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Abstract:  26 

Mitohormesis defines the increase in fitness mediated by adaptive responses to mild 27 

mitochondrial stress. Tetracyclines inhibit not only bacterial but also mitochondrial 28 

translation, thus imposing a low level of mitochondrial stress to eukaryotic cells. We 29 

demonstrate in cell and germ-free mouse models, that tetracyclines induce a mild 30 

adaptive mitochondrial stress response (MSR), involving both the ATF4-mediated 31 

integrative stress response and type I interferon (IFN) signaling. To overcome the 32 

interferences of tetracyclines with the host microbiome, we identify tetracycline 33 

derivatives that have minimal antimicrobial activity, yet retain full capacity to induce the 34 

MSR, such as the lead compound, 9-tert-butyldoxycycline (9-TB). The MSR induced 35 

by Doxycycline (Dox) and 9-TB improves survival and disease tolerance against lethal 36 

influenza virus (IFV) infection when given preventively. 9-TB, unlike Dox, did not affect 37 

the gut microbiome and showed also encouraging results against IFV when given in a 38 

therapeutic setting. Tolerance to IFV infection is associated with the induction of genes 39 

involved in lung epithelial cell and cilia function, and with down-regulation of 40 

inflammatory and immune gene sets in lungs, liver, and kidneys. Mitohormesis induced 41 

by non-antimicrobial tetracyclines and the ensuing IFN response may dampen 42 

excessive inflammation and tissue damage during viral infections, opening innovative 43 

therapeutic avenues.  44 

List of abbreviations:  45 

9-TB: 9-tert-butyl-doxycycline 46 

ARDS: acute respiratory distress syndrome  47 

ATc: anhydrotetracycline 48 

BMDM: bone marrow-derived macrophages 49 

DAMP: damage-associated molecular pattern 50 

Dox: doxycycline 51 

GSEA: gene set enrichment analysis  52 

GO: gene ontology 53 

IFN: interferon  54 
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ISR: integrated stress response 57 

OXPHOS: oxidative phosphorylation 58 

MEF: mouse embryonic fibroblast 59 

MODS: multiorgan dysfunction syndrome 60 

MSR: mitochondrial stress response 61 

mtDNA: mitochondrial DNA 62 

NMDS: non-metric multidimensional scaling 63 
perMANOVA: permutational multivariate analysis of variance 64 

PBMC: peripheral blood mononuclear cell 65 

SARS-CoV2: severe acute respiratory syndrome coronavirus 2 66 

SDI: Shannon diversity index 67 

Tet: tetracycline  68 

TFAM: Transcription Factor A Mitochondrial 69 

UPRmt: mitochondrial unfolded protein response 70 
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Introduction  72 

Cells constantly monitor the function of their mitochondria and activate adaptive 73 

mitochondrial stress responses (MSR) to maintain or restore mitochondrial 74 

homeostasis upon stress. Mitohormesis is the phenomenon that ensues when these 75 

adaptive responses surpass the initial stress and lead to overall beneficial 76 

consequences on cellular and organismal fitness. A prototypical and well-studied form 77 

of the MSR is the mitochondrial unfolded protein response (UPRmt), first described in 78 

mammalian cells (1), but more extensively characterized in Caenorhabditis elegans 79 

(C. elegans) (reviewed in (2–4)). Fitting with a beneficial health impact, the 80 

mitohormetic induction of the MSR is reported to extend health- and lifespan in C. 81 

elegans (5, 6), as well as to attenuate the phenotypic consequences of Alzheimer’s 82 

disease and exert cardioprotective effects in mouse models (7, 8). Interestingly, 83 

Tetracyclines (Tets) - antibiotics that not only block bacterial, but also mitochondrial 84 

translation - can be used to induce such a mild proteotoxic mitochondrial stress. Tets 85 

are therefore pharmacological tools that induce the MSR (7, 9), often resulting in a 86 

beneficial mitohormetic response.  87 

Mitochondrial function and immunity, both innate and adaptive, are interconnected at 88 

multiple levels (10, 11). Mitochondrial metabolism is a central determinant of the type 89 

and course of immune response, and damaged mitochondria contribute to 90 

inflammation through the release of damage-associated molecular patterns (DAMPs) 91 

amongst other mechanisms (12). In addition, mitochondria can be targeted by multiple 92 

