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Abstract

While mitochondrial function is essential for life in all multicellular organisms, a mild
impairment of mitochondrial function can extend longevity. By understanding the molecular
mechanisms involved, these pathways might be targeted to promote healthy aging. In studying
two long-lived mitochondrial mutants in C. elegans, we found that disrupting subunits of the
mitochondrial electron transport chain resulted in upregulation of genes involved in innate
immunity, which we found to be dependent on not only the canonical p38-mediated innate
immune signaling pathway but also on the mitochondrial unfolded protein response. Both of
these pathways are absolutely required for the increased resistance to bacterial pathogens and
extended longevity of the long-lived mitochondrial mutants, as is the FOXO transcription factor
DAF-16. This work demonstrates that both the p38-mediated innate immune signaling pathway
and the mitochondrial unfolded protein response can act on the same innate immunity genes
to promote resistance to bacterial pathogens, and that input from the mitochondria can extend
longevity by signaling through these two pathways. Combined, this indicates that multiple
evolutionarily conserved genetic pathways controlling innate immunity also function to

modulate lifespan.

Keywords: Aging; Innate Immunity; C. elegans; Mitochondria; Mitochondrial unfolded protein

response; Genetics; Lifespan; ATFS-1; p38/PMK-1
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Significance Statement

In this work, we explore the relationship between mitochondrial function, aging and innate
immunity. We find that mild impairment of mitochondrial function results in upregulation of
genes involved in innate immunity, increased resistance to bacterial pathogens and lifespan
extension, all of which are dependent on two evolutionarily conserved signaling pathways. This
work demonstrates how changes in functional status of the mitochondria can trigger activation
of innate immunity, and that the underlying mechanisms are important for the longevity of the
organism. This work advances our understanding of connections between metabolism and
immunity. As the pathways studied here are conserved up to mammals, these insights may help

us to understand the role of mitochondrial health, innate immunity and lifespan in humans.


https://doi.org/10.1101/2021.03.31.437812
http://creativecommons.org/licenses/by/4.0/

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.31.437812; this version posted April 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Introduction

While aging was long believed to be a stochastic process of damage accumulation, research
during the past three decades has demonstrated that lifespan can be strongly influenced by
genetics. Single-gene mutations have been shown to extend longevity in model organisms,
including yeast, wormes, flies and mice. Importantly, genes and interventions that increase
lifespan tend to be conserved across species. For example, decreasing insulin-IGF1 signaling,
which was first shown to increase lifespan in the worm C. elegans(1-3), has subsequently been
shown to extend longevity in flies(4) and mice(5), and to be associated with longevity in
humans(6). This suggests that studying the aging process in model organisms can provide

insights that are relevant to human aging.

The first single gene mutation that was shown to extend lifespan was identified in C. elegans(2,
3), and since then this organism has been extensively used to find additional genetic pathways
associated with lifespan extension and to elucidate the underlying mechanisms. Among the
earliest genes that were shown to influence longevity were genes involved in mitochondrial
function. Mutations in clk-1, nuo-6 and isp-1 affect different components of the mitochondrial
electron transport chain, and all lead to increased lifespan(7-10). In the case of nuo-6 and isp-1,
which encode subunits of complex | and complex Il respectively, a complete loss of function
mutation would be lethal, while point mutations that result in a mild impairment of
mitochondrial function extend longevity. Similarly, decreasing the expression of genes involved
in mitochondrial function with RNA interference also increases lifespan(11, 12). Importantly,
mutations that affect mitochondrial function have also been shown to increase lifespan in other

species, including flies(13) and mice(14, 15).

While initially it was believed that the mechanism by which mild impairment of mitochondrial
function increased lifespan was through a decrease in the production of reactive oxygen species
(ROS) and the resulting oxidative damage(9), more recent studies show that mutations affecting

mitochondrial function actually increase the levels of ROS(16). The increase in ROS is required
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for the long lifespan of these mutants, as treatment with antioxidants can decrease their
lifespan to wild-type(16, 17). While multiple factors contributing to the long lifespan of these
mitochondrial mutants have been identified(18-23), the precise mechanisms of lifespan
extension remain incompletely understood. In our previous work, we have shown that two
stress-responsive transcription factors, DAF-16/FOX03 and ATFS-1/ATF5, are required for the

long-lifespan of nuo-6 and isp-1 worms(19, 20).

DAF-16/FOX03 is a FOXO transcription factor that is directly regulated by phosphorylation in
response to insulin-IGF1 signaling, a growth factor signaling pathway that begins with the
insulin-IGF1 receptor DAF-2. While DAF-16 normally resides in the cytoplasm, when signaling
through the insulin-IGF1 pathway is reduced DAF-16 accumulates in nuclei. DAF-16 also
translocates to the nucleus in response to various stresses. In the nucleus, DAF-16 upregulates

genes involved in stress response and metabolism(24, 25).

Activating transcription factor associated with stress 1 (ATFS-1/ATF5) is the transcription factor
that mediates the mitochondrial unfolded protein response (mitoUPR)(26), a stress response
pathway that responds to mitochondrial stress in order to restore mitochondrial function.
ATFS-1 contains a nuclear localization signal (NLS) and a mitochondrial targeting sequence
(MTS). Under normal conditions, ATFS-1 is targeted to the mitochondria where it is imported
and degraded. Under conditions of mitochondrial stress, mitochondrial import of ATFS-1 is
prevented, resulting in accumulation of ATFS-1 in the cytoplasm, where the NLS translocates
ATFS-1 into the nucleus in order to restore mitochondrial homeostasis through alterations in

expression of genes involved in protein folding and metabolism(27).

While DAF-16 and ATFS-1 can both contribute to defense against bacterial pathogens(28, 29),
the primary innate immune signaling pathway that responds to bacterial pathogen stress is a
mitogen-activated protein kinase (MAPK) signaling pathway, which has been found to be
conserved from invertebrates to mammals(30-32). In this pathway, NSY-1/ASK1 (MAPK kinase
kinase) signals to SEK-1/MKK3/MKK6 (MAPK kinase), which signals to PMK-1/p38 (MAPK) (33,
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90  34) (Fig. S1). Downstream of this pathway, the transcription factor ATF-7/ATF2/ATF7/CREB5
91  acts to modulate the expression of genes involved in innate immunity (35, 36). While ATF-7
92  normally acts as a repressor of gene function, when it is phosphorylated by PMK-1, ATF-7
93  functions as an activator of p38/ATF-7-regulated immunity gene expression (Fig. S1).
94
95 In this work, we show that the p38-mediated innate immune signaling pathway is essential for
96 the longevity and pathogen resistance of the long-lived mitochondrial mutants, nuo-6 and isp-1.
97  We find that both strains exhibit an upregulation of genes involved in innate immunity that is
98 driven by the activation of the mitoUPR, but also dependent on the p38-mediated innate
99 immune signaling pathway, leading to an increased resistance to bacterial pathogens. The p38-
100 mediated innate immune signaling pathway is absolutely required for the long lifespan of nuo-6
101  and isp-1 mutants. Finally, we demonstrate that activation of the mitoUPR is sufficient to
102  upregulate innate immunity genes, and is also required for their upregulation in nuo-6 mutants.
103  Overall, this work demonstrates the importance of the mitoUPR in upregulating innate
104  immunity in response to signals from the mitochondria, and delineates a clear role of innate

105 immune signaling pathways in determining lifespan.
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106  Results

107

108  Long-lived mitochondrial mutants exhibit broad upregulation of genes involved in innate

109 immunity that is dependent on p38-mediated innate immune signaling pathway

110

111 While mild impairment of mitochondrial function has been shown to extend longevity, the

112 underlying mechanisms are yet to be fully elucidated. When mitochondrial function is impaired,
113  mitochondria are able to communicate with the nucleus to alter nuclear gene expression. To
114  obtain a comprehensive, unbiased view of the transcriptional changes that result from

115 impairment of mitochondrial function, we used RNA sequencing (RNA-seq) to examine gene
116  expression in two long-lived mitochondrial mutants, nuo-6 and isp-1. After determining which
117  genes were differentially expressed compared to wild-type worms, we identified groups of

118  genes that showed enrichment. Among the genes that showed enrichment were genes involved
119 ininnate immunity. These genes encode proteins that function to inhibit the growth and

120  survival of pathogenic bacteria, and to repair or remove damage to the worm(37, 38).

121 Accordingly, we decided to investigate the role of innate immunity in the long lifespan of these
122 long-lived mitochondrial mutants.

123

124  To determine the extent to which genes involved in innate immunity are upregulated in the
125  long-lived mitochondrial mutants, nuo-6 and isp-1, we first examined eight genes, which others
126  have used to monitor innate immune activity(29, 35, 37, 39-41). These genes included T24B8.5,
127  K08D8.5, F55G11.8, clec-65, clec-67, dod-22, Y9C9A.8 and C32H11.4. All of these genes are

128  upregulated in response to exposure to the bacterial pathogen Pseudomonas aeruginosa strain
129  PA14 and five of eight have been shown to be direct targets of the p38-mediated innate

130 immune signaling pathway in a ChIP-seq analysis of ATF-7(36). In examining the expression of
131  these genes in our RNA-seq data, we found that all eight genes were significantly upregulated
132 in both nuo-6 and isp-1 worms (Fig. 1A).

