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Abstract Necrosis has long been considered as a passive
event resulting from a cell extrinsic stimulus, such as
pathogen infection. Recent advances have refined this view
and it is now well established that necrosis is tightly reg-
ulated at the cell level. Regulated necrosis can occur in the
context of host—pathogen interactions, and can either par-
ticipate in the control of infection or favor it. Here, we
review the two main pathways implicated so far in bacte-
ria-associated regulated necrosis: caspase 1-dependent
pyroptosis and RIPK1/RIPK3-dependent necroptosis. We
present how these pathways are modulated in the context of
infection by a series of model bacterial pathogens.

Keywords Bacteria - Cell death - Regulated necrosis

Introduction

Eukaryotes and bacteria have coevolved for millions of
years by interacting in multiple ways, from symbiosis to
pathogenesis. This selected a plethora of molecular
pathways that link microbial fate to host cell biology. Our
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vision of microbes has drastically changed since their first
observation by Antonie van Leeuwenhoek. Bacteria have
since mainly been considered in the context of infection,
but are also recognized as symbionts and commensals, as
evidenced by the increasingly documented role of the
intestinal bacterial flora on many aspects of human health
[1-5]. The effects of bacteria on host health reflect their
impact on host cell metabolism. Yet, the manipulation of
cell homeostasis by microbes can also threaten cell via-
bility. Cell death induced by bacteria was considered for a
long time as necrosis, and this premature death was seen
as an acute event, deleterious for host integrity. Indeed,
cells killed by bacteria may exhibit hallmarks of necrotic
death such as organelle swelling, rupture of the plasma
membrane and release of cytosolic content [6]. These
features contrast with apoptosis, the regulated cell death
pathway described in the early 1970s, characterized by
nuclear condensation and retention of organelle and
membrane integrity [7]. Apoptosis was long considered as
the sole pathway of regulated cell death implicated in
physiological processes, and bacteria-induced necrosis as
a hallmark of pathology, even though bacteria have also
been shown to trigger apoptosis [8, 9]. It should be noted
that the distinction between apoptosis and necrosis is no
longer based on morphological criteria only. Many studies
have indeed defined the biochemical pathways leading to
cell death [10], and this led to revisit reports dealing with
bacteria-associated cell death. A better understanding of
the cellular pathways leading to cell death have also
shown that necrosis, as apoptosis, can be regulated.
Recent reports on cell death pathways have also generated
some degree of confusion in the nomenclature with the
appearance of neologisms such as parthanatos [11],
paraptosis [12], ferroptosis [13], pyronecrosis [14], which
significance will likely be refined by mechanistic studies.
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The term necroptosis is the most frequently used for
regulated necrosis, even if it was coined to describe a
specific subtype of cell death [15]. For simplicity, we
have chosen to use the general term “regulated necrosis”
throughout this review to refer to all the forms of regu-
lated cell death distinct from apoptosis. Even if regulated
necrosis is far more documented in the context of viral
infections, many examples of bacteria-associated necrop-
tosis have been reported, and constitute the focus of this
review.

To Kkill or to be killed: the fate of pathogens facing
their hosts

By definition, pathogenic bacteria do not primarily share
common interests with their hosts. However, the host
constitutes the environment in which they feed and grow,
at least transiently. If, as Francgois Jacob coined it, «the
dream of a bacterium is to become two bacteria», their
unregulated proliferation can compromise host viability
and be self-deleterious. The success of bacterial pathogens
in the context of infections depends on the balance between
their growth within the host and their control by the
immune system. Since host cell regulated necrosis is
characterized by cellular swelling and cell membrane
rupture, it leads to the extracellular release of intracellular
content triggering innate and adaptive immune responses,
which will compromise pathogen survival. Successful
invaders have selected ways of regulating host cell necrosis
to dampen the activation of immune responses and promote
their intracellular growth. Bacterial pathogens can also
directly impair immune functions by activating selectively
the death of phagocytic and bactericidal immune cells such
as macrophages. Therefore, infection is a tradeoff that
integrates the spatiotemporal regulation of host cell death.
Bacterial pathogenesis is dynamic and strongly depends on
the cell, tissue and host contexts. In-depth in vivo studies
are, therefore, required to precisely apprehend the rele-
vance of regulated cell necrosis along the infection process.

