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Abstract
The nematode worm C. elegans lends itself naturally to investigation of innate
immunity, from the scale of molecules to the whole animal. Numerous studies have
begun to reveal the complex interplay of signalling mechanisms that underlie host
defence in C. elegans. We discuss here research that illustrates the connection
between cell and tissue-level homeostatic mechanisms and the activation of innate
immune signalling pathways. These are woven together to provide a comprehensive
organismal protection against perceived threats.
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Introduction
It is now generally accepted that in higher organisms, microbial infections can be
recognised in one of two ways. Firstly, “microbe-associated molecular patterns”
(MAMPs) can act as ligands for dedicated host receptors, setting off intracellular
signal transduction cascades that lead to the production of defence molecules. The
best-known examples of this type of MAMP-triggered immunity (MTI) are
undoubtedly those involving members of the Toll-like receptor (TLR) family in
vertebrates [1]. Alternatively, perturbations of host physiology provoked by infection
can trigger an immune response. Here, three broad categories can be distinguished: (i)
The host can detect “damage-associated molecular patterns” (DAMPs). These are
often endogenous molecules released to an uncharacteristic location, such as nuclear
proteins or mitochondrial DNA in the cytoplasm, or ATP in the extracellular milieu.
(ii) Falling under the umbrella term, the “guard hypothesis”, specific alterations of
host proteins, or protein complexes, brought about by pathogen-delivered effectors,
can be recognised and again, act as the signal for initiating defence mechanisms. (iii)
Lastly, more generic alterations, such as abrupt changes in membrane potential or of
translational capacity can also be triggers of host innate immune responses. These last
2 classes are examples of “effector-triggered immunity” (ETI), best characterized in
plants [2], but increasingly recognised as important for animal innate immunity too
[3], where the term “surveillance” is frequently applied [4].
This review is largely concerned with surveillance mechanisms. We explore the links
that exist between the disruption of cellular or organismal homeostasis and innate
immune defence, as revealed by recent studies with the nematode worm
Caenorhabditis elegans. We cover subjects reflecting the diversity of known
mechanisms. This choice is governed in part by the fact that in spite of more than a
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decade’s research, no host pathogen recognition receptors have been unambiguously
defined in C. elegans [4], but more importantly because the surveillance mechanisms
described in worms are either known to be or may be evolutionary conserved.

1. Epidermal injury.

The first DAMP important for C. elegans innate defences was uncovered through
studies with the obligate fungal endoparasite Drechmeria coniospora. Infection
begins with the penetration of the worm’s extracellular cuticle and epidermis by
specialised hyphal structures [5]. In common with physical disruption of epidermal
integrity, in mutants lacking certain structural proteins (e.g. specific collagens),
infection with D. coniospora leads to an accumulation of hydroxyphenyllactic acid
(HPLA). This tyrosine-derived metabolite activates a specific G-protein coupled
receptor (GPCR), DCAR-1, which acts upstream of a well-characterised p38 MAPK
cascade [6], via the STAT-like transcription factor STA-2 [7], to switch on the
expression of antimicrobial peptide genes [8]. DCAR-1 is also activated upon minor
mechanical injury, caused by a needle wound or laser. DCAR-1 therefore appears to
act as the receptor for an endogenous signal of damage, the DAMP, HPLA, as well as
structurally related molecules [8]. Although there are no clear DCAR-1 orthologues in
higher species, it is interesting to note that in humans, the level of HPLA increases
dramatically during sepsis as a consequence of microbial degradation of tyrosine [9].
In C. elegans, it has not yet been established precisely how HPLA levels are
controlled [8].
Injuring the C. elegans epidermis is associated with a separate wound-healing
response [10]. This involves local production of superoxide by mitochondria (mtROS)
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at the site of injury, alteration of a redox-sensitive motif in RHO GTPases and
assembly of rings of F-actin, that constrict to close any open holes in the epidermal
membrane [11]. mtROS are also sensed by the apoptotic pathway and can,
independently of apoptosis, elicit protective mechanisms that keep the organism alive
under stressful conditions [12].
Upon violent injury, the expression of antimicrobial peptide genes is induced, in a
STA-2 dependent manner, but purportedly independently of p38 MAPK signalling. It
was proposed that this is a consequence of the disruption of the normal physical
association of STA-2 with hemidesmosomes, which attach the epidermal cells to the
cuticle, although no concomitant increase in nuclear STA-2 was demonstrated.
Importantly, however, it was shown that disruption of hemidesmosome structure in
primary Human Epidermal Keratinocytes leads to non-canonical but STAT-dependent
antimicrobial peptide gene expression [13]. There is therefore reason to believe that
epithelial barriers detect danger and activate immune defences via an evolutionarily
conserved mechanism more akin to mechanical than chemical signalling (see [14] for
a recent review).