133
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134  To determine whether the upregulation of innate immunity genes in the long-lived

135  mitochondrial mutants requires the p38-mediated innate immune signaling pathway (NSY-1 -
136  SEK-1 = PMK-1 = ATF-7), we generated double mutants of nuo-6 and isp-1 with all of these
137  genes before measuring gene expression with quantitative RT-PCR (qPCR). We used loss of

138  function mutants for nsy-1, sek-1 and pmk-1. Since ATF-7 normally acts as a repressor, we used
139  the gd22 gain-of-function mutation for this gene. This mutation prevents phosphorylation of
140  ATF-7 by PMK-1 thereby making the mutant ATF-7 a constitutive repressor(35) (Fig. S1). As in
141  the RNA-seq data, the results from the gPCR experiments showed that innate immune genes
142  are upregulated in nuo-6 and isp-1 worms. Importantly, we found that in both nuo-6 and isp-1
143  worms that disruption of genes involved in the p38-mediated innate immune signaling pathway
144  (nsy-1, sek-1, pmk-1, atf-7(gof)) prevented the upregulation of innate immunity genes (Fig. 1B,
145  Fig. S2).

146

147  To confirm these results using an alternative approach, we crossed a fluorescent reporter strain
148  for one of the innate immunity genes (T24B8.5)(35) to nuo-6 and isp-1 mutants and examined
149  the effect of knocking down sek-1 through RNA interference (RNAi). Again, using this approach,
150 we found that T24B8.5 is upregulated in nuo-6 and isp-1 worms, and that this upregulation is
151  dependent on SEK-1 (Fig. 1C). Combined, these results demonstrate that innate immunity

152  genes are upregulated in the long-lived mitochondrial mutants, nuo-6 and isp-1, and that this
153  upregulation is dependent on the p38-mediated innate immune signaling pathway.

154

155  To further examine the expression of innate immunity genes in nuo-6 and isp-1 mutants, we
156  compared the differentially expressed genes in these mutants to a more comprehensive and
157  unbiased list of genes involved in innate immunity. A recent study defined the changes in gene
158  expression that result from exposure to the bacterial pathogen Pseudomonas aeruginosa strain
159  PA14 and determined which of these changes in gene expression are dependent on PMK-1 and
160  ATF-7(36). In total, they reported 300 genes that were upregulated by exposure to PA14 in a
161  PMK-1 and ATF-7-dependent manner, and 230 genes that were downregulated by exposure to
162  PAl14in a PMK-1 and ATF-7-dependent manner.
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163

164  We compared these lists of PA14-modulated, PMK-1-dependent, ATF-7-dependent genes to
165 genes that we found to be significantly upregulated or downregulated in nuo-6 and isp-1

166  mutants. We found that of the genes that are upregulated by PA14 exposure in a PMK-1 and
167  ATF-7-dependent manner, 38% (p=1.5 x 103*) and 30% (p=3.7 x 107?’) are also upregulated in
168  nuo-6 and isp-1 mutants, respectively (Fig. 1D). There is a high degree of overlap between

169  genes upregulated in nuo-6 and isp-1 mutants (71%), and this includes the genes involved in
170  innate immunity (Table S1; 71 overlapping genes of 89/115 innate immunity genes upregulated
171  in nuo-6 or isp-1, respectively). In contrast, there was no significant overlap of the same genes
172 upregulated by PA14 exposure with genes downregulated in nuo-6 and isp-1 mutants. In

173  examining the list of genes that are downregulated by exposure to PA14 in a PMK-1 and ATF-7-
174  dependent manner, we found that 20% (p=8.4 x 107) and 20% (p=7.5 x 10) were also

175  downregulated in nuo-6 and isp-1 mutants, respectively.

176

177  To more comprehensively compare the PA14-modulated, PMK-1-dependent, ATF-7-dependent
178  gene expression changes to gene expression changes in nuo-6 and isp-1 mutants, we generated
179  heat maps comparing the expression of PA14-modulated, PMK-1-dependent, ATF-7-dependent
180  genes between wild-type worms and nuo-6 or isp-1 mutants. Among the genes that are

181  upregulated by PA14 exposure in a PMK-1 and ATF-7-dependent manner, many of these genes
182  are upregulated in nuo-6 and isp-1 mutants compared to wild-type worms, while a small subset
183  show decreased expression (Figs. $3,54). Among the genes that are downregulated by PA14
184  exposure in a PMK-1 and ATF-7-dependent manner, many of these genes are downregulated in
185  nuo-6 and isp-1 mutants compared to wild-type worms, while a number of these genes also
186  show increased expression (Figs. $5,56).

187

188  Overall, these results indicate that a mild impairment of mitochondrial function caused by

189  mutations in nuo-6 or isp-1 leads to a broad upregulation of genes involved in innate immunity
190 thatis dependent on the p38-mediated innate immune signaling pathway. At the same time, a

191  smaller proportion of these genes show decreased expression suggesting that the correct
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192  balance of innate immune gene expression may be required to optimize stress resistance and
193  lifespan.

194

195  Long-lived mitochondrial mutants have increased resistance to bacterial pathogens, which
196 requires the p38-mediated innate immune signaling pathway

197

198 Based on our observation that the long-lived mitochondrial mutants, nuo-6 and isp-1, have
199 increased expression of many genes involved in innate immunity, we next sought to determine
200  whether this increase in their expression resulted in enhanced resistance to bacterial

201  pathogens. To test pathogen resistance, we exposed worms to PA14 in a slow kill assay where
202  worms die from the ingestion and internal proliferation of the PA14 bacteria(42-44). We found
203  that both nuo-6 and isp-1 worms exhibited significantly increased survival on PA14 bacteria
204  compared to wild-type worms (Fig. 2A). The increase in survival of nuo-6 and isp-1 worms did
205 not result from reduced exposure to the pathogenic bacteria as their tendency to avoid PA14
206  was equivalent to wild-type worms (Fig. S7).

207

208 To determine the extent to which their enhanced resistance to bacterial pathogens is

209 dependent on the p38-mediated innate immune signaling pathway, we next examined PA14
210 resistance in nuo-6 and isp-1 worms in which genes in this pathway were disrupted. In wild-type
211 worms, mutations in nsy-1, sek-1, pmk-1 or atf-7(gof) significantly decrease the survival of

212 worms exposed to PA14 (Fig. 2B). Similarly, we found that disruptions of these innate immune
213  signaling genes in nuo-6 (Fig. 2C) or isp-1 (Fig. 2D) worms also results in a significant decrease in
214  survival on PA14 bacteria. In nuo-6 worms, survival was decreased back to wild-type by

215  mutations in nsy-1, pmk-1 or atf-7(gof), while a larger decrease in survival was observed with
216  the sek-1 mutation. In isp-1 worms, mutations in nsy-1, sek-1 and atf-7(gof) all decreased

217  survival to a greater extent than in nuo-6 mutants, and in each case the survival of the double
218  mutant was less than in wild-type worms (Fig. S8). Combined, this shows that nuo-6 and isp-1
219  worms have increased resistance to bacterial pathogens, which is dependent on the p38-

220  mediated innate immune signaling pathway.

10
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221

222  p38-mediated innate immune signaling pathway is required for extended longevity in long-
223 lived mitochondrial mutants

224

225 The p38-mediated innate immune signaling pathway is required for the lifespan extension

226  resulting from decreased insulin-IGF1 signaling (daf-2 mutants) and dietary restriction(38, 39).
227  Interestingly, in both daf-2 mutants and dietary restricted worms expression of p38-regulated
228 innate immunity genes is largely decreased, and activation of this pathway to higher levels is
229  deleterious for lifespan extension, suggesting that a lower level of immune activation is optimal
230 under these conditions(39). We decided to examine the role of the p38-mediated innate

231  immune signaling pathway in the long lifespan of nuo-6 and isp-1 mutants, in which we found
232  these immunity genes were largely upregulated. To do this, we genetically disrupted

233 components of the p38-mediated innate immune signaling pathway in nuo-6 and isp-1 mutants
234  and quantified the resulting effect on lifespan. In nuo-6 mutants, we found that mutation of
235  nsy-1, sek-1, pmk-1 or atf-7(gof) reduced the long lifespan of nuo-6 worms to near wild-type
236  lifespan, almost completely preventing any increase in lifespan resulting from the nuo-6

237  mutation (Fig. 3A-D). Similarly, we found that mutations in the p38-mediated innate immune
238  signaling pathway also markedly reduced the lifespan of isp-1 worms (Fig. 3E-H). Mutations in
239  nsy-1, sek-1, or atf-7(gof) decreased isp-1 lifespan to near wild-type lifespan, while pmk-1 RNAi
240  reduced the lifespan extension in isp-1 worms by half (we were unable to generate isp-1 pmk-1
241  double mutants because of the proximity of the two genes on the same chromosome).