Many recent studies have addressed the mechanisms of
bacteria-associated regulated necrosis. Most reports have
used cultured macrophages, professional phagocytes being
a major line of defense against invading bacteria. Two
main pathways have been described, depending either on
caspase 1 or RIPK1/RIPK3 kinases. These pathways con-
stitute the core of the regulated necrosis machinery, which
can be modulated by bacteria to induce or inhibit necrotic
cell death. The molecular mechanisms of regulated
necrosis have been reviewed in detail [16-18]. This review
provides a brief description of these mechanisms, and
illustrates how bacteria can modulate caspase 1 or RIPK1/
RIPK3 cell death pathways.
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Molecular mechanism of the caspase 1-mediated
regulated necrosis (also referred as pyroptosis)

Jurg Tschopp and his group have highlighted and elucidated
the function of the inflammasome, the macromolecular
complex that senses external dangers, such as infection. The
inflammasome is composed of an effector (caspase 1), an
adaptor (ASC protein) and a sensor (a member of the NOD-
like receptor family (NLR)). The role of caspase 1 is to
cleave and activate the pro-inflammatory interleukins pro-
IL-1p and pro-IL-18 [19, 20]. The release of IL-1f and IL-
18 initiates the immune response. Facultative intracellular
bacteria have been shown to trigger a form of pro-inflam-
matory cell death called pyroptosis, in opposition to
apoptosis. Even if pyroptosis involves caspase 1 activity, IL-
1B and IL-18 are not directly involved in the cell death
process [21]; caspase 1 is rather involved in pore formation
within the cellular membrane leading to swelling and
osmotic lysis of cells [22].

Molecular mechanism of RIPK1-RIPK3-mediated
regulated necrosis (also referred as necroptosis)

Most of the knowledge regarding necroptosis is based on the
study of tumor necrosis factor (TNF)-induced necrosis. As
its name indicates, TNF is a cytokine that was shown
40 years ago to trigger tumor necrosis [23]. Yet, several
studies have shown that TNF signaling can mediate either
apoptosis or necrosis depending on the biological context
[24, 25]. Briefly, after binding of TNF to TNF-receptor 1
(TNFR1), an oligomeric structure called complex 1 is
formed with the kinase RIPK1 and other cofactors which
activates the NF-kB pathway promoting cell survival [26].
Under a variety of death signals which are not fully deci-
phered, RIPK1 kinase activity is stimulated and this leads to
cell death: complex I is destabilized and RIPK1 engages in a
cytosolic structure called complex II together with RIPK3
and caspase 8 [26, 27]. Activation of caspase 8 mediates
apoptosis, but in conditions in which caspase 8 is not acti-
vated, RIPK1 and RIPK3 mutually phosphorylate each other
and get activated [28-30]. In the absence of active caspase 8,
RIPK3 can phosphorylate MLKL, and promote necroptosis
[31], by modulating the osmotic pressure via its action on
ion channels, resulting in cell swelling, membrane rupture
and ultimately cell death [32-34] (Fig. 1).

Pathogenic mycobacteria

The infection by Mycobacterium spp. constitutes one of the
best illustrations of the life-or-death situation that consti-
tute  host—pathogen  interactions.  Mycobacterium
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Fig. 1 TNF-mediated regulated cell death. Upon stimulation with
TNF, a RIPKI-bound oligomeric structure called complex I induces
NF-kB activation leading to cell survival. The complex I is, then
destabilized, releasing free RIPKI kinase that binds to a cytoplasmic
structure called complex II. RIPK1 and RIPK3 can be cleaved within

tuberculosis (Mt) is a facultative intracellular bacterium,
the causative agent cause of tuberculosis, one of the most
prevalent and persistent human infections. It is, according
to the World Health Organization (WHO), the greatest
bacterial killer worldwide with nearly 1.5 million deaths
annually. By using zebrafish larvae infected with My-
cobacterium marinum (Mm), a closely related pathogenic
mycobacterium species as a model for M, it has been
shown that TNF signaling triggers reactive oxygen species
production and mediates resistance to Mm by stimulating
the mycobactericidal activity of infected macrophages
[35]. This leads to the decrease of the intracellular bacterial
burden and protects infected macrophages to bacteria-in-
duced necrosis. But in case of massive infection, TNF
signaling also triggers the RIPK1-RIPK3 necrotic pathway
leading to the death of heavily infected macrophages [36]
(Fig. 2). In other words, macrophages undergo cell death if
TNF signaling is too weak and bacteria proliferate, but they
also undergo RIPK1-RIPK3-mediated necrosis if the TNF
signaling is too strong.

