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Abstract
Structure and integrity of the mitochondrial network play important roles in many cellular processes. Loss of integrity 
can lead to the activation of a variety of signalling pathways and affect the cell’s response to infections. The activation of 
such mitochondria-mediated cellular responses has implications for infection recognition, signal transduction and pathogen 
control. Although we have a basic understanding of mitochondrial factors such as mitochondrial DNA or RNA that may be 
involved in processes like pro-inflammatory signalling, the diverse roles of mitochondria in host defence remain unclear. 
Here we will first summarise the functions of mitochondria in the host cell and provide an overview of the major known 
mitochondrial stress responses. We will then present recent studies that have contributed to the understanding of the role of 
mitochondria in infectious diseases and highlight a number of recently investigated models of bacterial and viral infections.
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Introduction

Even though this is technically still only a hypothesis, it is 
generally assumed that mitochondria originated as endosym-
bionts, when an archaeon engulfed a bacterium to be able 
to develop into a eukaryote [1]. Even if that was not to be 
the case, mitochondria certainly act as endosymbionts. They 
form a self-organized, replicating network in the cytosol, 
they assume responsibility for efficient energy generation 
and through their metabolism determine a cell’s metabolism, 
reaction, and behaviour, through their gatekeeping of apop-
tosis, mitochondria even control death and survival of their 
host. Given this complex interaction, it may be little sur-
prise that mitochondria can also exert some control over the 
pro-inflammatory activity of the cell. Probably all cells of 
the human body can start inflammation, a complex process 
determining the organism’s response to infection and other 

types of damage. In addition to ‘cell-autonomous immunity’, 
the ability of a cell to contain infectious agents, all cells can 
alert professional immune cells to help combat the invading 
pathogen. We will here briefly recapitulate the mitochondrial 
functions relevant to host defence before focussing on their 
specific inflammatory functions. We believe that these func-
tions in immune defence are one of the features that mito-
chondria contribute to the defence of a cell, and ultimately 
the organism, against infection.

Mitochondria—function and organization

The highly dynamic mitochondrial network provides a 
large intracellular surface, and the mitochondrial proteome 
encompasses about 1500 proteins in humans (most of them 
encoded in the nucleus) [2]. Given the massive interface 
of the mitochondrial network, it may be unsurprising that 
mitochondria can act as a platform for cellular recognition 
of intracellular stressors and threats.

Mitochondria are highly structured organelles that have 
an inner and an outer membrane. The inner membrane is 
folded and forms the so-called cristae and crista junctions 
[3]. This structure is important for the export and import 
of proteins through the inner mitochondrial membrane. 
Crista junctions, as contact sites of the two mitochondrial 
membranes, require a highly organised arrangement, the 
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mitochondrial contact site and cristae organising system 
(MICOS), for their formation and stability (Fig. 1A). 
MICOS is a protein complex consisting of the Mic60 sub-
complex (Mic60 and Mic19) and the Mic10 subcomplex 
(Mic10, Mic12, Mic26 and Mic27). Within the cristae 
the main components of the machinery of the mitochon-
drial oxidative phosphorylation are located and therefore 
this structure is essential for energy production in cells 
[4–6]. This machinery is built by the electron transport 
chain, containing 4 different protein complexes and a ATP 
synthase, also called complex V [7]. The complex I, a 
NADH:ubiquinone oxidoreductase, reduces quinone by 
using NADH [8]. The essential NADH for reactions is 
generated during the chemical reaction cycle called the 
Krebs cycle [9]. The complex II is a succinate dehydro-
genase, and oxidates succinate to fumarate by reducing 
ubiquinone, also called coenzyme Q, to ubiquinol. [9, 
10]. The complex III, a cytochrome bc1 oxidoreductase, 
uses the ubiquinol produced by complex II to reduce 
cytochrome c, also called the Q-cycle [11, 12]. The cre-
ated cytochrome c becomes oxidated by the complex IV, 
that is a cytochrome c oxidase, thereby the complex IV 
reduces oxygen to water [13]. The complex I, III and IV 
in addition serve as proton transporter via the inner mem-
brane of mitochondria, resulting in a proton gradient that 
is used by the ATP synthase to generate ATP out of ADP 
and phosphate [14–18] (Fig. 1B).

The mitochondrial network is a highly dynamic struc-
ture within cells and is the product of fission into and 
fusion of individual mitochondria.