2. Disruption of genome integrity

As stated in the introduction, diverse pathogens produce effector protein required for
full virulence. Among them, some target host nuclei. Enteropathogenic E. coli, for
example, secretes EspF that targets the nucleolus, depleting it of nucleolin [15]. The
same effector also depletes host cell DNA mismatch repair proteins, increasing the
frequency of potentially deleterious spontaneous mutations [16]. DNA damage can
therefore be a surrogate signal for infection. In C. elegans, DNA damage has a broad
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impact on gene expression. It causes the up-regulation of genes encoding lysozymes
and C-type lectins [17] also induced during bacterial intestinal infection [18]. As this
was not observed in mutants lacking a germline, or in an ERK MAP kinase mutant,
Ermolaeva et al. proposed that DNA damage triggers ERK signalling in germ cells to
release an unknown signal that then activates the p38 MAPK pathway in the intestine.
Presumably as a secondary consequence, DNA damage also activates the ubiquitinproteasome system (UPS) in somatic tissues, which confers enhanced proteostasis and
systemic stress resistance. This was proposed to promote endurance of somatic
tissues, needed if progeny production is delayed as a consequence of problems with
germ cell genome integrity [17]. Fully 2/5th of the genes induced by DNA damage are
targets of the conserved FOXO transcription factor DAF-16, an important regulator of
resistance to stress and infection [19]. Consistent with this, a subsequent study
showed that DNA damage causes the translocation of DAF-16 into intestinal nuclei.
There, it acts with a GATA factor to govern target gene expression and maintain
normal cellular physiology despite sustained DNA damage [20]. In a similar manner,
as in Drosophila [21], defence genes are expressed in somatic cells when fragmented
DNA is not cleared from germ cells undergoing apoptosis [22]. There are precedents
for this type of trans-tissue stress signalling in C. elegans. The organismal response to
heat-shock is regulated cell non-autonomously, via neuronal signalling to the somatic
tissues [23], by trans-cellular chaperone signalling between somatic tissues [24] as
well as from somatic tissues to neurons (reviewed in [25]). Lastly, there is a global
repression of stress responses, controlled by signals from germline stem cells at the
onset of reproduction [26].
There are parallels between the observations of Ermolaeva et al. [17] and the finding
by Moita and colleagues that in mice, low doses of anthracycline antibiotics, which
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provoke DNA damage, confer resistance to sepsis, through the ataxia-telangiectasia
mutated kinase (ATM) and Fancony Anemia pathways [27]. It is also important to
note that it has recently been shown that in vertebrates, DNA damage primes the Type
I Interferon system (via the cytosolic DNA sensor STING) to promote an innate
immune response [28]. Further, Cossart and colleagues have shown that the toxin
listeriolysin O (LLO) blocks the signalling response to DNA breaks by degrading a
host sensor protein. When the normal response is compromised, bacterial replication
increases, supporting the idea that detection of DNA damage is an important infection
control mechanism in mice [29] as well as nematodes. It is likely to be conserved in
humans too, opening promising new avenues for the management of sepsis.

3. Interference with transcription or translation

Other virulence factors target host protein synthesis. The inhibition of translation by
Pseudomonas aeruginosa Exotoxin A, which ribosylates elongation factor 2,
provokes an immune response in C. elegans. This requires the p38 MAPK pathway as
well as zip-2 [30,31], which encodes a transcription factor with a basic leucine zipper
(bZIP) domain most similar to that of the ATF-2 family [32]. Shiga toxin that cleaves
the 28S RNA of the 60S ribosomal subunit, thereby halting protein synthesis, also
triggers the p38 MAPK pathway and expression of defence genes [33]. Indeed, even
in the absence of any pathogen or toxin, blocking protein synthesis is enough to
switch on host defences [30,31]. Subsequently, it was shown that this is an even more
general phenomenon. Disruption of multiple core cellular processes can also provoke
a transcriptional response in the intestine similar to that provoked by infection with
bacterial gut pathogens [34]. There is thus a commonality between the consequences
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of infection and of stress by ribotoxins and other microbial virulence factors. This is
reflected in the existence of shared signalling mechanisms regulating the expression
of cytoprotective and antimicrobial genes, including TFEB [35] and the mediator
complex [36]. Both these are evolutionarily conserved and more generally, ribotoxic
responses are known to activate MAPK signalling responses from yeast to mammals
[37]. Toxins represent an essential part of the microbial armamentarium. Their
triggering of host defence responses is likely to be evolutionary ancient (e.g. [38]).
Perhaps to avoid wasteful induction of immune responses, in mammals, the
mechanisms that detect changes in cellular physiology are integrated with regulators
of metabolism such that a block of translation linked to amino acid starvation, for
example, leads to T-cell anergy and not activation [39].