The in vivo depletion of macrophages leads to bacterial
extracellular growth resulting in a higher bacterial burden
and a cording morphology of bacteria, a Mycobacterium-
specific feature correlated with local dissemination [35,
37]. This illustrates that macrophages are key for the early
control of infection. However, infected macrophages have
been shown to be motile and implicated in the dissemina-
tion of Mm [37]. The necrosis of infected macrophages is
therefore a host defense mechanism to prevent pathogen

this complex in a caspase 8-dependent manner, inducing apoptosis.
Alternatively, when caspase 8 action is prevented (artifically or by the
action of pathogen effectors), RIPKI and RIPK3 associate in a
complex called necrosome that recruits MLKL triggering the
regulated necrosis

dissemination and contain locally the infection at the cost
of local tissue damages.

An additional layer of complexity in Mt infection is the
formation of granuloma. A tuberculous granuloma is
classically composed of a central core of necrotic cells
surrounded by concentric layers of macrophages and
lymphocytes [38]. Granuloma physically wall off bacteria
from neighboring tissues, and have therefore, long been
considered as a host defense mechanism. Nevertheless,
granuloma formation induces the recruitment of monocyte-
derived macrophages that serve as a replicative niche for
bacteria [39]. In this context, granulomas favor the dis-
semination of bacteria during the early steps of the disease.
At later stages, granuloma can reflect a host—pathogen
equilibrium that promotes latent infection, a cardinal fea-
ture of tuberculosis.

Salmonella

Salmonellosis is one of the major foodborne bacterial
infections. In the US, non-typhoidal Salmonella enterica
(Se) (mainly serovars Enteritidis and Typhimurium) affects
1 million individuals and causes around 400 deaths each
year [40]. Se is a facultative intracellular pathogen that
infects and kills a variety of cell types including macro-
phages and epithelial cells in vitro and in vivo [41-43]. The
death pathway triggered by Se in infected macrophages
was first described as apoptosis 20 years ago [8]. But this
view has been revisited by more recent studies. First, it has
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Fig. 2 TNF and Mycobacterium-induced regulated the cell death.
Intracellular Mycobacterium proliferates within phagocytes when the
TNF signaling is absent or too weak, leading to the death of infected
cells by unregulated necrosis (left). When the TNF signaling is

been shown that macrophage death requires caspase |1
activation and not caspases 3 and 8 [42, 44]. Pyroptosis
was, therefore, proposed as an explaining mechanism of
Salmonella-induced macrophage death. It was later shown
that Caspl ™'~ mice were more susceptible to Se infection
[45, 46] supporting a role for macrophage pyroptosis as a
host defense mechanism. A model has been proposed
where dying macrophages release free extracellular bac-
teria that are phagocytized by neutrophils and killed by
reactive oxygen species [47]. However, the central role of
caspase 1 has recently been profoundly challenged. First, it
has been shown that commonly used Caspl ™'~ mice also
lack caspase 11 and are actually Caspl™'~ Caspll™~
double knockout [48]. This has a strong significance since
caspase 11 alone can induce macrophage death in response
to intracytosolic Se infection [49, 50]. Indeed, although
macrophage death is alleviated in Caspl1~'~ as compared
to Caspl ™'~ Caspll™'~ double knockout mice, it occurs
by a noncanonical pathway involving type-I interferon
signaling. Interestingly, bacterial burdens are higher in
Caspl™"~ mice than in Caspl™'~ Caspl1™'~ mice, indi-
cating that noncanonical caspase 11-mediated macrophage
death promotes Se infection [49] (Fig. 3).