Mitochondrial fission is mainly regulated and initiated 
by dynamin-related protein 1 (Drp1) [19, 20]. Mitochon-
drial fission is characterised by the formation of Drp1 spirals 
around the outer mitochondrial membrane, followed by the 
processing of GTP, which allows a conformational change 
of Drp1 that results in the separation of individual mito-
chondria from the network (Fig. 2A). Mitochondrial fission 
and fusion are separate cellular processes, each regulated 
by several proteins. Fission is achieved by post-translational 
modifications of Drp1, and depending on the phosphoryla-
tion site, recruitment of Drp1 to the mitochondrial mem-
brane is initiated or blocked [21–23]. Phosphorylation by 
the extracellular signal-regulated kinases (ERK) of Drp1 for 
example, results in Drp1 activation and binding to the mito-
chondria, followed by fission [23], while phosphorylation of 
Drp1 by protein kinase A (PKA) results in the inhibition of 
mitochondrial fission [21]. Mitochondrial fusion of the outer 
membrane is initiated by the interaction of the membrane 
protein mitofusin 1 or 2 (Mfn1; Mfn2) on two individual 
juxtaposed mitochondria [24, 25]. The regulation of mito-
chondrial fusion is not entirely clear, but it has been shown 
that phosphorylation of Mfn1 by beta-II protein kinase C 
(βIIPKC) inhibits the process [26]. Once the outer mem-
brane is fused, fusion of the inner membrane takes place, 
initiated by optic atrophy 1 (OPA1) [6, 27] (Fig. 2B).

Fig. 1  Mitochondrial organisation and mitochondrial oxidative phos-
phorylation. A The structure of mitochondria is characteristic, with 
their two membranes and the folds of their inner membrane, called 
cristae [3]. Cristae junctions, the contact sites of the two mitochon-
drial membranes are required for cristae formation. Here, the mito-
chondrial cristae organising system (MICOS) is required, a protein 
complex stabilizing the interaction between the membranes. MICOS 
is containing two large subcomplexes, the Mic60 subcomplex (Mic60 
and Mic19) and the Mic10 subcomplex (Mic10, Mic12, Mic26 
and Mic27) [4–6]. B The mitochondrial oxidative phosphorylation 
machinery is located within the cristae and is essential for mitochon-
drial energy production. This machinery contains 4 different protein 

complexes and an ATP synthase. Complex I reduces quinone using 
NADH, which origins form the Krebs cycle (metabolic reaction cycle 
that starts with acetyl-CoA derived from the degradation of glucose 
in the mitochondrial matrix). Complex II oxidates succinate to fuma-
rate by reducing ubiquinone, also called coenzyme Q (Q), to ubiqui-
nol. Here the succinate is a product coming from the Krebs cycle [9, 
10]. Complex III uses the ubiquinol produced by complex II to reduce 
cytochrome c (CytC) [11, 12]. Complex IV reduces oxygen to water 
and oxidates cytochrome c [13]. Complex I, III and IV transport pro-
tons over the inner mitochondrial membrane and generate a proton 
gradient [14–17]. The proton gradient is used by an ATP synthase to 
generate ATP from ADP and phosphate [18]
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Mitochondrial morphology is regulated at a number of 
levels and has significant effects on cellular functions and 
signal transduction in a cell. Mitochondrial fragmentation, 
for example, the result of a relative increase in fission and 
reduction in fusion, changes the network to more small, indi-
vidual mitochondria, while dominance of fusion generates 
large, continuous networks. Mitochondrial fragmentation 
can lead to loss of mitochondrial network integrity and has 
been shown to impair  Ca2+-induced cell death signalling, 
and intramitochondrial  Ca2+ concentration has been shown 
to affect autophagy [28–30].

The uptake of  Ca2+ from the endoplasmic reticulum 
(ER) is regulated at a contact site between mitochondria 
and ER [30].  Ca2+ is known to regulate fission and fusion. 
High cytosolic  Ca2+ concentration has been associated with 
mitochondrial fission triggered by dephosphorylation of 
Drp1, and elevated intramitochondrial  Ca2+ levels appear 
to be involved in blocking the mitochondrial inner mem-
brane fusion apparatus [31, 32]. Infection processes have 
frequently been described as stimuli for mitochondrial 
morphological changes. Infection with Vibrio cholerae, for 
example, leads to mitochondrial fragmentation triggered by 
the secreted factor VopE, which targets mitochondria [33]. 
In Helicobacter pylori infections, vacuolating cytotoxin A 
(VacA) has been shown to induce mitochondrial fragmenta-
tion by activating Drp1 [34]. Here, the mitochondrial fission 
machinery is used by the toxin expressed by the pathogen 
to induce fragmentation of the mitochondrial network and 
subsequent cell death [34]. In addition to destruction of the 
mitochondrial network, bacterial infections can also lead 

to mitochondrial elongation, as shown by an infection with 
Chlamydia trachomatis in which DRP1 levels are downregu-
lated by inducing the expression of a host cell microRNA 
(miR-30c-5p) [35].