242

243  Although OP50 bacteria, which is typically used for C. elegans maintenance and lifespan assays,
244 s considered to be non-pathogenic, it can have detrimental effects on lifespan through

245  proliferation in the pharynx and intestine (45, 46). Accordingly, we also measured the lifespan
246  of nuo-6 and isp-1 mutants on non-proliferating OP50 bacteria, as well as the dependency of
247  their long lifespan on the p38-mediated innate immunity pathway under these conditions.

248  Similar to what we observed on live bacteria, we found that nuo-6 and isp-1 mutants are long-

11
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249 lived on non-proliferating bacteria, and that their long lifespan is still completely dependent on
250 the p38-mediated innate immune signaling pathway (Fig S9).

251

252  Combined, these results clearly indicate that the p38-mediated innate immune signaling

253  pathway is required for the extended longevity in the long-lived mitochondrial mutants, nuo-6
254  and isp-1. However, the fact that effect of disrupting the p38-innate immune signaling pathway
255  on nuo-6 and isp-1 lifespan is independent of bacterial proliferation suggests that the lifespan
256  extension resulting from mild impairment of mitochondrial function is not necessarily a direct
257  consequence of their enhanced resistance to bacterial pathogens, but more likely a result of
258  other functions of the p38-mediated innate immune signaling pathway.

259

260 p38-mediated innate immune signaling pathway is not activated in long-lived mitochondrial
261  mutants

262

263  Since p38 signaling can be activated by ROS(47, 48), and ROS levels are increased in nuo-6 and
264  isp-1 mutants(16), we hypothesized that the upregulation of innate immunity genes in these
265  mutants resulted from increased signaling through the p38-mediated innate immune signaling
266  pathway. To test this, we examined the extent to which this pathway might be activated in

267  these mutants by quantifying the ratio of phosphorylated (active) p38/PMK-1 to total p38/PMK-
268 1 by Western blotting(47). To validate this approach, we showed that decreasing innate

269  immune signaling with sek-1 RNAi and increasing innate immune signaling with vhp-1 RNAI

270  (VHP-1is a phosphatase that inhibits PMK-1/p38 signaling) alters the ratio of phospho-p38 to
271  p38as expected (Fig. S10).

272

273 Having shown that known modulators of PMK-1/p38 activation alter PMK-1/p38

274  phosphorylation in a predictable manner, we examined PMK-1/p38 activation in nuo-6 and isp-
275 1 mutants. In both cases we found that neither the levels of PMK-1/p38 protein nor the

276  proportion of PMK-1/p38 protein that is phosphorylated are increased compared to wild-type

277  (Fig. 4A,B). Thus, even though nuo-6 and isp-1 mutants have increased expression of ATF-7

12
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278  target genes, there is no detectable increase in PMK-1/p38 activation. Since the p38-mediated
279  innate immune signaling pathway is required for the increased expression of ATF-7 target genes
280  even though p38 signaling is not increased, this suggests that this pathway is playing a

281  permissive role, and that other mechanisms are driving the innate immune activation in the
282  long-lived mitochondrial mutants.

283

284  Since the p38-mediated innate immune signaling pathway can be activated by nutrient

285  consumption independently of pathogen exposure(39), we wondered whether altered feeding
286  affects the level of activation of this pathway in the long-lived mitochondrial mutants,

287  countering the effects of elevated ROS. Accordingly, we quantified food consumption in nuo-6
288  and isp-1 worms directly by monitoring the decrease in OP50 bacteria from day 3 to day 12 of
289  adulthood(39). We found that both long-lived mutants show a dramatic decrease in food

290  consumption compared to wild-type worms (Fig. 4C). This decrease in food consumption does
291  not result from a difference in occupancy of the bacteria as nuo-6 and isp-1 worms spend the
292  amount of time on the bacteria as wild-type worms (Fig. $7). The decrease in food consumption
293  in nuo-6 and isp-1 worms would be predicted to decrease p38-mediated innate immune

294  signaling, and might be sufficient to decrease any ROS-induced activation of this pathway in
295 these mutants. The fact that the activation of the p38-mediated innate immune signaling

296  pathway is not decreased in the long-lived mitochondrial mutants, and that target genes of this
297  pathway are upregulated, again indicates that other factors are acting in parallel to p38

298  signaling to upregulate the expression of innate immunity genes.

299

300 Decreased feeding in long-lived mitochondrial mutants is mediated by activation of the

301 mitoUPR

302

303 We next wanted to define the mechanism by which feeding is decreased in the long-lived

304 mitochondrial mutants. Since DAF-16 is activated in nuo-6 and isp-1 mutants (20) and

305 disruption of daf-16 has been shown to increase food intake in wild-type and daf-2 worms(39),

306  we sought to determine whether daf-16 is required for the decreased food intake observed in
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307 thelong-lived mitochondrial mutants. We found that deletion of daf-16 increased food

308 consumption in both wild-type and isp-1 worms (Fig. 4D), thereby indicating that DAF-16 is

309 required for the decreased food consumption in isp-1 mutants.

310

311  Since activation of ATFS-1 is sufficient to upregulate DAF-16 target genes(19) and ATFS-1 is

312  activated in the long-lived mitochondrial mutants(19), we wondered whether ATFS-1 also

313  contributes to the decreased food intake in the long-lived mitochondrial mutants. While

314  disruption of atfs-1 (using the gk3094 deletion mutation) had no effect on feeding in a wild-
315  type background, loss of atfs-1 reverted food consumption in nuo-6 worms to wild-type (Fig.
316  4E). This indicates that both daf-16 and atfs-1 are required for the decreased food intake in the
317  long-lived mitochondrial mutants.

318

319  Having shown that activation of ATFS-1 contributes to the decreased food intake in nuo-6

320 mutants, we wondered whether activation of ATFS-1 alone is sufficient to decrease food

321  consumption. To test this idea, we measured food consumption in a constitutively activated
322  atfs-1 mutant (et17). In this mutant, the mitochondrial targeting sequence of ATFS-1 is

323  disrupted resulting in nuclear localization and constitutive activation of ATFS-1 target

324  genes(49). We found that the constitutively activated atfs-1 mutant et17 showed a marked

325 decrease in food consumption, equivalent to that observed in nuo-6 and isp-1 mutants (Fig. 4F).
326 Combined, this indicates that activation of ATFS-1 is sufficient to decrease food consumption,
327 andis required for the diminished food intake in nuo-6 worms.

328

329 The FOXO transcription factor DAF-16 is required for bacterial pathogen resistance in long-
330 lived mitochondrial mutants but does not account for activation of innate immunity genes
331

332  As we have previously shown that target genes of the FOXO transcription factor DAF-16 are
333  upregulated in the long-lived mitochondrial mutants(20), and others have shown that DAF-16 is
334 required for the enhanced bacterial pathogen resistance of long-lived daf-2 mutants(38), we

335 next examined the contribution of DAF-16 to bacterial pathogen resistance in long-lived
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336  mitochondrial mutants. We found that disruption of daf-16 completely abolished the increased
337  resistance to bacterial pathogens in isp-1 worms (Fig. 5A), thereby indicating that DAF-16 is

338 required for the enhanced bacterial pathogen resistance in isp-1 worms.

339

340 To determine the extent to which the effects of DAF-16 on bacterial pathogen resistance might
341  be mediated through the same genes that are modulated by the p38-mediated innate immune
342  signaling pathway, we examined the effect of daf-16 RNAi on the expression of innate immune
343  genes in wild-type, nuo-6 and isp-1 worms. While daf-16 RNAi was effective in decreasing the
344  expression of DAF-16 target genes (sod-3, dod-3, mtl-1, ftn-1, icl-1, sodh-1) in all three strains,
345 there was little or no effect on genes involved in innate immunity (724B8.5, KO8D8.5, F55G11.8,
346  clec-65, clec-67, dod-22, Y9C9A.8 and C32H11.4) (Fig. 5B,C; Fig. S11). This finding is consistent
347  with a previous study that compared microarray data of genes modulated by DAF-16 and PMK-
348 1 and observed no overlap, despite both pathways being required for pathogen resistance in
349  daf-2 mutants(38). Thus, although DAF-16 activation contributes to the enhanced pathogen

350 resistance in the long-lived mitochondrial mutants, it does not contribute to the upregulation of
351  p38/ATF-7-regulated innate immunity genes in these wormes.

352

353  The mitoUPR transcription factor ATFS-1 mediates upregulation of innate immune genes in
354  long-lived mitochondrial mutants

355

356  In our previous studies, we have shown that the mitoUPR is activated in nuo-6 and isp-1 wormes,
357 and that this activation is required for their increased lifespan(19). As activation of the mitoUPR
358 by RNAI against spg-7 (the worm homolog of SPG7/paraplegin) has been shown to increase

359  resistance to PA14 and upregulate innate immunity genes(29), we hypothesized that the ATFS-1
360 activation that occurs in nuo-6 and isp-1 mutants(19) might contribute to their enhanced

361  resistance to PA14.