Another recent study has confirmed that type-I inter-
feron signaling (IFNP but not IFNa) is involved in Se-
induced macrophage death [51]. Yet, Ifnarl ™'~ mice (mice
that lack the type-I interferon receptor) were shown to be
less susceptible to Se infection than wt mice, arguing for a
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moderate, bactericidal activity of macrophages is stimulated, limiting
bacterial growth and favoring cell survival (middle). However, when
TNF signaling is too high, RIPKI-RIPK3-mediated necrosis is
stimulated even if bacterial growth is controlled. Adapted from [36]

role of bacterial-induced macrophage death in the promo-
tion of the infection [51]. But in this study, a link between
type-I interferon signaling and RIPK1-RIPK3-mediated
necrosis was clearly demonstrated. Authors have also
observed a direct molecular interaction between IFNARI1
and RIPK1 reminiscent of the well-described TNFR-
RIPK1 interaction that leads to necroptosis (see Fig. 1).
Even if they have shown that inhibition of RIPK1 is much
more effective than inhibition of caspase 1 in preventing
Se-induced macrophage death [51], the exact functional
relationship between RIPK1-RIPK3-mediated necrosis,
caspase 1 and caspase 11-induced pyroptosis and their
relative impact on infection remains to be addressed to
fully elucidate Se-associated macrophage cell death
(Fig. 3).

Listeria monocytogenes

Listeriosis is caused by Listeria monocytogenes (Lm), one
of the foodborne pathogens associated with the highest
mortality rate [40]. Lm is a facultative intracellular patho-
gen that can survive and replicate in professional
phagocytes as well as in nonphagocytic cells. Once intra-
cellular, Lm escapes from the phagosome before its fusion
with lysosomes via the action of the pore-forming toxin
listeriolysin O (LLO) [52]. LLO-producing bacteria induce
the production of TNF [53] and activate NF-xB [54]. Of
note, purified LLO in itself is sufficient to induce NF-kB
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Fig. 3 Salmonella-induced
regulated cell death.
Extracellular Salmonella is
phagocytized leading to its
internalization within a vacuole.
From there, it will manipulate
host cell metabolism thanks to
secretion of virulence factors. It
can induce cell death via the
canonical pyroptotic pathway

~

through caspase 1 activation. anonICal
Cytoplasmic (extravacuolar) pathway
bacteria are also able to induce
cell death in a noncanonical
pathway by activating caspase
11. Finally, Salmonella can
induce cell death via the RIPK1/
RIPK3 pathway. Caspase

pyroptosis and RIPKI/RIPK3
necroptosis favor bacterial
colonization

1-associated pyroptosis has a
deleterious effect on bacteria
limiting the infection whereas
caspase 11-associated \

infection control

\ non-canonical
pathways

1 /

infection promotion

signaling and lymphocyte apoptosis [55]. Even if they did
not use LLO, authors of a very recent paper have shown
that pore-forming toxins of the LLO family induce
necroptosis arguing for a probable role of LLO as a direct
inducer of RIPK1-RIPK3-mediated regulated necrosis [56].

It has been shown that Lm-induced macrophage death is
distinct from apoptosis [57] and that Lm induces pyroptosis
of cultured bone marrow derived macrophages [58]. These
data have been challenged by results from us and others
showing a Lm-induced non-pyroptotic necrotic death of
macrophages in vitro [56] and in vivo [59, 60]. Indeed,
during the liver stage of mouse listeriosis, we have
observed a death of the embryonically derived resident
macrophages, known as Kupffer cells [59]. This death is
caspase 1-independent, ruling out pyroptosis. Furthermore,
it is not observed when mice are infected with a Ahly
isogenic mutant unable to produce LLO, a result reinforced
by a recent study that links pore-forming toxins to RIPK1-
RIPK3 mediated necrosis [56]. We have also observed a
defect in macrophage death in Ifnarl ™'~ mice as previ-
ously reported in vitro and in vivo [51, 61-65] pointing out
to a role of type-I interferon signaling in Lm-induced
macrophage death. Finally, we found that chemical inhi-
bitors of RIPK1, necrostatin 1 and necrostatin 1 s, strongly
reduce the Lm-induced macrophage mortality arguing for a
RIPK1-mediated necrosis [59]. By contrast, we observed

that RIPK3 was not directly involved in the death process,
an original feature already observed upon adenoviral
infection, arguing for a RIPK1-dependent, but RIPK3-in-
dependent regulated necroptosis, which mechanism
remains to be elucidated [60]. It seems that Lm infection
could be favored by macrophage necrosis at least during
the very early steps [60], but the global impact of this liver
resident macrophage death on the infection outcome has
not yet been precisely assessed.