Mitochondrial stress responses

In addition to the essential role of energy generation through 
oxidative phosphorylation in the mitochondria, some mito-
chondrial components also have functions in other pathways 
such as cell death. One example is the role of cytochrome 
c in mitochondrial apoptosis [36, 37]. During intracellu-
lar stress, mitochondrial apoptosis can be activated by the 
down-regulation of anti-apoptotic members, and the acti-
vation of pro-apoptotic members of the Bcl-2 family [38, 
39]. The Bcl-2 family plays a crucial role in the regulation 
of mitochondrial apoptosis. For example, protein synthe-
sis shutdown can cause the loss of MCL-1, a short-lived 
anti-apoptotic member of the Bcl-2-family, and the loss of 
MCL-1 enables the activation of mitochondrial apoptosis 
[39].

The two Bcl-2-family members Bax and Bak are essential 
for the activation of mitochondrial apoptosis as they function 
as pore-forming proteins in the outer mitochondrial mem-
brane, permeabilizing the outer mitochondrial membrane 
(MOMP) [40, 41]. This key event in mitochondrial apoptosis 
allows the release of cytochrome c into the cytosol, followed 
by the formation of the apoptosome, a protein complex con-
sisting of APAF-1, cytochrome c and pro-caspase-9 [42, 43]. 

Fig. 2  Mitochondrial fission and fusion. A The main factor of mito-
chondrial fission is dynamin-related protein 1 (Drp1), which forms 
spirals around the outer mitochondrial membrane [19, 20]. By chang-
ing the protein conformation, initiated by its GTPase activity, Drp1 
clamps off mitochondria. B Mitochondrial fusion is a two-step pro-

cess. First, the outer membrane fuses through the interaction of the 
membrane protein mitofusin 1 or 2 (Mfn1; Mfn2) [24, 25]. Then 
inner membrane fusion takes place initiated by optic atrophy 1 
(OPA1) [6, 27]
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Fig. 3  Mitochondrial stress responses. A Mitochondrial apoptosis 
is linked to intracellular stress. Mitochondrial outer membrane per-
meabilization (MOMP) is a key event, generating Bax/Bak pores [40, 
41]. The permeabilization allows the release of cytochrome c into 
the cytosol. Cytochrome c together with Apaf-1 and pro-caspase-9 
generates the ‘apoptosome’, whose activity activates caspase-9 [42, 
43]. Caspase-9 in turn activates the effector caspase-3 [37]. Several 
reports suggest that mitochondrial DNA (mtDNA) can be released 
into the cytosol, resulting in activation of the cGAS/STING path-
way and cell activation [95–100, 105, 109]. B MAVS signalling 
is an important intracellular pathway, which can originate from the 
recognition of cytosolic RNA, for example viral RNA. The RNA is 
recognised by the cytosolic sensors Rig-1 or MDA5 [44–48]. These 

RNA-receptors bind to the mitochondrial membrane protein MAVS, 
initiating signalling to activate NF-κB or IRF3 and cell activation 
(cytokine / interferon production) [44]. C UPRam is activated by pro-
tein mistargeting and the accumulation of proteins in the cytosol of 
the cell. This may be the result of failed import into the mitochondria 
or retro-translocation, followed by targeting of accumulated proteins 
for proteasomal degradation [49, 50]. D UPRmt is a reaction to the 
accumulation of misfolded protein in the mitochondrial matrix. Mis-
folded proteins are cleaved by the protease CLPP inside mitochondria 
and transported to the cytosol. Here protein fragments activate  the 
transcription factor ATF5, resulting in transcriptional activation of 
anti-apoptotic genes (such as Mcl-1 and Bcl-2) and genes related to 
mitochondrial proteostasis [51–57]
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In the apoptosome, caspase-9 is activated and sets in motion 
the downstream proteolytic events, especially through cas-
pase-3 [37] (Fig. 3A).