bacterial as well as viral infections (13). Mitochondrial function has been proposed to 93 

be essential to trigger tolerance to infection (14, 15). Resistant hosts fight infection by 94 

eliciting an immune response that reduces pathogen load, whereas tolerance refers to 95 
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the mechanisms that limit the extent of organ dysfunction and tissue damage caused 96 

by infection, not necessarily impacting on pathogen load (16).  97 

Respiratory viruses such as Influenza A virus (IFV) or SARS-CoV2 represent a major 98 

public health concern as our aging population is highly susceptible to the complications 99 

and often lethal consequences of such infections (17). Uncontrolled systemic 100 

inflammation ensuing from infection by respiratory viruses can lead to acute respiratory 101 

distress syndrome (ARDS) and multiorgan dysfunction syndrome (MODS), which are 102 

both in part driven by mitochondrial dysfunction (18, 19), contributing significantly to 103 

complications and mortality. 104 

We here explore the potential of Tets to induce mitohormesis and disease tolerance 105 

within the context of respiratory infection caused by IFV. To dissociate the impact of 106 

Tets on the microbiome from potential effects on mitohormesis and tolerance, we 107 

profiled the transcriptomic response to doxycycline in germ-free mice and show that 108 

the Tet-induced MSR crosstalks with the innate immune system, in particular with type 109 

I interferon (IFN) signaling. We then assess and select Tet derivatives, devoid of 110 

antibacterial activity, for their ability to trigger the MSR in worms and cells. We finally 111 

provide proof-of-concept that a non-antibacterial Tet, substituted at the C9 position, 112 

named 9-tert-butyl-doxycycline (9-TB), induces disease tolerance and increases the 113 

survival of mice infected with a lethal dose of IFV by lowering systemic and local 114 

inflammation, and limiting lung tissue damage, without affecting the gut microbiome.  115 

  116 
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Results 117 

To characterize the MSR induced by Tets in vivo, we administered doxycycline (Dox) 118 

at 500 mg/kg/day (mpkd) in the drinking water to 9 weeks-old germ-free C57BL/6J 119 

mice for 16 days (5, 7), hence eliminating the potential confounding impacts of Dox on 120 

the microbiome. Body weight at the time of the sacrifice was not different between the 121 

control and Dox-treated animals (Fig. S1A), indicating the absence of obvious adverse 122 

effects. As reported in livers of mice maintained under conventional conditions (9), 123 

OXPHOS complex activity as well as ATP levels were also reduced by Dox in kidneys 124 

of germ-free mice (Fig. 1A). Dox elicited organ-specific transcriptional responses, with 125 

the expression of quantitavely more and qualitatively different genes being affected in 126 

the kidney and different ones compared to the liver (Fig. S1B-C, Table S1). In Dox-127 

treated kidneys, gene set enrichment analysis (GSEA) (20) revealed the induction of 128 

the ATF4-mediated integrated stress response (ISR) (Fig. 1B), a common hallmark of 129 

the mammalian MSR (21). The MSR features the induction of mitochondrial 130 

chaperones and proteases, such as Hspa9 and Lonp1, as well as of enzymes 131 

mediating adaptation to nutrient deprivation, such as asparagine synthetase (ASNS), 132 

which were increased at both the transcript and protein levels (Fig. 1C-D, S1D). In line 133 

with the activation of the ATF4-ISR pathway, the kidney displayed increased eIF2α 134 

phosphorylation (Fig. 1E, S1E), which slows down cytosolic cap-dependent translation 135 

as a compensation for energy deprivation caused by mitochondrial stress and favors 136 

the translation of ATF4 transcripts by cap-independent mechanisms (22). Kidneys of 137 

the Dox-treated germ-free mice thus gathered the typical attributes of the ATF4-ISR 138 

pathway, a hallmark of the mammalian response to mitochondrial stress. 139 

In the liver, eIF2α phosphorylation and the ATF4-ISR program were not induced (Fig. 140 

S1F-G, Table S2). The liver transcriptome, however, indicated that Dox induced the 141 
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type I IFN response (Fig. 1F-G), which was confirmed at the protein level by the 142 

increased expression of two interferon-stimulated genes (ISGs), Cyclic AMP-GMP 143 

synthetase (CGAS) and C-X-C motif chemokine ligand 10 (CXCL10), and the 144 

increased phosphorylation of TANK-binding kinase 1 (TBK1) (Fig. 1H, S1H). The type 145 