4. Induction of mitochondrial UPR (UPRmt)

New cellular roles for mitochondria, in addition to their essential contribution to
energy generation, continue to be uncovered (e.g. [12,40]). It is important that
mitochondria function even under non-homeostatic conditions [41]. This capacity is
guaranteed by a specialised unfolded protein response, the UPRmt [42]. A large
number of bacterial species that share the same environment as C. elegans induce the
UPRmt. Ceramide plays a key part in signalling the UPRmt [43], in line with the
important role of lipids in UPR generally ([44]; reviewed in [45]). This response is
negatively regulated by the Jun kinase KGB-1 [46], and relies on the bZip protein
ATFS-1 that can bind to promoters of genes both in the nuclear and mitochondrial
genomes and coordinate mitochondria-to-nuclear communication. Thus, while ATFS1 drives expression of mitochondrial chaperones [47], it limits the expression of genes
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encoding components of the oxidative phosphorylation machinery during
mitochondrial stress [48]. This mechanism is complemented by another pathway
involving ROS-stimulated eIF2α kinase that leads to a reduction in protein translation
[49].
As mentioned above, compromising overall translatory capacity can by itself entail
the expression of defence genes, but it also prevents ROS-induced UPRmt [46]. On the
other hand, activation of the ATFS-1 branch of the UPRmt is associated with an
induction of defence gene expression, in part via zip-2, and contributes to protect the
host against infection [50]. Many microbial products, including the antibiotics
chloramphenicol and tetracycline, specifically inhibit mitochondrial protein synthesis
and trigger the UPRmt [51]. Equally, infection of C. elegans by wild-type
P. aeruginosa causes mitochondrial dysfunction, leads to an UPRmt, and up-regulation
of host antimicrobial defences. Bacterial strains that do not produce siderophores,
which limit available iron, essential for mitochondrial function, or cyanide, which
inhibits cytochrome c oxidase, are less potent in their stimulation of the UPRmt [50].
The potential importance of the mechanism is suggested by the fact that there are
bacteria that block this host response [43].
In common with other stress responses in C. elegans, the UPRmt can involve transtissue signalling. Thus, for example, provoking an UPRmt just in neurones leads to an
UPRmt in the intestine (and increased longevity) [52]. Conversely, octopamine
released from neurones governs mitochondrial morphology and metabolism, as well
as impacting organismal ageing [53]. In this context, it should be mentioned that
while worms’ standard lab diet of E. coli (strain OP50) appears innocuous for young
worms, it acts as a mild pathogen in old or immunocompromised worms [18]. In old
worms, this reflects the reduction of expression of genes encoding defence proteins,
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including lysozymes and C-type lectins [54,55]. Thus lifespan on live OP50 equates
in part with innate immune capacity.

5. Mitophagy and autophagy

The UPRmt has been described as a salvage pathway for functionally impaired
mitochondria. In cases of irreparable damage, mitochondria can be removed by
mitophagy (reviewed in [56]). This is a specialised form of autophagy, used by the
cell generally to recycle damaged components. TFEB, which as mentioned above,
controls defence gene expression also regulates autophagy [57,58]. Autophagy has
been shown to play an important role in host resistance in C. elegans [35,59], as it
does in other species. Mitophagy has a direct role in the resistance of C. elegans to
infection, specifically against siderophore-mediated killing [60]. It is regulated via
mechanisms that are interlinked with those involved in the UPRmt. For example,
ceramide plays an important role in both processes, across species [43,61]. Further, in
Drosophila, mitochondrial distress in muscle causes a tissue-specific redox-dependent
UPRmt, and a systemic stimulation of mitophagy that involves insulin signalling [62].
Mitophagy is also regulated by the ubiquitin kinase PINK1. Under normal
circumstances, PINK1 is imported into mitochondria and degraded. If this doesn’t
occur, PINK1 accumulates on the mitochondrial outer membrane where it
phosphorylates and activates the ubiquitin ligase Parkin, which then ubiquitinates
outer mitochondrial membrane proteins. This marks the mitochondrion for
engulfment by autophagosomes. In C. elegans, the conditions that activate ATFS-1
can also cause PINK1-dependent mitophagy (reviewed in [56]).
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6. Neurodegeneration

Mitophagy has been implicated in the pathogenesis of several neurodegenerative
disorders (reviewed in [63]). A link between such conditions and innate immunity
was suggested from recent investigation of a C. elegans model of amyotrophic lateral
sclerosis (ALS). Neuronal expression of ALS-causing mutant proteins, but not
polyglutamine toxicity, induces expression of the antimicrobial peptide gene nlp-29 in
other tissues. This response, and the underlying neurodegeneration, required
neurosecretion [64], in contrast to the up-regulation of nlp-29 seen upon fungal
infection [6]. These results complement prior work linking immune and nervous
systems in C. elegans [65-68], and suggest that the worm may help understand the
molecular basis of these connections under normal and pathological situations.