The mitochondrial apoptotic pathway is an example of 
mitochondria playing a role in cell signalling in response to 
cytosolic stress. Another example of mitochondria's ability 
to recognise and transmit signals is the antiviral response, 
which relies on the mitochondrial membrane protein MAVS 
[44]. Viral cytosolic RNA can be recognised by Rig-1 or 
MDA5, two helicases belonging to the retinoic acid-induc-
ible gene I (RIG-I)-like receptors (RLRs) [45–48]. These 
bind to the ‘adapter’ MAVS, whose aggregation leads to 
a downstream activation of NF-κB and the production of 
proinflammatory cytokines, as well as the phosphorylation 
of IRF3 and interferon production [44] (Fig. 3B).

Mitochondria can also respond to the accumulation of 
misfolded proteins, either in the cytosol (unfolded protein 
response, activated by protein mistargeting (UPRam)) or in 
the mitochondrial matrix (mitochondrial unfolded protein 
response (UPRmt)) [49, 50]. UPRam is characterised by the 
fact that accumulated proteins, which have either resulted 
from failed import into the mitochondria or retro-translo-
cation, are fed to the proteasome for degradation (Fig. 3C). 
In contrast to UPRam, UPRmt recognises the accumulation 
of proteins within the mitochondria and activates a stress 
response. In this process, the misfolded proteins are cleaved 
by the protease CLPP and exported to the cytosol, where the 
transcription factor ATF5 gets activated [51–54], followed 
by the transcriptional activation of anti-apoptotic genes 
(such as Mcl-1 and Bcl-2) and genes related to mitochon-
drial proteostasis [55–57] (Fig. 3D).

Mitochondria and infection

Mitochondrial structure and dynamics 
during infection

Mitochondria are increasingly found to play a role in cell-
autonomous immunity. Over time, the interaction between 
infection dynamics and the integrity of the mitochondrial 
network has been described for many different infection 
models. During infections with intracellular or extracel-
lular bacterial pathogens mitochondrial fragmentation has 
been observed (infections with Shigella, Listeria or Myco-
bacteria); enhanced fusion has also been observed (Chla-
mydia) (reviewed in [58, 59]). In the case of viral infections, 
fragmentation as well as hyper-fusion have been described. 
In the case of SARS-CoV2- or HIV infection for instance, 
enhanced fusion has been reported, while for influenza virus 
or hepatitis B and C viruses mitochondrial fission domi-
nates [59]. In addition, mitochondrial fragmentation has 

been reported during infection with the parasite Toxoplasma 
gondii [60].

Furthermore, the differences in the morphology of the 
mitochondrial network effects the energy generation, but 
can be in addition a marker for different cell types [59]. 
It appears that anti-inflammatory macrophages or dendritic 
cells mainly have elongated mitochondria, while the mito-
chondrial network of pro-inflammatory macrophages or 
activated B cells appears to be more on the fragmented side 
[59]. However, the precise role and effect of the change of 
the mitochondrial network and the outcome for infection 
dynamics seem still to be unclear and diverse.

One example is the case of influenza virus infection mod-
els: while influenza virus has been more commonly reported 
to induce mitochondrial fragmentation, a new study has 
shown that it has, in addition, the ability to induce mitochon-
drial elongation by blocking the recruitment of the mito-
chondrial fission protein Drp1 to mitochondria [61]. Inter-
estingly, the pharmacological induction of mitochondrial 
fragmentation during infection reduced the viral burden, 
indicating the importance of mitochondrial elongation for 
viral replication. The importance of this observation in vivo 
has to be confirmed; however, these results show the com-
plexity in this field and suggest functional relevance [61].

It has been found that the activity of the pore-forming 
toxin listeriolysin O (LLO) of the intracellular bacterium 
Listeria monocytogenes [62] leads to fragmentation of the 
mitochondrial network [63, 64]. L. monocytogenes also 
caused an increase in Mic10, a MICOS-component [3, 65], 
in isolated mitochondria. Mic10 deficiency inhibited mito-
chondrial fragmentation during Listeria infection, while 
overexpression of Mic10 induced mitochondrial fragmen-
tation independent of infection [65]. It appears that the pro-
cess of mitochondrial fragmentation supports the infection 
of epithelial cells with L. monocytogenes in epithelial cells. 
Mic10-deficient cells showed a decrease in intracellular bac-
terial numbers; in contrast, infection dynamics were faster 
upon Mic10 overexpression. Interestingly, ATP levels did 
not change in Mic10 deficiency, indicating that the reduc-
ing effect on bacterial intracellular growth is not related to 
decreased cellular energy availability. The clinical impor-
tance of these results remains unclear, but they identify 
a new potential mechanism for the control of L. monocy-
togenes over the host cell.