I IFN response is an innate immune pathway that, upon sensing viral DNAs, activates 146 

cGAS-STING-TBK1 signaling, culminating in the secretion of the type I IFNs, IFNα and 147 

IFNβ, and the induction of the expression of ISGs (23). Of note, the type I IFN response 148 

was also induced in kidneys but to a lesser extent (Fig. S1I-J-, Table S2). 149 

Similarly in mouse bone marrow derived macrophages (BMDM), a highly relevant 150 

model to investigate innate immune signaling in vitro, Dox induced the expression of 151 

ISGs and triggered the phosphorylation of TBK1 (Fig. 1I-J, S1K). mtDNA effusing from 152 

the mitochondria into the cytosol was shown before to elicit the type I IFN response in 153 

the context of mitonuclear genomic instability caused by the loss of function of 154 

Transcription Factor A Mitochondrial (TFAM) (12). We also detected increased levels 155 

of mtDNA in the cytosol of Dox-treated BMDMs (Fig. 1K), which underpins the 156 

activation of antiviral signaling resulting in the secretion of IFNβ from these BMDMs 157 

(Fig. 1L). Finally, Dox-induced secretion of IFNβ was abrogated by the nucleoside 158 

analogue, 2’,3’-dideoxycytidine (ddC) (Fig. 1L), which gradually leads to depletion of 159 

mtDNA (24), demonstrating that cytosolic release of mtDNA contributes to the 160 

activation of antiviral signaling.  161 

We then set out to identify tetracyclines with lower antimicrobial activities that could be 162 

easier developed for clinical use. To this effect, we screened in C. elegans a library of 163 

52 position-modified Tet derivatives that are clinically used, are synthetic 164 

intermediates, or derivatives specifically synthesized to probe initial structure-activity 165 

relationships (SAR) amongst Tets that elicit the MSR (Fig. 2A-C), most of them having 166 
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very limited antibacterial activity (Table 1). We screened the compounds for induction 167 

using a C. elegans hsp-6::gfp reporter strain with Dox administration and cco-1 RNAi 168 

feeding as positive controls, as previously described (25) (Fig. 2C). Out of the 52 Tet 169 

derivatives tested, representing clinically relevant and C2-C10 position modified 170 

compounds (26–32) (Fig. 2A-B), we identified 9-tert-butyl-doxycycline 1 (9-TB) and 171 

anhydrotetracycline 2 (ATc), as the strongest activators of the UPRmt (Fig. 2C). We 172 

then compared detailed dose-responses of Dox, 9-TB, and ATc to induce a GFP signal 173 

in the C. elegans hsp-6::gfp reporter strain in an automated microfluidic device (33). 9-174 

TB and ATc were again in this system more efficacious at lower doses to induce the 175 

UPRmt relative to Dox (Fig. 2D, S2A), with 9-TB surpassing the robust UPRmt activation 176 

caused by cco-1 RNAi feeding (Fig. 2C-D). 177 

In addition, other derivatives modified along the upper periphery spanning positions 178 

C2, C4, C5, C6, C13 and aromatic positions C7-C9 also activated the UPRmt, such as 179 

compounds 3-5, although their effect was not as pronounced as that of 9-TB and ATc 180 

(Fig. 2A-B). In contrast, clinically used minocycline 7, NuzyraTM 14 (see Table S3), 181 

TygacilTM 23 or derivatives based on the minocycline scaffold did not activate the 182 

UPRmt (16 compounds), while C5-C-9 derivatives of sancycline only mildly activated 183 

the UPRmt (see Table S3). Additionally, compounds modified at the lower periphery, 184 

spanning positions C10, C11, C12-C1, and the A-ring C2 carboxamide did not induce 185 

the activity of the GFP reporter, showing the importance of this integrated phenolic 186 

keto-enol system in maintaining UPRmt activity (34, 35). 187 

We then characterized the pharmacology of Dox, 9-TB and ATc in human embryonic 188 

kidney (HEK) 293T cell line. 9-TB and ATc also generated a more robust MSR 189 

response than Dox, as reflected by their impact (up to almost 2-fold stronger) on the 190 

mitonuclear protein imbalance (Fig. 3A), a disbalanced ratio between mitochondrial- 191 
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versus nuclear-encoded OXPHOS subunits, underpinning the induction of the MSR 192 