Conclusions
The C. elegans immune system is comparatively simple, since the worm has no
specialized immune cells, nor any motile macrophage-like cells. Unbiased functional
approaches in C. elegans, via genetic or genome-wide RNAi screens, have
contributed to an understanding of the molecular underpinnings of its innate immune
system and revealed hitherto unsuspected connections between different fundamental
cellular processes. Several overarching themes have emerged. First, antimicrobial
defences are intertwined with those that help protect the animal from abiotic stress.
Second, disruption of any number of basic cellular functions, including translation or
energy generation, can act as a trigger for switching on immune defences. Third, there
is an extensive, as yet relatively poorly characterised cross-talk between the different
tissues, involving the germline and the somatic tissues, with a prominent role for the
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nervous system. A number of the mechanisms described for the first time in
C. elegans appear to be present in higher animals. Work with this powerful model
system will undoubtedly continue to provide insights into conserved aspects of innate
immunity.
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Figure 1. Model for diverse triggers of defense gene expression in response to
infection. C. elegans uses effector-triggered immunity, as well as DAMP-triggered
immunity, to upregulate defense gene expression in response to infection. MAMP
triggered immunity is well-described for other hosts, but has not yet been described
for C. elegans (see Box 1). In addition to cell-autonomous mechanisms, innate
immune defences can be activated by perturbations in distant tissues. Figure adapted,
with permission, from [4].
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Box 1: PAMP receptors in C. elegans?
C. elegans lacks many of the families of proteins involved in PAMP recognition in
other species [69]. There are a number of potential scavenger receptors (SR),
including the SCARF ortholog CED-1, and 6 SCAV proteins of the SR-B family.
Loss of function scav-1 mutants are highly susceptible to infection by Candida
albicans and Cryptococcus neoformans [70]. ced-1 mutants also display a decreased
resistance to these 2 intestinal fungal pathogens. But whether these C. elegans
proteins actually recognize yeast cell wall beta-glucans and thereby trigger
downstream effector gene expression has not been formally demonstrated. Knocking
down scav-4 increases susceptibility to the nematocidal toxin Cry5B [71], suggesting
they may play an indirect role in host defense.
The most prominent candidate PAMP receptor, TOL-1 (the unique nematode TLR),
was hypothesized to play a direct role in pathogen recognition since tol-1 mutants are
defective in their avoidance of pathogenic bacteria [72]. This hypothesis was
subsequently revised when it was found that tol-1 mutants do not have a problem in
recognizing pathogens, but rather a defect in sensory integration [73]. A recent study
has provided the explanation for these observations. It turns out that tol-1 is required
for the terminal differentiation and function of the BAG neurons [74]. These
chemosensory neurons are activated by CO2. Microbial respiration alters local CO2
concentrations [75], and this is one signal that guides worms’ behaviour [76]. In
common with other BAG-defective worms, tol-1 mutants are defective in CO2
sensing; this alters their comportment in the presence of highly metabolically active
microbes [74]. These results, together with others [77,78], put to rest the idea that
TOL-1 functions as a PAMP receptor in C. elegans.

13

Acknowledgements
We thank Christopher Crocker and David Hall for the image used in the graphical
abstract, Niels Ringstad and Philippe Pierre for discussion. Work in our lab is
supported by institutional funding from INSERM, CNRS and AMU, and program
grants from the French National Research Agency (ANR-12-BSV3-0001-01, FUNEL;
ANR-11-LABX-0054, Labex INFORM; ANR-10-INSB-04-01, France-BioImaging
and ANR-11-IDEX-0001-02, A*MIDEX).