362

363 To test this, we examined the effect of inhibiting the mitoUPR on the survival of nuo-6 worms

364  under bacterial pathogen stress. We found that disruption of atfs-1 completely ablates the
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365 bacterial pathogen resistance of nuo-6 worms such that nuo-6;atfs-1 worms have decreased
366  survival compared to wild-type or atfs-1 single mutants (Fig. 6A). This indicates that activation
367 of the mitoUPR is required for the enhanced pathogen resistance in nuo-6 mutants.

368

369 To determine if ATFS-1 is also responsible for the upregulation of innate immunity genes in nuo-
370 6 mutants, we examined the effect of atfs-1 deletion. While deletion of atfs-1 did not decrease
371  the expression of any of the innate immunity genes examined in wild-type wormes, loss of atfs-1
372  markedly decreased the expression of innate immunity genes in nuo-6 worms, in most cases
373  reverting expression levels to wild-type (Fig. 6B). Thus, ATFS-1 is required for the upregulation
374  of innate immunity genes in nuo-6 mutants, but is dispensable for the normal nutrient-driven
375 regulation of innate immune gene expression that is seen in wild-type worms(39).

376

377  Activation of ATFS-1 is sufficient to upregulate innate immune signaling genes

378

379  Since loss of atfs-1 prevented the upregulation of innate immunity genes in nuo-6 mutants, we
380 next sought to determine if activation of ATFS-1 is sufficient to cause upregulation of innate
381 immunity genes. To do this, we examined gene expression in two constitutively active atfs-1
382  mutants, et15 and et17(49). We found constitutive activation of ATFS-1 resulted in a significant
383  upregulation of innate immunity genes (Fig. 7A). As a positive control, we found that the ATFS-1
384  target gene hsp-6 is significantly upregulated in both constitutively activated atfs-1 mutants
385  (Fig. S12).

386

387 To determine if activation of ATFS-1 causes upregulation of innate immunity genes through

388  activation of the p38-mediated innate immune signaling pathway, we examined PMK-1/p38
389  phosphorylation in a constitutively activated atfs-1 mutant (et17) and an atfs-1 loss-of-function
390 mutant (gk3094). Similar to what we observed in the long-lived mitochondrial mutants, we

391 found that the levels of PMK-1/p38 protein, phosphorylated PMK-1/p38 protein and the ratio

392  of phosphorylated p38/p38 are equivalent to wild-type in both atfs-1 mutants (Fig. 7B). This
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393  suggests that activation of ATFS-1 can upregulate innate immunity genes without increased

394  activation of the p38-mediated innate immune signaling pathway.

395

396  To determine if ATFS-1 might be able to directly bind to the same innate immunity genes as
397 ATF-7, we compared data from two previous CHiP-seq studies(36, 50). For this comparison, we
398 defined innate immunity genes as genes that are upregulated in response to a 4-hour exposure
399  to PA14(36). After exposure to PA14, ATF-7 was found to be bound to 345 of these innate

400 immunity genes(36). Following exposure to mitochondrial stress induced by spg-7 RNAi, ATFS-1
401  was found to be bound to 51 of these innate immunity genes(50). Of the 51 innate immunity
402 genes that can be bound by ATFS-1, 49% (25 genes) can also be bound by ATF-7 (Fig. S13; Table
403  S3). This binding likely occurs at different sites since the predicted binding site motifs of ATFS-1
404  and ATF-7 bear little similarity(36, 50). The fact that ATFS-1 and ATF-7 are able to bind to the
405 same genes involved in innate immunity indicates that the mitoUPR and p38-mediated innate
406  immune signaling pathway act in parallel to modulate the expression of innate immunity genes,

407  which are critical for lifespan extension.
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408  Discussion

409

410 Aging may be defined as a progressive decline of physiologic functions that increases the

411  probability of death. The major factors that contribute to aging have been categorized into

412  hallmarks or pillars of aging(51). Interestingly, at least two of the seven pillars are directly

413  related to the immune system, but in opposite directions. First, the ability of the immune

414  system to fight off external stresses such as exposure to bacterial pathogens declines with age,
415  which can be accounted for by an age-dependent decrease in basal and activated PMK-1/p38
416  levels(52, 53). Second, there is an increase in the basal activity of the immune system that

417  occurs with advancing age, eventually leading to chronic inflammation(54). Thus, the

418  relationship between aging and the immune response can be seen as a fine balance between
419  maintaining the ability to respond to stresses, while limiting non-specific immune activation.
420

421  Our ability to precisely define the relationship between immune activity and aging has been
422  greatly enhanced by the discovery of genes that increase lifespan in model organisms, which
423  allow for investigation of the molecular mechanisms. In this work, we demonstrate that mild
424  impairment of mitochondrial function through mutations affecting either complex | (nuo-6) or
425  complex Il (isp-1) of the electron transport chain results in increased expression of a broad

426  panel of genes involved in innate immunity. Treatment with the complex | inhibitor rotenone
427  was previously shown to cause neurodegeneration and the upregulation of a small panel of
428  genes involved in innate immunity, but the mechanism by which these genes were upregulated
429  was not determined(37). While it is well established that the degeneration of neurons can

430 activate an innate immune response (55, 56), our work clearly demonstrates that the

431  impairment of mitochondrial function can also lead to the upregulation of innate immunity

432  genes. Further, our results indicate that the upregulation of innate immunity genes in response
433  to mild mitochondrial impairment is dependent on the mitoUPR transcription factor ATFS-1 and
434  all of the components of the p38-mediated innate immune signaling pathway (NSY-1, SEK-1,
435  PMK-1, ATF-7).

436
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437  While both the long-lived mitochondrial mutants and constitutively active atfs-1 mutants,

438  exhibit increased expression of ATF-7 target genes overall, these mutants show no increase in
439  p38-mediated innate immune signaling (Fig. 7). Moreover, since ATFS-1 activation is sufficient
440 to decrease food intake, these mutants would be predicted to have decreased ATF-7 target
441  gene expression because decreasing food intake diminishes p38-mediated innate immune

442  signaling(39). Combined this suggests that ATFS-1 can activate innate immunity genes directly.
443  This conclusion is supported by the fact that ATFS-1 can bind to the same innate immunity

444  genes as ATF-7 (Fig. S12).

445

446  Previous work examining the relationship between the mitoUPR and p38-mediated innate

447  immune signaling pathway has generated conflicting results. In an earlier study, activation of
448  the mitoUPR by spg-7 RNAi was found to increase the survival of pmk-1 and sek-1 mutants on
449  PA14, leading the authors to conclude that the mitoUPR was increasing pathogen resistance
450 independently of the p38-mediated innate immune signaling pathway(29). Subsequently, it was
451  shown that overexpression of the mitoUPR target gene hsp-60 is sufficient to activate the p38-
452  mediated innate immune signaling pathway leading to increased expression of genes involved
453  in innate immunity and increased PA14 resistance, all of which was dependent on p38-

454  mediated innate immune signaling pathway (nsy-1, sek-1 and pmk-1)(40). Our current results
455  resolve this discrepancy by demonstrating that the mitoUPR can affect the expression of innate
456  immunity genes and pathogen resistance both directly through binding of ATFS-1 to innate

457  immunity genes, and indirectly through the p38-mediated innate immune signaling and ATF-7
458  (Fig. 7).

459

460 The increased expression of innate immunity genes in nuo-6 and isp-1 worms results in

461  enhanced resistance to bacterial pathogens, which is dependent on both ATFS-1 and the p38-
462 mediated innate immune signaling pathway. The increased resistance to bacterial pathogens is
463  also dependent on DAF-16, which has increased nuclear localization in long-lived mitochondrial
464  mutants(20). However, the mechanism by which DAF-16 protects against bacterial pathogens

465  appears to be distinct from the mechanism of ATFS-1, as loss of DAF-16 does not affect the
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466  expression of the innate immunity genes that are upregulated by ATFS-1 and ATF-7 (Fig. 5; Fig.
467  S10)(38). The effect of DAF-16 on bacterial pathogen resistance may instead be due to a

468  general effect of DAF-16 on resistance to stress.

469

470  We have previously shown that both ATFS-1 and DAF-16 are required for the long-lifespan of
471  nuo-6 and isp-1 mutants(19, 20). Here, we show that their lifespan is also completely

472  dependent on the p38-mediated innate immune signaling pathway (NSY-1, SEK-1, PMK-1, ATF-
473 7). As all of these factors are also required for the enhanced bacterial pathogen resistance in
474  nuo-6 and isp-1 worms, this indicates that there are multiple conserved genetic pathways

475  acting in parallel to upregulate innate immunity and promote longevity in response to impaired
476  mitochondrial function.