(5). Furthermore, 9-TB and ATc reduced basal oxygen consumption rate (OCR) in a 193 

dose-dependent and more pronounced fashion than Dox (Fig. 3B). The induction of 194 

transcripts for the mammalian MSR signature genes, was likewise more prominent with 195 

9-TB and ATc (Fig. 3C). In mouse BMDMs, lower doses of 9-TB (1.88 μg/ml) and ATc 196 

(3.75 and 7.5 μg/ml) were also superior to Dox (at 7.5 and 15 μg/ml) to induce the ISGs 197 

and MSR genes (Fig. 3D, S3A) and the secretion of IFNβ (Fig. 3E). Knocking-out ATF4 198 

in mouse embryonic fibroblasts (MEFs) showed that Tets induced the MSR and most 199 

ISGs genes in an ATF4-dependent manner (Fig. S3B). Taken together, these studies 200 

in C. elegans, mouse BMDMs, human HEK293T cells and MEFs cells ascertained the 201 

identification of non-antimicrobial Tets with higher potency to trigger the MSR and type 202 

I IFN response, relative to our benchmark anti-bacterial Tet, Dox.  203 

mtDNA instability-driven innate immunity can potentiate resistance to viruses (12) and 204 

mediates the antiviral immune response against the IFV (36). We thus asked whether 205 

the Tet-induced MSR enables mice to survive infection by IFV. We hence subjected 8 206 

week-old female BALB/cN mice to either mock (1 group, n=10) or intranasal inoculation 207 

with 175 PFU of the IFV H1N1 PR8 strain (3 groups). The 3 infected groups (n=10 208 

each) were given vehicle, Dox (at 40 mpkd) or 9-TB (at 1 mpkd) by daily intraperitoneal 209 

injection, from day -3 pre-inoculation (Fig. S4A). Dox and 9-TB improved the survival 210 

to the infectious challenge, with 50% of the mice treated with respectively Dox or 9-TB 211 

recovering (Fig. 4A). The improved health of the Tet-treated cohorts was further 212 

supported by the recovery of body weight loss, and their improved clinical score (Fig. 213 

4B, S4C). In contrast, the IFV infection was lethal to all control mice by day 11 post 214 

inoculation. Strikingly, at day 7 post infection no significant difference in viral titer in the 215 

lung tissue was observed (Fig. 4C). Similarly, when mice were infected with a much 216 
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higher viral load (1000 PFU; Fig. S3B), Dox and 9-TB delayed mortality and the decline 217 

in health (Fig. 4E-F, S4E), again in the absence of an impact on the viral titer in the 218 

lungs at day 5 post-infection (Fig. 4G). The Tet-induced MSR did not cause obvious 219 

adverse effects (Fig. S4D), yet decreased the levels of Interleukin 6 (IL-6) in both 175 220 

and 1000 PFU experiments (Fig. 4D, 4H), and of some other markers of tissue stress 221 

and damage (Fig. S4F) (37–39). These results demonstrate that the Tet-induced MSR 222 

increases the survival of mice to a lethal IFV by improving tolerance, rather than by 223 

reducing viral load, which is reflective of resistance to the virus.  224 

To assess the impact of Tets on the microbiome we transiently single-caged animals 225 

and longitudinally collected feces before (Day -4 pre-IFV-inoculation), 3 days after (Day 226 

0, just before IFV-inoculation) and 6 days after (Day 3, post- IFV-inoculation) the start 227 

of daily administration of 9-TB, respectively Dox. We then extracted DNA from feces 228 

and performed whole metagenome sequencing. While the composition and diversity 229 

of the bacterial communities showed no differences between groups before treatment, 230 

the gut bacterial community of mice treated with Dox showed a significant difference 231 

in composition compared to both untreated mice and mice treated with 9-TB both after 232 