Mitochondrial metabolism during infection

Cellular energy can be obtained via two main pathways. 
First, cells can generate energy through glycolysis and lactic 
acid fermentation, and secondly through mitochondrial res-
piration. Cells can adjust their utilization of either pathway; 
most famous is the ‘Warburg effect’ of cancer cells switching 
to glycolysis [66]. During stimulation of macrophages with 
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for example lipopolysaccharides (LPS), and presumably dur-
ing infection, macrophages also transform their metaboli-
cally activity, and one well-known adjustment is the up- or 
down-regulation of tricarboxylic acid (TCA) cycle and gly-
colysis that is associated with the ‘M1’ (pro-inflammatory) 
vs. ‘M2’(anti-inflammatory) macrophage phenotype [67, 
68]. Such changes in mitochondrial and cellular metabo-
lism are likely to impact on many structural and signalling 
pathways. Some studies have started probing these effects 
on infections with individual pathogens. A recent study 
has shown that cells that use mitochondrial respiration for 
energy production have limited recycling of plasma mem-
brane proteins that may serve as pathogen receptors [69]. 
Under conditions of high mitochondrial respiration, recep-
tors (the transferrin receptor was measured) accumulated 
intracellularly, resulting in a reduced presentation of recep-
tors at the surface. As a result, the bacterial invasion may 
be reduced due to the reduced number of receptors, which 
translated into a lower intracellular bacterial load during Lis-
teria-infection. Interestingly, deletion of SURF1, an assem-
bly protein of complex IV of the electron transport chain, 
led to increased intracellular bacterial load. It has previously 
been shown that deletion of SURF1 in primary fibroblasts is 
a stimulus for the mitochondrial unfolded protein response 
(UPRmt), and  SURF1−/− mice show increased numbers 
of mitochondria and UPRmt [70, 71], but also increased 
maximal mitochondrial respiration [70]. In contrast to these 
findings, deficiency of SURF1 in epithelial cells results in 
decreased maximal respiration [69]. These findings estab-
lish a link between mitochondrial metabolism and bacte-
rial infection, suggesting that mitochondrial metabolism for 
energy production has a direct impact on infection success 
in epithelial cells.

In Mycobacterium tuberculosis infections of mouse 
bone marrow-derived macrophages (BMDM), a different 
effect has been observed. A recent study reported that the 
absence of the Parkinson's disease-associated gene Leu-
cine-Rich Repeat Kinase 2 (LRRK2) leads to an increase 
in bacterial load [72]. Previously, mutated LRRK2 has 
been linked to mitochondrial dysfunctions like changes 
in mitochondrial network morphology and sensitivity to 
oxidative stress but also to defects in mitophagy [73]. 
The recent study interestingly shows, that glycolysis in 
LRRK2-deficient macrophages was reduced, as was mito-
chondrial respiration [72]. LRRK2 partakes in a variety 
of cellular processes, but mutations in LRRK2 also cause 
mitochondrial dysfunction and have been described as 
a factor in the development of Parkinson's disease [73, 
74]. LRRK2-deficient mice infected with M. tuberculosis 
showed the same bacterial load as controls, while isolated 
and infected BMDMs under LRRK2-deficient conditions 
showed increased intracellular replication of bacteria 
[72]. However, increased inflammation was observed at 

the site of infection in LRRK2-deficient mice. Further-
more, loss of LRRK2 in macrophages increased the levels 
of type I interferon (IFN) and interferon-stimulated genes 
(ISG) in the uninfected state, but the cells were unable to 
upregulate IFN and ISG expression further after infection, 
resulting in a less effective IFN response to mycobacte-
rial pathogens and to cytosolic nucleic acids. The most 
recent study found that cell activation in LRRK2-deficient 
cells under non-infected conditions was linked to mito-
chondrial fragmentation leading to the release of mito-
chondrial DNA into the cytosol and activation of the IFN 
response via cGAS [72]. The presented findings indicate 
that the integrity of the mitochondrial network is essen-
tial for regulating cell-autonomous immunity and followed 
inflammation and bacterial control. Therefore, these data 
represent a link between the LKKR2-mitochondria axis to 
cellular defence against bacteria.