477

478 It appears that there are multiple ways to optimize innate immune signaling with respect to
479  longevity. As in the long-lived mitochondrial mutants that we studied here, the p38-mediated
480 innate immune signaling pathway is also required for the longevity of other genes and

481 interventions that increase lifespan. daf-2 mutants have increased lifespan(1) and increased
482  resistance to bacterial pathogens(57). Unlike the nuo-6 and isp-1 mutants, daf-2 mutants show
483  adownregulation of many, but not all, SEK-1-dependent genes involved in innate immunity
484  through decreased feeding and decreased phosphorylation of PMK-1/p38(39). Nonetheless,
485  genes involved in the p38-mediated innate immune signaling pathway (SEK-1, PMK-1) are

486  required for the long-lifespan, and increased resistance to bacterial pathogens in daf-2 wormes,
487  asis DAF-16(28, 38, 58).

488

489  Similar to daf-2 mutants, the increase in lifespan caused by dietary restriction resulting from
490  decreased nutrient availability is dependent on the p38-mediated innate immune signaling

491  pathway (NSY-1, SEK-1, PMK-1, ATFS-7), despite the fact that dietary restriction was found to
492  decrease PMK-1/p38 activation and downregulate more innate immune genes (162 genes) than
493  were upregulated (46 genes)(39). Based on this and other supporting data it was concluded

494  that lifespan extension resulting from dietary restriction was not mediated by pathogen
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495  resistance per se, but by a metabolic/nutrient-related function of the p38-mediated innate
496  immune signaling pathway.

497

498  Combined, this clearly indicates that it is not a simple relationship between innate immune
499  activation and maximum longevity, as increased lifespan can be achieved with upregulation or
500 downregulation of innate immunity genes. While a functional p38-mediated innate immune
501 signaling pathway may be universally required for long life, different levels of its activity are
502 required to achieve maximum lifespan extension under different circumstances or genetic

503  backgrounds. While many previous studies have only examined a few genes involved in innate
504 immunity, the fact that different innate immune genes can be both upregulated and

505 downregulated in the same mutants demonstrates the importance of looking more broadly
506  across all genes involved in innate immunity to gain a more in-depth understanding of how
507 these changes are affecting longevity. Moreover, it will be important to understand the specific

508 roles of each of these genes in pathogen defense and longevity.
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509 Conclusions

510

511  Overall, this work demonstrates the importance of the p38-mediated innate immune signaling
512  pathway and the mitochondrial unfolded protein response for both pathogen resistance and
513  lifespan. It shows that activation of innate immunity is a key function of the mitoUPR that works
514  in concert with the p38-mediated innate immune signaling pathway as a key defense

515  mechanism, which is activated by mitochondrial impairment. The relationship between innate
516 immune gene expression, pathogen resistance and lifespan is complex, and there are multiple
517  ways to optimize the levels of innate immune activation with respect to longevity. As all of the
518  signaling pathways studied here are conserved up to mammals, advancing our understanding of
519 the links between innate immune gene expression, pathogen resistance and longevity in model
520 organisms, may advance our understanding of these processes in humans. Understanding the
521 relationship between mitochondrial function, innate immunity and longevity will provide

522  important insights into fundamental aspects of how lifespan can be extended.
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523 Materials and Methods

524
525 Strains
526  WT(N2)

527 MQ1333 nuo-6(qm200)

528 JVR171 isp-1(gm150)

529  T24B8.5p::GFP

530 JVR521 nsy-1(ok593)

531  JVR520 sek-1(km4)

532  JVR165 pmk-1(km25)

533 ZDA442 atf-7(qd22); agls219[T24B8.5p::GFP+ttx-3p::GFP]
534  JVR455 atfs-1(gk3094)

535  JVR479 nuo-6(gqm200);atfs-1(gk3094)

536  QC1115 atfs-1(et15)

537 QC1117 atfs-1(et17)

538  JVR533 nuo-6(qm200);nsy-1(0k593)

539  JVR543 nuo-6(qm200);sek-1(km4)

540 JVR281 nuo-6(qm200);pmk-1(km25)

541  JVR527 nuo-6(qm200);atf-7(qd22); agls219[T24B8.5p::GFP+ttx-3p::GFP]
542  JVR532 isp-1(gqm150);nsy-1(ok593)

543  JVR534 isp-1(gm150);sek-1(km4)

544  JVR538 isp-1(qm150);atf-7(qd22); agls219[T24B8.5p::GFP+ttx-3p::GFP]
545  math-33(tm6724)

546  JVR456 isp-1(gm150); math-33(tm6724)

547  JVR457 nuo-6(gqm200); math-33(tm6724)

548  daf-16(mu86)

549  JVR380 isp-1(gqm150);daf-16(mu86)

550
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551  Strains were grown on OP50 bacteria at 20°C. All of the strains were genotyped or sequenced
552  to confirm the presence of the mutation in the gene of interest. Double mutants were

553  generated by crossing WT males to nuo-6 or isp-1 mutants and crossing the resulting

554  heterozygous male progeny (nuo-6/+ or isp-1/+) to the mutant of interest (nsy-1, sek-1, pmk-1,
555  atf-7). After selfing, slow growing progeny were singled and genotyped or sequenced to identify
556  double mutants. We were unable to generate isp-1 pmk-1 and nuo-6 daf-16 double mutants
557  due to the close proximity of these two genes on the same chromosome.

558

559  Bacteria pathogenesis — slow kill assay

560  Pathogenesis assays with P. aeruginosa strain PA14 were performed as described

561  previously(39). In brief, the overnight PA14 culture was seeded to the center of a 35-mm NGM

562  agar plate containing 20 mg/L FUdR. Seeded plates were incubated at 37°C overnight, then

563  incubated at room temperature overnight. Approximately 40 day three adults were transferred
564  to these prepared plates, with 10 plates scored per strain. The assays were conducted at 20°C.

565  Animals that did not respond to gentle prodding from a platinum wire were scored as dead.

566

567 Lifespan

568  All lifespan assays were performed at 20°C. Except where noted lifespan assays were

569 performed on NGM plates seeded with OP50 bacteria. Lifespan assays included FUdR to limit
570 the development of progeny. Lifespan assays on solid plates utilized 25 uM FUdR to minimize
571  potential effects of FUdR on lifespan(59). Animals were excluded from the experiment if they
572  crawled off the plate or died of internal hatching of progeny or expulsion of internal organs.
573  Lifespan assays with arrested bacteria. Growth-arrested bacterial food was prepared through
574  treatment with antibiotics and cold as described previously(39). All worms were passaged at
575  20°Cfor at least two generations before lifespan assays were initiated. Synchronized

576  populations of L1 animals were obtained by hypochlorite treatment, then allowed to develop at
577  20°Con standard NGM plates seeded with OP50-1. The young adults were transferred to NGM
578  agar plates containing 50 mg/L ampicillin, 10 mg/L kanamycin, 1 mg/L tetracycline, 50mg/L

579  nystatin, and 100 mg/L FUdR, and seeded with the cold- and antibiotic- treated OP50-1. Three
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580  days later the animals were washed twice in S basal, and transferred to a 24 well plate with 1
581  mL S basal in each well containing the arrested OP50-1 at ODggo 3. 20—40 worms were placed in
582  each well.

583

584  Waestern Blotting

585  Protein levels were measured by western blotting in whole worm lysates obtained from four
586 independent biological replicates. Briefly, whole worm lysates obtained from approximately
587 1000 animals on day 1 of adulthood were subjected to SDS-PAGE in polyacrylamide gels (4%-
588  12%), immunoblotted with specific antibodies against phospho-p38 (Cell Signaling) or total
589 p38/PMK-1(47), and visualized following standard procedures. Quantification analysis of all
590 blots was performed with the use of ImagelJ software. Results were corrected to Ponceau red
591  staining (0.5%, w:v) of the membrane since nuo-6 worms were found to exhibit decreased
592 levels of tubulin protein.

593

594  Food intake assay

595  Food intake was quantified in liquid culture by measuring the relative amount of growth-

596 arrested bacteria that are present in a culture before and after incubation with C. elegans, as
597  previously described(39). Synchronized populations of L1 animals were obtained by

598  hypochlorite treatment and allowed to develop at 20°C on standard NGM agar plates seeded
599  with OP50. The worms were transferred onto NGM plates containing FUdR at the L4 stage of
600 development. On day 3 of adulthood, animals were washed twice in S basal (5.85 g/L NaCl, 1
601 g/LK2HPO4, 6 g/L KH2P0O4) and 30-50 worms were transferred to each well of a 24 well plate
602  containing 1 mL of arrested OP50 at optical density 3 (600 nm) re-suspended in S basal

603  complete medium (S basal containing 5 mg/L cholesterol, 50 mg/L ampicillin, 10 mg/L

604  kanamycin, 1 mg/L tetracycline, 50 mg/L nystatin, FUdR). On day 12 of adulthood, bacteria
605 were removed from the wells by washing and diluted 10x with S basal prior to measuring the
606  optical density (600 nm). The relative food intake was determined by the change in OP50
607  optical density between day 3 and day 12 of adulthood, and normalized to the number of

608  worms per well.
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609

610  Bacterial avoidance assay

611 A colony of PA14 was placed in 5 ml of Luria Broth (LB) or a colony of OP50 was placed in 5ml
612  2YT, and the cultures were incubated, shaking, for 16 hr at 37°C. 100 ul of the culture was
613  seeded onto the center of 6 cm NGM plates, which were grown for 24 hours at room

614  temperature. Animals were synchronized by picking stage L4 animals the day before the

615  experiment and were placed on OP50 plates at 20°C. The synchronized day 1 animals were
616  washed off of the OP50 plates with M9 buffer, washed three times in M9 buffer, and then ~40
617 animals were deposited on each of the assay plates using a glass pipette. The animals were
618 placed on the agar ~1 cm from the edge of the bacterial spots. The plates were then placed at
619  20°C. The number of animals on and off of the bacteria were counted after 24 hours.