References

1. Kawai T, Akira S: The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol 2010, 11:373384.
2. Jones JD, Dangl JL: The plant immune system. Nature 2006, 444:323-329.
3. Stuart LM, Paquette N, Boyer L: Effector-triggered versus pattern-triggered
immunity: how animals sense pathogens. Nature reviews. Immunology
2013, 13:199-206.
4. Cohen LB, Troemel ER: Microbial pathogenesis and host defense in the
nematode C. elegans. Current opinion in microbiology 2015, 23C:94-101.
5. Dijksterhuis J, Veenhuis M, Harder W: Ultrastructural study of adhesion and
initial stages of infection of the nematode by conidia of Drechmeria
coniospora. Mycological research 1990, 94:1-8.
6. Ziegler K, Kurz CL, Cypowyj S, Couillault C, Pophillat M, Pujol N, Ewbank JJ:
Antifungal innate immunity in C. elegans: PKCdelta links G protein
signaling and a conserved p38 MAPK cascade. Cell Host Microbe 2009,
5:341-352.
7. Dierking K, Polanowska J, Omi S, Engelmann I, Gut M, Lembo F, Ewbank JJ,
Pujol N: Unusual regulation of a STAT protein by an SLC6 family
transporter in C. elegans epidermal innate immunity. Cell Host
Microbe 2011, 9:425-435.
8. Zugasti O, Bose N, Squiban B, Belougne J, Kurz CL, Schroeder FC, Pujol N,
Ewbank JJ: Activation of a G protein-coupled receptor by its
endogenous ligand triggers the innate immune response of
Caenorhabditis elegans. Nature immunology 2014, 15:833-838.
9. Beloborodova NV, Khodakova AS, Bairamov IT, Olenin AY: Microbial origin of
phenylcarboxylic acids in the human body. Biochemistry (Mosc) 2009,
74:1350-1355.

14

10. Pujol N, Cypowyj S, Ziegler K, Millet A, Astrain A, Goncharov A, Jin Y, Chisholm
AD, Ewbank JJ: Distinct innate immune responses to infection and
wounding in the C. elegans epidermis. Curr Biol 2008, 18:481-489.
11. Xu S, Chisholm AD: C. elegans epidermal wounding induces a
mitochondrial ROS burst that promotes wound repair. Dev Cell 2014,
31:48-60.
12. Yee C, Yang W, Hekimi S: The intrinsic apoptosis pathway mediates the
pro-longevity response to mitochondrial ROS in C. elegans. Cell 2014,
157:897-909.
13. Zhang Y, Li W, Li L, Li Y, Fu R, Zhu Y, Li J, Zhou Y, Xiong S, Zhang H: Structural
Damage in the C. elegans Epidermis Causes Release of STA-2 and
Induction of an Innate Immune Response. Immunity 2015, 42:309-320.
14. Enyedi B, Niethammer P: Mechanisms of epithelial wound detection.
Trends Cell Biol 2015, 25:398-407.
15. Dean P, Scott JA, Knox AA, Quitard S, Watkins NJ, Kenny B: The
enteropathogenic E. coli effector EspF targets and disrupts the
nucleolus by a process regulated by mitochondrial dysfunction. PLoS
Pathog 2010, 6:e1000961.
16. Maddocks OD, Scanlon KM, Donnenberg MS: An Escherichia coli effector
protein promotes host mutation via depletion of DNA mismatch
repair proteins. MBio 2013, 4:e00152-00113.
17. Ermolaeva MA, Segref A, Dakhovnik A, Ou HL, Schneider JI, Utermohlen O,
Hoppe T, Schumacher B: DNA damage in germ cells induces an innate
immune response that triggers systemic stress resistance. Nature
2013, 501:416-420.
18. Mallo GV, Kurz CL, Couillault C, Pujol N, Granjeaud S, Kohara Y, Ewbank JJ:
Inducible antibacterial defense system in C. elegans. Curr Biol 2002,
12:1209-1214.
19. Murphy CT, Hu PJ: Insulin/insulin-like growth factor signaling in C.
elegans. In WormBook. Edited by Community TCeR.
20. Mueller MM, Castells-Roca L, Babu V, Ermolaeva MA, Muller RU, Frommolt P,
Williams AB, Greiss S, Schneider JI, Benzing T, et al.: DAF-16/FOXO and
EGL-27/GATA promote developmental growth in response to
persistent somatic DNA damage. Nature cell biology 2014, 16:11681179.
21. Mukae N, Yokoyama H, Yokokura T, Sakoyama Y, Nagata S: Activation of the
innate immunity in Drosophila by endogenous chromosomal DNA
that escaped apoptotic degradation. Genes Dev 2002, 16:2662-2671.
22. Yu H, Lai H-J, Lin T-W, Chen C-S, Lo SJ: Loss of DNase II function in the
gonad is associated with a higher expression of antimicrobial genes
in C. elegans. Biochemical Journal 2015.
23. Tatum MC, Ooi FK, Chikka MR, Chauve L, Martinez-Velazquez LA, Steinbusch
HW, Morimoto RI, Prahlad V: Neuronal serotonin release triggers the
heat shock response in C. elegans in the absence of temperature
increase. Curr Biol 2015, 25:163-174.
24. van Oosten-Hawle P, Porter RS, Morimoto RI: Regulation of organismal
proteostasis by transcellular chaperone signaling. Cell 2013,
153:1366-1378.