Infections with Zika virus, a virus of the Flaviviridae 
family that can infect cells in the cerebral cortex but also 
astrocytes and replicates in the endoplasmic reticulum 
[75], can cause an imbalance of reactive oxygen species 
and defects in mitochondrial respiration and ATP synthesis 
[76]. Recent analyses of mitochondrial ATP synthesis by 
oxidative phosphorylation during Zika virus infections of 
astrocytes showed no difference in basal respiration at the 
early stages of infection, but at later time points basal respi-
ration decreased, possibly indicating mitochondrial damage. 
It has already been shown that infections with hepatitis C 
virus (HCV), which belongs to the same virus family, can 
lead to  Ca2+ release from the endoplasmic reticulum, which 
can represent a signal for mitochondria to increase ROS pro-
duction [77]. These early studies suggest that mitochondrial 
metabolism will affect infections with different pathogens in 
a multitude of ways, and probably in different ways depend-
ing on the type of the infected host cell.

Apart from such direct effects on intracellular replica-
tion, changes to the mitochondrial metabolism will also 
affect inflammation in a non-cell-autonomous manner. In 
the report quoted above, ZIKA virus infection led to reactive 
astrogliosis, a situation in which astrocytes remodel their 
gene expression and morphology in response to stressors 
[76, 78]. Reactive astrocytes are an important component 
of the innate immune response of the central nervous sys-
tem and can respond to a variety of different stressors such 
as various cytokines, damage-associated molecular pat-
terns (DAMP) and pathogen-associated molecular patterns 
(PAMP) [79].

It is at least conceivable that the previously described 
increase in proinflammatory cytokines in infected astrocytes 
[80] is a consequence of mitochondrial dysfunction and acti-
vation of the immune response leading to differentiation 
into reactive astrocytes. Because mitochondrial metabolism 
can determine the secretion of inflammatory products, the 
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response to infection is thus likely to affect inflammation and 
immune response beyond the infected cell.

Mitochondria and cell death pathways 
during infection

The function of mitochondria in apoptosis is very well 
established. Mitochondria host in their outer membrane 
the Bcl-2-protein family, whose function is to organize the 
release of the intermembrane space proteins cytochrome c 
and Smac, which in the cytosol activate caspases and initi-
ate apoptosis. Much is known about this regulation, and the 
reader is referred to specialist articles on this aspect [39, 81]. 
In a summary, the interplay of the many members of Bcl-
2-family proteins controls the activation of the mitochondrial 
effectors Bax and Bak, whose activity causes the release of 
the intermembrane space proteins, cytochrome c and Smac.

Beta‑barrel proteins in the regulation 
of mitochondrial apoptosis events

Although the Bcl-2-family can regulate membrane permea-
bilization in the absence of all other proteins, as shown in 
synthetic membranes, in intact cells they are controlled by 
the mitochondrial porin VDAC2 [82]. This is of particular 
interest in infections with Gram-negative bacteria. These 
bacteria and mitochondria very likely have a common evo-
lutionary origin, and they certainly share the features of two 
membranes and β-barrel-proteins that regulate flux over the 
outer membrane, known as porins. At least one porin, PorB 
from Neisseria gonorrhoeae can have pro-apoptotic activ-
ity [83]. It is a relatively new and largely unexplained find-
ing that small vesicles appear to be able to traffic through 
mammalian cells and for instance fuse with intracellular 
organelles [84–86]. Outer membrane vesicles (OMVs) are 
constantly generated by gram-negative bacteria, and OMVs 
appear to be able to enter mammalian cells and deliver cargo 
to various subcellular locations [85, 86]. In macrophage-
pathogen interaction models, OMVs from N. gonorrhoeae, 
uropathogenic E. coli (UPEC) and Pseudomonas aeruginosa 
have been shown to be able to induce mitochondrial apopto-
sis and NLRP3 inflammasome activation [87, 88].