Interestingly, it was also shown that cytotoxic CD8" T
cells, which are well known to kill Lm-infected cells
mainly by secretion of perforins, can also mediate anti-
listerial immunity via a perforin-independent but TNF-de-
pendent mechanism [66]. Even if direct evidence is
lacking, one could speculate that TNF produced by cyto-
toxic CD8" T cells triggers TNF-mediated necrosis in
infected cells (Fig. 1).

Shigella

Shigellosis, also known as bacillary dysentery, is a human
foodborne bacterial infection highly prevalent in children
in developing countries. Bacteria from the Shigella genus
invade the lamina propria of the gut after crossing the
intestinal barrier via Peyer patches M cells [67] and kill
resident macrophages [68]. Shigella was long known to
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induce the death of infected macrophages in vitro [9].
Based on the classical criteria used at that time, the death
pathway was assigned to as apoptosis. It was later shown
that Shigella infection and killing of macrophages triggers
caspase 1 activation, IL-1p and IL-18 release, and pyrop-
tosis [69]. The killing of macrophages is required for an
efficient invasion of the intestinal epithelium via the basal
pole after translocation via M cells. Surprisingly, macro-
phages are not the only professional phagocytes killed by
Shigella. It has been shown that neutrophils can also die
and produce neutrophil extracellular traps (NETs) in
response to Shigella infection [70]. These NETs are com-
posed of neutrophil DNA that is externalized and
physically trap and kill bacteria. The release of DNA is a
form of cellular suicide and can be now considered as a
specialized form of regulated cell death (NETosis) trig-
gered by bacteria such as Shigella and involved in bacterial
clearance.

Interestingly, Shigella has also been shown to induce
nonmyeloid necrosis by triggering mitochondrial dysfunc-
tion in cultured epithelial cells [71]. However, Shigella can
modulate epithelial cell necrosis by activating a pathway
involving Nodl, RIPK2, and NF-xB which delay cell
death. This pro-survival pathway could explain the
observed in vivo resistance of epithelial cells to Shigella-
induced cell death. In this model, Shigella could favor
epithelial cell survival to maintain alive their ecological
niche [71]. A more recent study has added a supplemental
level of complexity: upon infection, Shigella induces a
genotoxic stress which activates p53 in the host cell and
favors the apoptosis of the infected cell [72]. A Shigella
virulence factor, VirA, activates calpain which in turn
induces the degradation of p53. This allows infected cells
to survive and serve as a reservoir for Shigella multipli-
cation prior to the future invasion of neighboring cells [72].
Finally, another recent study has revealed that the Shigella
protein OspC3 modulates caspase 11-dependent pyroptotic
death of several human epithelial cell lines, providing the
first evidence of a modulation by a bacterial effector of the
noncanonical pyroptotic pathway [73]. To summarize,
Shigella exhibits a unique capability to hijack cell survival
or cell death pathways and promote infection.

Yersinia

The Yersinia genus is composed of several species, three of
which are pathogenic for humans, Yersinia pestis, the
causative agent of the plague, and Yersinia pseudotuber-
and Yersinia enterocolitica, associated with
enteritis and mesenteric adenitis. Yersinia crosses the
intestinal barrier via Peyer patches M cells specifically,
thanks to a surface protein called invasin [74-76]. But
interestingly, as compared to the aforementioned