620
621 Quantification of reporter fluorescence

622  T24B8.5p::GFP animals were randomly selected and imaged with ZEN 2012 software on an Axio
623  Imager M2 microscope with a 10X/0.25 objective (Zeiss, Jena, Germany). Fluorescence

624  brightness was quantified blindly using NIH ImageJ software.

625

626  RNA isolation

627  mRNA was collected from pre-fertile young adult worms using Trizol as previously described
628  (60). For quantitative real-time RT-PCR, we collected three biological replicates for each strain
629  on separate days. For RNA sequencing experiments, we collected 3-6 biological replicates.
630

631  Quantitative Real-Time RT-PCR

632 The mRNA was converted to cDNA using a High-Capacity cDNA Reverse Transcription kit (Life
633  Technologies/Invitrogen) according to the manufacturer’s directions. qPCR was performed
634  using a FastStart Universal SYBR Green kit (Roche) in a Bio-Rad iCycler real-time PCR detection
635  system (61). Primer sequences for other genes tested include:

636  T24B8.5 (TACACTGCTTCAGAGTCGTG, CGACAACCACTTCTAACATCTG);
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637  KO8D8.5 (CAAAATATCCTCCGGGAAGTC, TTCACGGAATCACCATCGTA);

638 F55G11.8 (GGAAATGGTTGCAAACTTGG, TGCAGAATCGACAGTTTGGA);

639  clec-67 (TTTGGCAGTCTACGCTCGTT, CTCCTGGTGTGTCCCATTTT);

640  clec-65 (GCAATCAACCTCGTGATGTG, CGCAGAAGCAGTTTGTATCC);

641  dod-22 (TCCAGGATACAGAATACGTACAAGA, GCCGTTGATAGTTTCGGTGT);

642  YI9C9A.8 (CGGGGATATAACTGATAGAATGG, CAAACTCTCCAGCTTCCAACA); and

643  C32H11.4 (GGCAATACTTGCAAGACTGGAA, CCAGCTACACGATTGGTCCT).

644

645  RNA sequencing and Bioinformatic Analysis

646 RNA sequencing was performed as previously described(62). RNA-seq data is available on NCBI
647  GEO: GSE93724(20), GSE110984(19) and was analyzed by the Harvard School of Public Health
648  Bioinformatics core for this paper.

649  Read mapping and expression level estimation. All samples were processed using an RNA-seq
650 pipeline implemented in the bcbio-nextgen project (https://bchio-

651 nextgen.readthedocs.org/en/latest/). Raw reads were examined for quality issues using FastQC

652  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to ensure library generation and

653  sequencing data were suitable for further analysis. If necessary, adapter sequences, other
654  contaminant sequences such as polyA tails and low quality sequences were trimmed from reads

655  using cutadapt http://code.google.com/p/cutadapt/ . Trimmed reads were aligned to the

656  Ensembl build WBcel235 (release 90) of the C.elegans genome using STAR(63). Quality of

657 alignments was assessed by checking for evenness of coverage, rRNA content, genomic context
658  of alignments (for example, alignments in known transcripts and introns), complexity and other
659  quality checks. Expression quantification was performed with Salmon(64) to identify transcript-
660 level abundance estimates and then collapsed down to the gene-level using the R Bioconductor
661  package tximport(65). Principal components analysis (PCA) and hierarchical clustering methods
662  validated clustering of samples from the same batches and across different mutants.

663  Differential gene expression and functional enrichment analysis. Differential expression was
664 performed at the gene level using the R Bioconductor package DESeq2(66). For each wildtype-

665  mutant comparison significant genes were identified using an FDR threshold of 0.01. For
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666  datasets in which experiments were run across two batches, we included batch as a covariate in
667  thelinear model.

668  Overlap table. Lists of differentially expressed genes were separated by direction of expression
669 change and compared to genes that are modulated in response to exposure to the bacterial
670 pathogen P. aeruginosa strain PA14 in a PMK-1 and ATF-7-dependent manner, as identified by
671  Fletcher et al., 2019(36). Significance of overlap was computed using the hypergeometric test.
672  Heatmaps. For each dataset (long-lived mutant comparison to wildtype), the raw counts were
673  regularized log (rlog) transformed using the DESeq2 package(66). This transformation

674  moderates the variance across the mean, improving the clustering in an unbiased manner. The
675 rlog matrix was then subset to retain only those genes from the Fletcher et al gene lists which
676  were also significantly differentially expressed between mutant and wildtype. Heatmaps were
677  plotted using the pheatmap package in R.

678

679  Statistical Analysis

680 Experiments were conducted such that the experimenter was blinded to the genotype of the
681 animals being tested. The worms for each experiment were randomly selected from

682 maintenance plates at stages when all worms appeared healthy. Except where noted, we

683 completed a minimum of three biological replicates for each assay (independent population of
684  worms tested on a different day). Statistically significance of differences between groups of
685 more than two was determined by one-way ANOVA with Dunnett’s multiple comparison post-
686  hoc test or two-way ANOVA with Bonferroni post-doc test using Graphpad Prism. For survival
687  analysis, a log-rank test was used. On all bar graphs, the bar indicates the average (mean) and
688  error bars indicate standard error of the mean (SEM). This study was not pre-registered. No
689  sample size calculations were performed. This study did not include a pre-specified primary

690  endpoint.
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867  Figure Legends

868

869  Figure 1. Innate immunity genes are upregulated in long-lived mitochondrial mutants. A.

870  Genes involved in innate immunity are significantly upregulated in nuo-6 and isp-1 worms.

871  Gene expression changes in the mitochondrial mutants were determined by RNA sequencing of
872  six biological replicates and compared to wild-type N2 worms. Results represent counts per
873  million (CPM) expressed as a percentage of wild-type. B. Upregulation of innate immunity

874  genes is dependent on the p38-mediated innate immune signaling pathway including NSY-1,
875  SEK-1, PMK-1 and ATF-7. Gene expression changes were examined by quantitative RT-PCR with
876 3 biological replicates per strain. C. Using a fluorescent reporter strain for the innate immunity
877  gene T24B8.5 confirms that innate immunity genes are upregulated in the long-lived

878  mitochondrial mutants and that components of the p38-mediated innate immune signaling
879  pathway are required for their upregulation. D. Differentially expressed genes in long-lived

880 mitochondrial mutants show significant overlap with genetic targets of the p38-mediated

881 innate immune signaling pathway. Significantly modulated genes in long-lived mitochondrial
882  mutants nuo-6 and isp-1 (six biological replicate per strain) were compared to genes that are
883  modulated in response to exposure to the bacterial pathogen P. aeruginosa strain PA14 in a
884  PMK-1- and ATF-7-dependent manner as identified by Fletcher et al., 2019. There is a highly
885  significantly degree of overlap between genes upregulated by activation of the p38-mediated
886 innate immune pathway and genes upregulated in nuo-6 and isp-1 mutants. Similarly, there is a
887  highly significantly degree of overlap between genes downregulated by activation of the p38-
888 mediated innate immune pathway and genes downregulated in nuo-6 and isp-1 mutants. Error
889  bars indicate SEM. *p<0.05, **p<0.01, ***p<0.001.
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892  Figure 2. Long-lived mitochondrial mutants exhibit increased resistance to bacterial

893  pathogens that is dependent on presence of p38-mediated innate immune signaling pathway.
894  Resistance to bacterial pathogens was tested by exposing worms to Pseudomonas aeruginosa
895  strain PA14 in a slow kill assay. A. Both nuo-6 and isp-1 long-lived mitochondrial mutants

896 showed increased resistance compared to wild-type worms. Disruption of components of the
897 p38-mediated innate immune signaling pathway (nsy-1, sek-1, pmk-1, atf-7) markedly

898  decreases resistance to PA14 in wild-type (B), nuo-6 (C) and isp-1 (D) worms. Statistical analysis
899  on survival plots was performed with log-rank test. Significance is indicated between the strain
900 listed on top and all other strains. ***p<0.001. All strains were tested in a single parallel