A sensing, or sentinel function of mitochondria

The pro-apoptotic effects of infection have been illustrated 
in many situations, and at least most cases involve mitochon-
drial apoptosis. This may illustrate that mitochondria have 
a sentinel function: the recognition of pathogens can lead 
to the activation of the mitochondrial apoptosis pathway. 
How these signals are conveyed to mitochondria is unclear 
in most cases – as indeed is the signalling upstream of mito-
chondria in many cases. Candidates are pattern recognition 

receptors, which in experimental situations can induce apop-
tosis [89–91]: sensing of microbes by these receptors can 
signal to activate the sentinels and activate sub-lethal apop-
tosis signals at mitochondria. The importance of this defence 
mechanism is suggested by the multiple identifications of 
apoptosis-inhibitors in viruses [92]. An intriguing exam-
ple is found in the infection with the obligate intracellular 
Chlamydiae. Bacteria of the Chlamydiaceae, most notably 
Chlamydia trachomatis, infect human cells. Chlamydia has a 
very strong anti-apoptotic activity [93]. A related bacterium, 
Parachlamydia acanthamoebae, a symbiont of free-living 
amoebae, cannot grow in human cells. Instead, P. acantham-
oeba induces apoptosis when infecting the epithelial cells 
site [94]. However, under conditions where mitochondrial 
apoptosis is experimentally blocked, P. acanthamoeba can 
replicate intracellularly in human epithelial cells, suggest-
ing that mitochondrial apoptosis not only prevents infection 
but also plays a role in intracellular inhibition of bacterial 
replication.

More recently, a pro-inflammatory function of mitochon-
drial apoptosis has been suggested. This is a novel concept: 
traditionally, apoptosis has been seen as non-stimulatory cell 
death, and in most situations, it will be just that. However, 
when mitochondrial apoptosis is induced and the cytosolic 
effectors of apoptosis, the caspase proteases, are inhibited, 
the cell triggered to undergo apoptosis secretes pro-inflam-
matory mediators [95–97]. This is curious: there are no cells 
known not to express caspases, so it may well be asked when 
such a potential pro-inflammatory function of the apoptosis 
pathway may be called into action. We hypothesize that the 
function of this system—i.e., pro-inflammatory signalling 
of mitochondria—in fact lies in a process we will refer to as 
sub-lethal signalling in the apoptosis system.

Mitochondria, sub‑lethal apoptosis, 
and inflammation

For a long time, the field had assumed that there was a com-
prehensive step of mitochondrial outer membrane permea-
bilization (MOMP), which defined the point of no return 
in apoptotic cell death. Retrospectively, earlier work can 
be identified showing that this is not the case; the cell-bio-
logically clearest study was a publication in 2015, which 
identified ‘minority MOMP’, a process where only parts of 
the mitochondrial network became permeabilized and the 
signalling remained sub-lethal [98]. We have found that 
sub-lethal signals are regularly generated during the infec-
tion of human cells with any of the tested bacterial, viral or 
protozoan pathogens and have reported that these mitochon-
drial signals contribute to chemokine/cytokine-secretion 
[99]. The precise nature of the pro-inflammatory signal is 
unclear: candidates are mtDNA or RNA, the intermembrane 
space protein Smac (which is known to activate alternative 
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NF-κB) and perhaps even caspases themselves. One candi-
date signalling pathway involves signalling through STING: 
the induction of sub-lethal apoptosis signals led to cytokine-
secretion that depended on STING [99]. STING may be 
activated through mtDNA-recognition by cGAS [95, 99]. 
mtDNA can also trigger the activation of the NLRP3 inflam-
masome [100] although this pathway is more likely to be 
active in myeloid cells.

Consequences of sub‑lethal signals for control 
of microbes and inflamamtion

The consequences of mitochondrial apoptosis apparatus-
dependent signals in cell activation and cytokine secre-
tion, for infection dynamics and pathogen clearance need 
to be investigated in the future. In two examples of bacterial 
infections, the lack of a functional mitochondrial apoptosis 
pathway led to defects in intracellular bacterial control, as 
shown by enhanced intracellular growth of C. trachomatis 
and Salmonella Typhimurium [99].

