) in a T4SS-
dependent process, partially mediated by LpSpl. L. pneumophila also adapts ATP/ADP efflux
during infection by modulating the activity of host ANTs through the effectors Ceg3 and
Lpg0081, that show opposing enzymatic activities as ADP ribosyltransferase and ADP
ribosylhydrolase, respectively. They might coordinate this function together with LncP, a

L. pneumophila effector with ANT-like carrier functions.

Figure 3. Role of mitochondrial ROS as signaling molecule in inflammasome-mediated
pyroptosis and its modulation during L. pneumophila infection. TLR recognition of
L. pneumophila leads to production of cellular ROS and mROS, which play essential roles as
signaling molecules during inflammasome activation. NLRs are important innate immune

receptors that upon the recognition of DAMPs/PAMPs nucleate and form the inflammasome,
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inducing a proinflammatory cell death termed pyroptosis. mROS are essential for NLR
signaling as: (1) mROS (and cellular ROS) released during infection promotes mitochondrial
damage and the release of mitochondrial DAMPs, which are signals for NLRP3-
inflammasome activation, and (2) mROS is required for proper NLRC4-dependent
inflammasome activation upon recognition of bacterial PAMPs. L. pneumophila reduces
mROS during infection, thus we hypothesize that L. pneumophila-induced modulation of
mitochondrial dynamics might lead not only to decreased OXPHOS, but also to reduced
mROS, which would reduce xenophagy and subvert inflammasome activation. In addition,
other L. pneumophila effectors seem to maintain stable mitochondrial “danger parameters” in
infected macrophages, such as Ay, and ATP efflux, through the induction of the ‘reverse
mode’ of the mitochondrial FoF;-ATPase and the direct regulation of ANTSs, respectively. All
together this might allow mitochondrial functioning and macrophage survival, even at low

OXPHOS levels.

Figure 4. Modulation of the intrinsic apoptotic pathway by L. pneumophila

The activation of the mitochondrial intrinsic pathway depends on a fine balance of pro- and
anti-apoptotic factors of the BCL-2 protein family. After pathogen recognition, the innate
immune pathways lead to a pro-apoptotic signal, which overcomes the anti-apoptotic one and
promotes the oligomerization of Bax and Bak. This provokes mitochondrial membrane
permeabilization and Cytochrome C (CytC) release, initiating a signaling cascade that results
in cleavage and activation of caspase-3 and the onset of apoptosis. During the early steps of
infection, L. pneumophila preferentially promotes anti-apoptotic signals by secreting T4SS-
dependent factors to preserve its niche, such as SidF, which binds to and inhibits the
functions of the pro-apoptotic proteins BNIP3 and Bcl-rambo. In contarst, at late phases of
infection L. pneumophila favors the pro-apoptotic signals to efficiently exit the host cell. Five
T4SS effectors show activated caspase-3 during infection VipD, LpSpl/LegS2, Leml2,
Cegl8 and Lpg0716. These factors might co-ordinately act with other cell death signals, such

as active TNF-a, to induce caspase-3 activation and cell death at late infection.

Figure 5. Modulation of cell death by L. pneumophila by interfering with mitochondrial
permeability transition pore (mPTP) formation. ANTs are essential components of
mPTPs and its formation triggers cell death by caspase-dependent or -independent

mechanisms. L. pneumophila-induced innate immune responses increase pro-apoptotic
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signals, such as BNIP3, which binds to ANTs, and induces apoptosis via mPTP. During early
infection L. pneumophila secretes T4SS effectors with potential anti-apoptotic roles, such as
SidF, that binds and inhibits BNIP3-ANT interaction. Host ANT-inhibition by favoring a
Ceg3-mediated mono-ADP-ribosylation over Lpg0081-mediated ADPr hydrolysis might also
participate in blocking mPTP. A pro-apoptotic role for the L. pneumophila effector LncP has
been proposed, as it induces cell death under nutrient-limiting conditions during late stages of

the infection.
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