901 experiment. Data from panel A is repeated in panels B, C, and D for direct comparison. Raw
902 dataand N for each strain can be found in Table S2.
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Figure 3. Disruption of the p38-mediated innate immune signaling pathway markedly ablates
extended longevity of long-lived mitochondrial mutants. To examine the role of the p38-
mediated innate immune signaling pathway in the long-lifespan of the nuo-6 and isp-1
mitochondrial mutants, we crossed the long-lived mitochondrial mutants to worms with
mutations in nsy-1, sek-1, pmk-1 and atf-7(gof). In each case, mutation of genes involved in
p38-mediated innate immunity signaling markedly reduced the lifespan of the long-lived
mitochondrial mutant but had little or no impact on wild-type lifespan. Results are from a
minimum of three biological replicates with at least 40 worms per replicate. Statistical analysis
on survival plots was performed with log-rank test. p-value indicate significance between red
and purple lines. The lifespan results for panels A, B, D, E, F, and H were performed in a single
parallel experiment. Control strains are shown in multiple panels for direct comparison. Raw

data and N for each strain can be found in Table S2.
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919  Figure 4. p38-mediated innate immune signaling pathway is not activated in long-lived

920 mitochondrial mutants. A. To determine the extent to which the p38-mediated innate

921  immunity pathway is activated in nuo-6 and isp-1 mutants, we measured the ratio of

922  phosphorylated p38/PMK-1 to total p38/PMK-1 by Western blotting. B. There was no

923  difference in the ratio of phosphorylated p38/PMK-1 to total p38/PMK-1 in the long-lived

924  mitochondrial mutants compared to wild-type. Four biological replicates per strain were

925 quantified. See Supplemental Data for complete images of Western blots including loading

926  controls. C. Both long-lived mitochondrial mutants, nuo-6 and isp-1, exhibit markedly decreased
927  food consumption compared to wild-type worms. At least six biological replicates per strain

928  were measured, each including at least 3 technical replicates. D. Deletion of daf-16 significantly
929 increases food consumption in both wild-type and isp-1 mutants. Three biological replicates per
930 strain were measured. E. While disruption of atfs-1 does not affect food intake in wild-type

931  worms, it increases food consumption in nuo-6 worms back to wild-type. atfs-1 loss of function

932 allele was gk3094. Three biological replicates per strain were measured. F. Constitutive

933  activation of atfs-1 is sufficient to decrease food consumption to the same level as in long-lived

934  mitochondrial mutants. Three biological replicates per strain were measured. atfs-1(lof) allele is
935  gk3094, atfs-1(gof) allele is et17. Error bars indicate SEM. **p<0.01, ***p<0.001.
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938  Figure 5. DAF-16/FOXO is required for increased resistance to bacterial pathogens in long-
939 lived mitochondrial mutants. A. A deletion of daf-16 completely abolishes the increased

940 resistance to bacterial pathogens in isp-1 mutants. p-value indicates the significance of

941  difference between red and purple lines. Three biological replicates per strain were measured.
942  While daf-16 RNAiI effectively decreased the expression of DAF-16 target genes (B, sod-3, dod-3,
943  mtl-1, ftn-1, icl-1, sodh-1), it did not affect the expression of any of the innate immunity genes
944  (C, T24B8.5, KO8D8.5, F55G11.8, clec-65, clec-67, dod-22, Y9C9A.8 and C32H11.4). This indicates
945  that DAF-16 is not required for expression of innate immune signaling pathway target genes in
946  isp-1 mutants. daf-16 expression was knocked down using RNAi beginning at the L4 stage of the
947  parental generation. RNA was isolated from six biological replicates at the young adult stage of
948  the experimental generation. RNA from the six biological replicates was pooled for RNA

949  sequencing.

950

951

952

38


https://doi.org/10.1101/2021.03.31.437812
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.31.437812; this version posted April 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

953  Figure. 6. ATFS-1 is required for increased bacterial pathogen resistance and upregulation of
954  innate immunity genes in long-lived nuo-6 mitochondrial mutants. A. To examine the role of
955  the ATFS-1 transcription factor and the mitochondrial unfolded protein response in the

956  enhanced bacterial pathogen resistance in nuo-6 mutants, we examined the effect of disrupting
957  atfs-1in nuo-6 mutants. Loss of atfs-1 completely abolished the increased resistance to

958  bacterial pathogens in nuo-6 worms. p-value indicates significance of difference between red
959 and purple lines. nuo-6;atfs-1 contains the gk3094 deletion allele. Three biological replicates
960  per strain were measured. B. To examine the role of ATFS-1 in the upregulation of innate

961 immunity genes in nuo-6 mutants, we compared gene expression between nuo-6 and nuo-

962  6;atfs-1 mutants with wild-type worms and atfs-1 mutants as controls. Deletion of atfs-1

963  significantly decreased the expression of genes involved in innate immunity in nuo-6 worms,
964  but did not decrease the expression of these genes in wild-type worms. Gene expression

965 changes were determined by RNA sequencing of six biological replicates of each genotype.

966  Results represent counts per million (CPM) expressed as a percentage of wild-type. Worms in a
967  wild-type background (control) are shown with white bars, while worms with atfs-1 deletion
968  are shown with blue bars. Error bars indicate SEM. **p<0.01, ***p<0.001.
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971  Figure. 7. Constitutive activation of mitochondrial unfolded protein response results in

972  upregulation of innate immunity genes. A. Examination of mRNA levels of genes involved in
973  innate immunity in two constitutively active atfs-1 mutants (et15 and et17) revealed that innate
974  immunity genes are upregulated when ATFS-1 is activated. This indicates that activation of the
975  mitochondrial unfolded protein response can cause activation of genes that are regulated by
976  the p38-mediated innate immune pathway. Gene expression changes were determined by RNA
977  sequencing of six biological replicates of each genotype. Results represent counts per million
978  (CPM) expressed as a percentage of wild-type. B. Constitutive activation of ATFS-1 does not
979  increase activation of PMK-1/p38 as measured by the ratio of phospho-p38 to total p38 using
980 Western blotting. atfs-1(gof) is et17 allele. atfs-1(lof) is gk3094 allele. Protein levels were

981 quantified for four biological replicates. See Supplemental Data for complete images of

982  Western blots including loading controls. Error bars indicate SEM. *p<0.05 **p<0.01,

983  ***p<0.001.
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Figure 8. Mild impairment of mitochondrial function increases bacterial pathogen resistance
and lifespan. Impairment of mitochondrial function through mutation of nuo-6 or isp-1, which
affect the mitochondrial electron transport chain, leads to the activation of the mitochondrial
unfolded protein response (mitoUPR) and nuclear localization of DAF-16. The mitoUPR
transcription factor ATFS-1 can bind directly to innate immunity genes to increase their
expression. Activation of ATFS-1 is also sufficient to decrease food consumption, which results
in decreased signaling through the p38-mediated innate immune signaling pathway. This
signaling pathway terminates with the ATF-7 transcription factor that can bind to the same
genes as ATFS-1. ATFS-1 also acts to facilitate the nuclear localization of DAF-16, which
modulates the expression of a separate set of genes that promotes survival of bacterial
pathogens and longevity. DAF-16 acts to decrease food intake thereby decreasing signaling
through the p38-mediated innate immune signaling pathway. DAF-16, ATFS-1, and all of the
components of the p38-mediated innate immune signaling pathway (NSY-1, SEK-1, PMK-1 and
ATF-7) are required for the increased resistance to bacterial pathogens and increased lifespan

in nuo-6 and isp-1 mutants.
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Figure 1. Innate immunity genes are upregulated in long-lived mitochondrial mutants.
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Figure 2. Long-lived mitochondrial mutants exhibit increased resistance to bacterial pathogens that is
dependent on presence of p38-mediated innate immune signaling pathway.
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Figure 3. Disruption of the p38-mediated innate immune signaling pathway markedly ablates extended
longevity of long-lived mitochondrial mutants.
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Figure 4. p38-mediated innate immune signaling pathway is not activated in long-lived mitochondrial
mutants.


https://doi.org/10.1101/2021.03.31.437812
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.31.437812; this version posted April 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

— - WT
S 801 = daf-16
2 - isp-1
7 601 ¥ jsp-1;daf-16
g 407 p < 0.0001
& 201
0 5 10 15 20
Time (Days)
160 O isp-1-EV _
__140- 3 isp-1 - daf-16 RNAI
2 £ 120
5“5100 -——r-- e g - _.
§ S 801
Z o 607
ES 407
o
~ 20
0 } ¥ } ! J
) ) A A A A
' % \ ¢ N o’
S & & & ¢ 908“
1601 3 isp-1-EV
140 [ isp-1 - daf-16 RNAi
(7]
3 £ 1201
]
<%
28
€3
Eq