15

25. van Oosten-Hawle P, Morimoto RI: Organismal proteostasis: role of cellnonautonomous regulation and transcellular chaperone signaling.
Genes & development 2014, 28:1533-1543.
26. Labbadia J, Morimoto RI: Repression of the Heat Shock Response Is a
Programmed Event at the Onset of Reproduction. Mol Cell 2015.
27. Figueiredo N, Chora A, Raquel H, Pejanovic N, Pereira P, Hartleben B, NevesCosta A, Moita C, Pedroso D, Pinto A, et al.: Anthracyclines induce DNA
damage response-mediated protection against severe sepsis.
Immunity 2013, 39:874-884.
28. Hartlova A, Erttmann SF, Raffi FA, Schmalz AM, Resch U, Anugula S,
Lienenklaus S, Nilsson LM, Kroger A, Nilsson JA, et al.: DNA Damage
Primes the Type I Interferon System via the Cytosolic DNA Sensor
STING to Promote Anti-Microbial Innate Immunity. Immunity 2015,
42:332-343.
29. Samba-Louaka A, Pereira JM, Nahori MA, Villiers V, Deriano L, Hamon MA,
Cossart P: Listeria monocytogenes dampens the DNA damage
response. PLoS pathogens 2014, 10:e1004470.
30. McEwan DL, Kirienko NV, Ausubel FM: Host translational inhibition by
Pseudomonas aeruginosa Exotoxin A Triggers an immune response
in Caenorhabditis elegans. Cell Host Microbe 2012, 11:364-374.
31. Dunbar TL, Yan Z, Balla KM, Smelkinson MG, Troemel ER: C. elegans detects
pathogen-induced translational inhibition to activate immune
signaling. Cell Host Microbe 2012, 11:375-386.
32. Estes KA, Dunbar TL, Powell JR, Ausubel FM, Troemel ER: bZIP
transcription factor zip-2 mediates an early response to
Pseudomonas aeruginosa infection in Caenorhabditis elegans. Proc
Natl Acad Sci U S A 2010, 107:2153-2158.
33. Chou TC, Chiu HC, Kuo CJ, Wu CM, Syu WJ, Chiu WT, Chen CS:
Enterohaemorrhagic Escherichia coli O157:H7 Shiga-like toxin 1 is
required for full pathogenicity and activation of the p38 mitogenactivated protein kinase pathway in Caenorhabditis elegans. Cellular
microbiology 2013, 15:82-97.
34. Melo JA, Ruvkun G: Inactivation of conserved C. elegans genes engages
pathogen- and xenobiotic-associated defenses. Cell 2012, 149:452466.
35. Visvikis O, Ihuegbu N, Labed SA, Luhachack LG, Alves AM, Wollenberg AC,
Stuart LM, Stormo GD, Irazoqui JE: Innate Host Defense Requires TFEBMediated Transcription of Cytoprotective and Antimicrobial Genes.
Immunity 2014, 40:896-909.
36. Pukkila-Worley R, Feinbaum RL, McEwan DL, Conery AL, Ausubel FM: The
Evolutionarily Conserved Mediator Subunit MDT-15/MED15 Links
Protective Innate Immune Responses and Xenobiotic Detoxification.
PLoS pathogens 2014, 10:e1004143.
37. Arguello RJ, Rodrigues CR, Gatti E, Pierre P: Protein synthesis regulation, a
pillar of strength for innate immunity? Current opinion in immunology
2014, 32C:28-35.
38. Bischof LJ, Kao CY, Los FC, Gonzalez MR, Shen Z, Briggs SP, van der Goot FG,
Aroian RV: Activation of the unfolded protein response is required