The importance of the mitochondrial apoptotic appara-
tus in the activation of pro-inflammatory cellular responses 
was recently also found in macrophage infection with severe 
fever with thrombocytopenia virus (SFTSV), a tick-borne 
virus (RNA virus) [101–103]. Here, activation of Bax/Bak 
was shown to be essential for the release of mtDNA into 
the cytosol during infection, followed by the formation of 
the NLRP3 inflammasome and activation of IL-1β secretion 
[104]. Comparative transcriptomic and proteomic analysis 
revealed activation of inflammatory pathways and mitochon-
drial damage. Caspase-1-dependent secretion of IL-1β was 
reported, based on activation of the MyD88/NF-κB axis dur-
ing SFTSV infection. The authors hypothesised that recogni-
tion of mtDNA leads to the expression of pro-inflammatory 
cytokines. A recent study also indicated that the release of 
mitochondrial DNA and its detection by the cGAS/STING 
pathway plays a role in SARS-CoV-2 detection in IFN-sig-
nalling [105]. It appeared that treatment of infected mice 
with a STING-inhibitor can reduce inflammatory response 
and results in increased survival of the infected mice. Inter-
estingly, the expression of Bak in SFTSV-infected patients 
corresponded with the viral load in the patients' serum [104], 
and infection experiments with mice suggested that inhibi-
tion of caspase-1 activity can lead to a better outcome for 
the infected individuals. The results suggest that Bax/Bak 
pore formation during activation of mitochondrial apopto-
sis is important for inflammasome-activation, which leads 
to a pro-inflammatory response. Inhibition of this process 
increased the survival rate of infected mice, suggesting that 
down-regulation of mitochondrial apoptosis may be one way 
of future treatments of infectious diseases.

Besides the previously described intracellular DNA rec-
ognition machinery of cGAS/STING, the cytosolic RNA 

recognition machinery of helicases, signalling through 
MAVS contributes to cellular immunity [106, 107], and 
the reciprocal effect—i.e. inflammatory signals acting on 
mitochondrial physiology—has been described in this axis. 
In epithelial cell infections with measles virus (MeV), a 
negative-sense single-stranded RNA (-ssRNA) virus, recent 
findings showed that mitochondrial biogenesis is downregu-
lated and mitochondrial elongation can be observed [108]. 
In addition, the release of mtDNA into the cytosol has been 
detected, and activation of the cGAS/STING axis led to an 
antiviral response. MAVS-deficient cells as well as cGAS-
deficient cells show a delayed IFN-β response upon infec-
tion. Interestingly, in infections with vesicular stomatitis 
virus (VSV, an RNA virus), reduced IFN-β mRNA expres-
sion was not observed in the absence of cGAS, but MAVS 
was essential for the viral response. Consistent with this, 
depletion of mtDNA had no effect on IFN-β mRNA expres-
sion of cells infected with VSV. In vivo studies found that 
the presence of MAVS and cGAS contributed to the sur-
vival of mice after MeV infection. Increased viral load was 
observed in cGAS deficiency, suggesting that viral RNA 
and mtDNA recognition supports the antiviral response and 
overall outcome of infection dynamics. The effect of mtDNA 
recognition and the impact on IFN-β response does not only 
apply to RNA viruses. The expression of IFN-β mRNA was 
also reduced in infections with the poxvirus Modified Vac-
cinia Virus Ankara (MVA), a DNA virus, when mitochon-
drial apoptosis was disabled. The effect of mtDNA in the 
activation of cells and immune responses during viral infec-
tions has already been reported by the demonstration that 
during infections with MVA, the induced IL-6 secretion was 
reduced under mtDNA-depleted conditions [99].

These results highlight the complexity of the pathways 
that can be activated, and how the interplay between them 
can lead to inflammatory responses. Reprogramming these 
signalling pathways to control infection may be a future goal.

Perspectives

The interaction between pathogens and the mitochondrial 
network appears to be multifaceted, and its outcome in the 
dynamics of the infection is often difficult to predict. What 
is clear is that the integrity or disruption of mitochondria 
plays an important role in immunity and the cell-autono-
mous responses to pathogens. Morphological changes in 
the mitochondrial network in a cell can be associated with 
alterations in energy metabolism or cell activation, as illus-
trated by the appearance of elongated mitochondria in anti-
inflammatory macrophages, and fragmented mitochondria 
in pro-inflammatory macrophages. The roles of mitochon-
dria in mammalian cells are manifold, and the question of 
how the mitochondrial network orchestrates the activation 
of different cell-autonomous signalling pathways is of great 
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interest to understand their role in immunity against infec-
tious diseases.

How mitochondrial morphology relates to mitochondrial 
function, in what way it drives cellular immunity, or how 
mitochondrial protein synthesis and stress responses influ-
ence immunity to pathogens, are all open questions. Recent 
studies have shown that mitochondrial respiration or glyco-
lysis affects host–pathogen interactions. We need to under-
stand what impact this has on the infected cell, on the organ-
ism and to what extent these results are pathogen-specific. 
Studies comparing the role of mitochondria in different cell 
types during infection are important to understand the whole 
picture and regulating/manipulating mitochondria-depend-
ent regulation of immunity could lead to new treatments of 
infectious disease.
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