Figure 5. DAF-16/FOXO is required for increased resistance to bacterial pathogens in long-lived mitochondrial
mutants.
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Figure 6. ATFS-1 is required for increased bacterial pathogen resistance and upregulation of innate immunity

genes in long-lived nuo-6 mitochondrial mutants.
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Figure 7. Constitutive activation of mitochondrial unfolded protein response results in upregulation of innate

immunity genes.
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Figure 8. Mild impairment of mitochondrial function increases bacterial pathogen resistance and lifespan.
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Figure S1. Overview of p38-mediated innate immune signaling pathway. The p38-mediated innate immune
signaling pathway is a MAPK signaling pathway. Exposure to bacterial pathogens or increased food intake results in
the activation of this pathway through the phosphorylation of NSY-1/ASK1 (MAPK kinase kinase). NSY-1 then
phosphorylates SEK-1/MKK3/MKK6 (MAPK kinase), which phosphorylates PMK-1/p38 (MAPK), which
phosphorylates the transcription factor ATF-7/ATF2/ATF7/CREBS. Under normal conditions, ATF-7 acts as a
repressor inhibiting the expression of innate immunity genes. When ATF-7 is phosphorylated by PMK-1, it becomes
an activator promoting the expression of innate immunity genes. The gd22 mutation prevents phosphorylation of

ATF-7 by PMK-1. As a result, ATF-7 with the gd22 mutation acts as a constitutive repressor even in the presence of
bacterial pathogens.
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Figure S2. Upregulation of innate immunity genes in long-lived mitochondrial mutants requires the p38-
mediated innate immune signaling pathway. Mutation of genes involved in the p38-mediated innate immune
signaling pathway (nsy-1, sek-1, pmk-1, atfs-7(gof)) decrease the expression of genes involved in innate
immunity in wild-type (A), nuo-6 (B), and isp-1 (C) worms. Gene expression was determined by quantitative
real-time RT-PCR on three biological replicates of pre-fertile young adult worms. Error bars indicate SEM. All
differences from control are significant p<0.05.
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Figure S3. Genes that are upregulated by activation of the p38-mediated innate immune pathway
are primarily upregulated in the long-lived mitochondrial mutant nuo-6. This heatmap includes
genes that are upregulated by exposure to the bacteria pathogen P. aeruginosa PA14 in a PMK-1- and
ATF-7-dependent manner and for which the expression is significantly changed in nuo-6 mutants.
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Figure S4. Genes that are upregulated by activation of the p38-mediated innate immune pathway
are primarily upregulated in the long-lived mitochondrial mutant isp-1. This heatmap includes genes
that are upregulated by exposure to the bacteria pathogen P. aeruginosa PA14 in a PMK-1- and ATF-7-
dependent manner and for which the expression is significantly changed in isp-1 mutants.
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Figure S5. Expression of genes that are downregulated by activation of the p38-mediated innate
immune pathway is altered in the long-lived mitochondrial mutant nuo-6. This heatmap includes
genes that are downregulated by exposure to the bacteria pathogen P. aeruginosa PA14 in a PMK-1-
and ATF-7--dependent manner and for which the expression is significantly changed in nuo-6 mutants.
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Figure S6. Expression of genes that are downregulated by activation of the p38-mediated innate
immune pathway is altered in the long-lived mitochondrial mutant isp-1. This heatmap includes
genes that are downregulated by exposure to the bacteria pathogen P. aeruginosa PA14 in a PMK-1-
and ATF-7--dependent manner and for which the expression is significantly changed in isp-1 mutants.
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Figure S7. Increased resistance to bacterial pathogens does not result from bacterial avoidance. To
explore the mechanisms underlying the increased resistance to bacterial pathogens in nuo-6 and isp-1
mutants, bacterial avoidance and food consumption were examined. There was no significant
difference in bacterial avoidance between wild-type worms and nuo-6 or isp-1 mutants on OP50
bacteria (A) or P. aeruginosa (B). Three biological replicates per strain were quantified. Error bars
indicate SEM.


https://doi.org/10.1101/2021.03.31.437812
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.31.437812; this version posted April 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Survival on PA14 (days)

A

RN & &
R S A A A A
N oo'o’,\o 4 beQ,\e

(\0 ’\9 (\\) '\6 Q

Figure S8. Disruption of p38-mediated innate immune signaling pathway decreases resistance to
bacterial pathogens. Resistance to bacterial pathogens was tested by exposing worms to
Pseudomonas aeruginosa strain PA14 in a slow kill assay. Long-lived mitochondrial mutants, nuo-6 and
isp-1, have increased survival on pathogenic PA14 bacteria. Mutations affecting genes involved in the
p38-mediated innate immune signaling pathway including nsy-1, sek-1, pmk-1 and atf-7(gof) cause
decreased resistance to bacterial pathogens in wild-type (white bars), nuo-6 (blue bars) and isp-1 (red
bars) worms. Black dotted line indicates wild-type survival. Blue dotted line indicates nuo-6 survival.
Red dotted line indicates isp-1 survival. Survival is measured as the number of days from exposure to
PA14 (day 3 of adulthood) until death. Error bars indicate SEM of survival of individual animals. This
bar graph is a summary of data shown in Figure 2 to facilitate comparison across all strains. Raw data
and total N per strain are provided in Table S2.
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Figure S9. Disruption of genes involved in the p38-mediated innate immune signaling pathway abolishes
the extended longevity of long-lived mitochondrial mutants independently of bacterial proliferation.
Quantification of nuo-6 and isp-1 lifespan on non-proliferating bacteria revealed that their long lifespan is
independent of bacterial proliferation. Similarly, lifespan extension in nuo-6 and isp-1 mutants is completely
dependent on having a function p38-mediated innate immune signaling pathways as deletion of nsy-1, sek-
1, or atf-7(gof) completely prevented the increase in lifespan in long-lived nuo-6 and isp-1 mutants.
Lifespans were performed in liquid culture with worms fed ad libitum. Bacteria proliferation was prevented
through treatment with cold and antibiotics. Statistical analysis on survival plots was performed with log-
rank test. p-value indicates significance of difference between blue and purple lines. All strains were tested
in a single parallel experiment. Control strains are shown in multiple panels for direct comparison. Raw data
and total N per strain can be found in Table S2.
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Figure S10. Proportion of activated PMK-1/p38 is not increased in nuo-6 and isp-1 worms. Activation of
PMK-1/p38 was measured by levels of phosphorylated p38/PMK-1 compared to total levels of PMK-1 by
western blotting. As a positive and negative controls, we examined the effect of vhp-1 RNAi and sek-1 RNA..
RNAI against sek-1 resulted in decreased phosphorylation of PMK-1/p38 without affecting total PMK-1
levels. RNAI against vhp-1 increased phospho-p38/PMK-1 levels without affecting total PMK-1 levels. RNAi
treatment was begun at the L3 developmental stage and worms were collected 2 days later.
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Figure S11. DAF-16 is not required for expression of innate immune signaling pathway target genes. daf-16
expression was knocked down using RNAi beginning at the L4 stage of the parental generation. While daf-16 RNAI
effectively decreased the expression of DAF-16 target genes (b, sod-3, dod-3, mtl-1, ftn-1, icl-1, sodh-1) in both
wild-type and nuo-6 mutants, it did not markedly affect the expression of any of the innate immunity genes (c,
T24B8.5, KO8D8.5, F55G11.8, clec-65, clec-67, dod-22, Y9C9A.8 and C32H11.4). This suggests that DAF-16 is not
required for expression of innate immune signaling pathway target genes in wild-type worms and nuo-6 mutants.
RNA was isolated from six biological replicates at the young adult stage of the experimental generation. RNA from
the six biological replicates was pooled for RNA sequencing.
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Figure S12. hsp-6 levels are increased in constitutively active atfs-1 mutants. Gene expression changes
were determined by RNA sequencing of six biological replicates of each genotype. Results represent counts
per million (CPM) expressed as a percentage of wild-type. Error bars indicate SEM. **p<0.01, ***p<0.001.
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Figure S13. ATFS-1 and ATF-7 bind to the same genes involved in innate immunity. Innate immunity genes
are defined as genes that are upregulated by a 4-hour exposure to PA14. This list was obtained from
Fletcher et al., 2019. ATF-7-bound genes are genes bound by ATF-7 after exposure to PA14 from a CHIP-seq
experiment conducted by Fletcher et al., 2019. ATFS-1-bound genes are genes bound by ATFS-1 after
mitochondrial stress resulting from RNAi against spg-7 as determined by a CHIP-seq experiment conducted
by Nargund et al., 2015. ATF-7 was found to be bound to 345 innate immunity genes after exposure to PA14.
ATFS-1 was found to be bound to 51 innate immunity genes after exposure to mitochondrial stress. Of these
51 genes, 25 were found to be in common with ATF-7-bound innate immunity genes. This highly significant
overlap (p=1.28X10?°) clearly demonstrates that ATF-7 and ATFS-1 can bind to and regulate the same innate
immunity genes. See supplemental Table 2 for the complete gene lists.
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