16

for defenses against bacterial pore-forming toxin in vivo. PLoS Pathog
2008, 4:e1000176.
39. Munn DH, Mellor AL: Indoleamine 2,3 dioxygenase and metabolic control
of immune responses. Trends Immunol 2013, 34:137-143.
40. Wang X, Chen XJ: A cytosolic network suppressing mitochondriamediated proteostatic stress and cell death. Nature 2015.
41. Kaufman DM, Crowder CM: Mitochondrial Proteostatic Collapse Leads to
Hypoxic Injury. Curr Biol 2015, 25:2171-2176.
42. Haynes CM, Ron D: The mitochondrial UPR - protecting organelle protein
homeostasis. J Cell Sci 2010, 123:3849-3855.
43. Liu Y, Samuel BS, Breen PC, Ruvkun G: Caenorhabditis elegans pathways
that surveil and defend mitochondria. Nature 2014, 508:406-410.
44. Hou NS, Gutschmidt A, Choi DY, Pather K, Shi X, Watts JL, Hoppe T, Taubert S:
Activation of the endoplasmic reticulum unfolded protein response
by lipid disequilibrium without disturbed proteostasis in vivo. Proc
Natl Acad Sci U S A 2014, 111:E2271-2280.
45. Volmer R, Ron D: Lipid-dependent regulation of the unfolded protein
response. Curr Opin Cell Biol 2015, 33:67-73.
46. Runkel ED, Liu S, Baumeister R, Schulze E: Surveillance-activated defenses
block the ROS-induced mitochondrial unfolded protein response.
PLoS genetics 2013, 9:e1003346.
47. Haynes CM, Yang Y, Blais SP, Neubert TA, Ron D: The matrix peptide
exporter HAF-1 signals a mitochondrial UPR by activating the
transcription factor ZC376.7 in C. elegans. Mol Cell 2010, 37:529-540.
48. Nargund AM, Fiorese CJ, Pellegrino MW, Deng P, Haynes CM: Mitochondrial
and nuclear accumulation of the transcription factor ATFS-1
promotes OXPHOS recovery during the UPR(mt). Mol Cell 2015,
58:123-133.
49. Baker BM, Nargund AM, Sun T, Haynes CM: Protective coupling of
mitochondrial function and protein synthesis via the eIF2alpha
kinase GCN-2. PLoS Genet 2012, 8:e1002760.
50. Pellegrino MW, Nargund AM, Kirienko NV, Gillis R, Fiorese CJ, Haynes CM:
Mitochondrial UPR-regulated innate immunity provides resistance
to pathogen infection. Nature 2014, 516:414-417.
51. Jovaisaite V, Auwerx J: The mitochondrial unfolded protein responsesynchronizing genomes. Curr Opin Cell Biol 2015, 33:74-81.
52. Durieux J, Wolff S, Dillin A: The cell-non-autonomous nature of electron
transport chain-mediated longevity. Cell 2011, 144:79-91.
53. Burkewitz K, Morantte I, Weir HJ, Yeo R, Zhang Y, Huynh FK, Ilkayeva OR,
Hirschey MD, Grant AR, Mair WB: Neuronal CRTC-1 governs systemic
mitochondrial metabolism and lifespan via a catecholamine signal.
Cell 2015, 160:842-855.
54. Budovskaya YV, Wu K, Southworth LK, Jiang M, Tedesco P, Johnson TE, Kim
SK: An elt-3/elt-5/elt-6 GATA transcription circuit guides aging in C.
elegans. Cell 2008, 134:291-303.
55. Priebe S, Menzel U, Zarse K, Groth M, Platzer M, Ristow M, Guthke R:
Extension of life span by impaired glucose metabolism in
Caenorhabditis elegans is accompanied by structural

17

rearrangements of the transcriptomic network. PLoS One 2013,
8:e77776.
56. Pellegrino MW, Haynes CM: Mitophagy and the mitochondrial unfolded
protein response in neurodegeneration and bacterial infection. BMC
Biol 2015, 13:22.
57. Lapierre LR, De Magalhaes Filho CD, McQuary PR, Chu CC, Visvikis O, Chang
JT, Gelino S, Ong B, Davis AE, Irazoqui JE, et al.: The TFEB orthologue
HLH-30 regulates autophagy and modulates longevity in
Caenorhabditis elegans. Nature communications 2013, 4:2267.
58. O'Rourke EJ, Ruvkun G: MXL-3 and HLH-30 transcriptionally link lipolysis
and autophagy to nutrient availability. Nature cell biology 2013,
15:668-676.
59. Curt A, Zhang J, Minnerly J, Jia K: Intestinal autophagy activity is essential
for host defense against Salmonella typhimurium infection in
Caenorhabditis elegans. Developmental and comparative immunology
2014, 45:214-218.
60. Kirienko NV, Ausubel FM, Ruvkun G: Mitophagy confers resistance to
siderophore-mediated killing by Pseudomonas aeruginosa.
Proceedings of the National Academy of Sciences of the United States of
America 2015, 112:1821-1826.
61. Sentelle RD, Senkal CE, Jiang W, Ponnusamy S, Gencer S, Selvam SP,
Ramshesh VK, Peterson YK, Lemasters JJ, Szulc ZM, et al.: Ceramide
targets autophagosomes to mitochondria and induces lethal
mitophagy. Nat Chem Biol 2012, 8:831-838.
62. Owusu-Ansah E, Song W, Perrimon N: Muscle mitohormesis promotes
longevity via systemic repression of insulin signaling. Cell 2013,
155:699-712.
63. Lionaki E, Markaki M, Palikaras K, Tavernarakis N: Mitochondria,
autophagy and age-associated neurodegenerative diseases: New
insights into a complex interplay. Biochim Biophys Acta 2015.
64. Veriepe J, Fossouo L, Parker JA: Neurodegeneration in C. elegans models of
ALS requires TIR-1/Sarm1 immune pathway activation in neurons.
Nat Commun 2015, 6:7319.
65. Zugasti O, Ewbank JJ: Neuroimmune regulation of antimicrobial peptide
expression by a noncanonical TGF-beta signaling pathway in
Caenorhabditis elegans epidermis. Nat Immunol 2009, 10:249-256.
66. Kawli T, He F, Tan MW: It takes nerves to fight infections: insights on
neuro-immune interactions from C. elegans. Dis Model Mech 2010,
3:721-731.
67. Anderson A, Laurenson-Schafer H, Partridge FA, Hodgkin J, McMullan R:
Serotonergic chemosensory neurons modify the C. elegans immune
response by regulating G-protein signaling in epithelial cells. PLoS
pathogens 2013, 9:e1003787.
68. Los FC, Ha C, Aroian RV: Neuronal Goalpha and CAPS regulate behavioral
and immune responses to bacterial pore-forming toxins. PLoS One
2013, 8:e54528.
69. Engelmann I, Pujol N: Innate immunity in C. elegans. Adv Exp Med Biol
2010, 708:105-121.