culosis
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foodborne bacteria, Yersinia prevents its phagocytosis by
macrophages. It injects virulence factors within targeted
cells via a type-III secretion system. The main toxin
injected is YopJ in Y. pestis and Y. pseudotuberculosis and
its ortholog YopP in Y. enterolitica. As for Salmonella,
Yersinia-associated macrophage death was first thought to
be apoptotic [77, 78], before the requirement of caspase 1
was demonstrated, reclassifying Yersinia-induced macro-
phage death as pyroptosis [79]. Triggering phagocyte death
was originally viewed as a bacterial weapon destroying one
of the host first lines of defense [80]. Nevertheless, this has
been revisited by a study where authors have used a system
in which the cytotoxicity of Yersinia is modulatable [81].
A YopP-producing strain of Y. pseudotuberculosis was
shown to induce more macrophage, dendritic cell and B
cell death in mesenteric lymph nodes, as compared to the
isogenic strain expressing YopJ. Strikingly, the virulence
of the YopP-expressing so called “super killer” strain was
attenuated as compared with the YopJ-expressing control
strain with a colonization of spleen and lymph node
diminished after an infection with the YopP-expressing
strain [81]. Interestingly, AyopJ and YopP-expressing
strains exhibit comparable host colonization potentials,
both invading less efficiently the host than the wt Yopl-
expressing strain. These data indicate that bacteria unable
to induce cell death or that overkill host cells have a
reduced colonizing ability whereas the more invasive
bacteria are the ones that induce an intermediate level of
cell death [81]. These observations have been corroborated
by another study with Y. pestis, where the authors have
shown that YopP-expressing Y. pestis exhibits high cyto-
toxic activity against macrophages in vitro as compared to
the wild-type YopJ-expressing Y. pestis [82]. Once again,
this high cytotoxicity correlates with reduced colonization
of organs.

Other examples of bacteria-induced host cell death

Mycobacteria, Salmonella, Listeria, Shigella, and Yersinia
species are exquisite tools to characterize bacteria-induced
regulated necrosis. Nevertheless, as this field is just
emerging, a growing number of host—pathogen interactions
leading to regulated necrosis are reported. Helicobacter
pylori is a bacterium which colonizes about half of the
world’s population and is associated with gastric adeno-
carcinoma. H. pylori induce a form of regulated necrosis
via the virulence factor VacA, at least in vitro [83]. Even if
the relevance of this phenotype in cancer development has
not been assessed, experimental data suggest that VacA-
mediated regulated necrosis may contribute to gastric
inflammation, an identified risk factor for the development
of ulcer disease and gastric adenocarcinoma.
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Regulated necrosis was also observed upon infection by
enteropathogenic species from the genus Clostridium,
Clostridium septicum [84] and Clostridium perfringens
[85], uropathogenic Escherichia coli [86]. In addition,
studies using Staphylococcus aureus have also revealed a
bacteria-induced macrophage necrotic death; although it
remains unclear if the process is caspase 1-dependent
pyroptosis [87] or RIPKI-RIPK3-mediated necroptosis
[88].

Finally, very recently, a study has shed light on the
impact of early necroptosis of macrophages on infection
outcome [56]. Using various pore-forming toxin-produc-
ing bacterial pathogens, authors have shown that
prevention of bacteria-induced regulated necrosis could be
beneficial for the host, at least in a murine model of
Serratia marcescens-induced hemorrhagic pneumonia
[56]. These results fit with those obtained earlier with
Salmonella [51] and argue for a model where early
necroptosis favors bacterial infection and is detrimental
for the host.

Conclusions

Bacterial infections modulate host cell responses. One of
these responses is necrotic cell death. The description of
apoptosis 40 years ago was instrumental in showing that
cell death is not necessarily detrimental, as it is involved in
embryonic development and tissue homeostasis. The recent
years have revealed that necrosis can also be regulated,
which can be beneficial for the host during pathology.
Nevertheless, the outcome of bacteria-induced host
necrotic cell death can vary according to infection
parameters such as the intensity of infection, the time point,
the infected organ and cell types and the pathogenic agent.
In this context, studies with immortalized cell lines in
which by definition cell death pathways are perturbed show
some limitations. Integrative studies of bacteria-associated
host cell necrosis in vivo will be critically needed to fully
explore the spatiotemporal modulation of host cell death by
bacteria in their physiological environment. The underlying
host- and pathogen-driven mechanisms that will be
uncovered could be critical to a basic understanding of
regulated cell death, but also important to develop targeted
anti-infective strategies.
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