18

70. Means TK, Mylonakis E, Tampakakis E, Colvin RA, Seung E, Puckett L, Tai MF,
Stewart CR, Pukkila-Worley R, Hickman SE, et al.: Evolutionarily
conserved recognition and innate immunity to fungal pathogens by
the scavenger receptors SCARF1 and CD36. J Exp Med 2009, 206:637653.
71. Kao CY, Los FC, Huffman DL, Wachi S, Kloft N, Husmann M, Karabrahimi V,
Schwartz JL, Bellier A, Ha C, et al.: Global functional analyses of cellular
responses to pore-forming toxins. PLoS Pathog 2011, 7:e1001314.
72. Pujol N, Link EM, Liu LX, Kurz CL, Alloing G, Tan MW, Ray KP, Solari R,
Johnson CD, Ewbank JJ: A reverse genetic analysis of components of
the Toll signalling pathway in Caenorhabditis elegans. Curr Biol 2001,
11:809-821.
73. Pradel E, Zhang Y, Pujol N, Matsuyama T, Bargmann CI, Ewbank JJ: Detection
and avoidance of a natural product from the pathogenic bacterium
Serratia marcescens by Caenorhabditis elegans. Proc Natl Acad Sci U S
A 2007, 104:2295-2300.
74. Brandt JP, Ringstad N: Toll-like Receptor Signaling Promotes
Development and Function of Sensory Neurons Required for a C.
elegans Pathogen-Avoidance Behavior. Curr Biol 2015, 25:2228-2237.
75. Gray JM, Karow DS, Lu H, Chang AJ, Chang JS, Ellis RE, Marletta MA, Bargmann
CI: Oxygen sensation and social feeding mediated by a C. elegans
guanylate cyclase homologue. Nature 2004, 430:317-322.
76. Bretscher AJ, Busch KE, de Bono M: A carbon dioxide avoidance behavior
is integrated with responses to ambient oxygen and food in
Caenorhabditis elegans. Proc Natl Acad Sci U S A 2008, 105:8044-8049.
77. Couillault C, Pujol N, Reboul J, Sabatier L, Guichou JF, Kohara Y, Ewbank JJ:
TLR-independent control of innate immunity in Caenorhabditis
elegans by the TIR domain adaptor protein TIR-1, an ortholog of
human SARM. Nat Immunol 2004, 5:488-494.
78. Irazoqui JE, Troemel ER, Feinbaum RL, Luhachack LG, Cezairliyan BO,
Ausubel FM: Distinct pathogenesis and host responses during
infection of C. elegans by P. aeruginosa and S. aureus. PLoS Pathog
2010, 6:e1000982.

19

Pathogenic
microbe

Innocuous
microbe

Damage
e.g. Fungal
penetration

Virulence
factor

MAMP
receptor

DAMP
receptor

e.g. Exotoxin A

e.g. DCAR-1

Perturbation of host
process/pathway

Host cell

e.g. Block translation or mitochondrial UPR

Effector-triggered
immunity

DAMP-triggered
immunity
e.g. PKC/p38
pathway

e.g. ZIP-2 or p38mediated pathway

Increased
resistance

Nucleus

e.g. Expression of antimicrobial peptide
and cytoprotective genes

Distant tissue

Protein
aggregation

Mitochondrial
UPR
DNA
Damage

Nucleus