3 and 6 days of tetracycline treatment (respectively Day 0 and Day 3 post-inoculation), 233 

as assessed by permutational multivariate analysis of variance (perMANOVA) and 234 

visualized by non-metric multidimensional scaling (NMDS) (Fig. 5A and Table S8). This 235 

was reflected by a lower bacterial species diversity in Dox-treated mice both in terms 236 

of Shannon diversity index (SDI) and richness (Fig. 5B). In contrast, no differences 237 

were observed between 9-TB treated mice and untreated mice at any time point, 238 

suggesting that that the administered dose of 9-TB does not affect the mice gut 239 

microbiota in vivo (Fig. 5A, 5B and Table S8). 240 
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To further investigate the clinical relevance of novel Tet derivatives we focused on 9-241 

TB and administered 9-TB in a therapeutic mode starting at Day 1 post-inoculation of 242 

760 PFU of the IFV H1N1 PR8 strain (Fig. S5A). Of note, the different death kinetics 243 

and survival proportion with regard to the high viral load (760 PFU) in Fig. 5C-5D and 244 

Fig. S5A-S5D in comparison with Fig. 4A and 4E at lower viral load (175 PFU) are due 245 

to the fact that both experiments were run with different viral batches. Nevertheless, 246 

although not significant, the trend of 20% survival upon administration of two very low 247 

doses of 9-TB (0.025 and 0.05 mpkd) are highly encouraging (Fig. 4C-4D) and suggest 248 

that novel Tets derivatives can trigger tolerance to IFV in a clinically relevant setting. 249 

Future investigations are thus needed to optimize the timing and doses of Tet 250 

derivatives and refine their therapeutic potential in viral infections. 251 

To gain insight into the mechanisms underlying the Tet-induced disease tolerance, we 252 

analyzed the transcriptomes of the lung, as well as of liver and kidney (Fig. S6A), 2 253 

organs often affected by the multi-organ failure syndrome seen after infection by 254 

respiratory viruses like IFV or SARS-CoV2 (40). In each tissue, principal component 255 

analysis (PCA) separated non-infected from IFV infected mice along the first 256 

dimension, PC1, whereas 9-TB had a more pronounced and less variable effect, with 257 

better clustering and further separation, along the second dimension relative to control 258 

and Dox transcriptomes (Fig. 6A, S6B).  259 

GSEA showed that 9-TB significantly down-regulated multiple inflammatory and 260 

immune-related terms in the lungs (Fig. 6B, S6D), such as “immune response”, “t cell 261 

activation” or “b cell activation”. We then sought to characterize how 9-TB reversed the 262 

effect of IFV infection on transcript levels (Fig. S6A). We thus assessed which Gene 263 

Ontology (GO) Biological Processes (GOPB) terms were enriched in the intersection 264 

of gene sets changed in opposite directions by infection and 9-TB, respectively (Fig. 265 
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S6C). As summarized by Revigo representation (41) (Fig. S6A), inflammatory, immune 266 

and apoptotic processes were the main enriched terms amongst genes induced by IFV 267 

and down-regulated by 9-TB (Fig. 6C, left panel). Infection by IFV leads to lung 268 

epithelial cell dysfunction and down-regulation of genes implicated in cilia or tight 269 

junctions, which underpin failures of muco-ciliary clearance and barrier function that 270 

contribute to the pathogenesis of ARDS (19). Accordingly, multiple gene sets related 271 

to lung development and to lung cell function and structure were decreased by IFV 272 

infection and their expression was restored by 9-TB (Fig. 6B, S6E, 6C, right panel). 273 

Altogether, 9-TB elicits disease tolerance to IFV mainly by counteracting inflammation 274 

and the loss of lung epithelial cells and structures, processes that directly determine 275 

the severity of infection by respiratory viruses.  276 

To estimate the impact of the infectious challenge or Tet treatment on the lung cell 277 

types, we used single-cell RNA-Seq (scRNA-Seq) transcriptomic profiles of mouse 278 

(42) and human (43) lung cell populations from 2 independent studies studying IFV 279 

infection; one of these studies furthermore established cell markers that overlap 280 

between mouse and human lung cell types (43). Using these cell profiles to perform 281 

GSEA on our data confirmed that 9-TB reverted the loss of multiple cell types crucial 282 

to lung function, such as club, ciliated and alveolar epithelial cells (Fig. 6D), whereas 283 

it decreased several classes of immune cells, such as neutrophils, natural killer cells 284 

and monocytes, all contributing to tissue damage upon IFV infection (17). Dox showed 285 

similar, but more discrete, tendencies towards changes in cellular patterns (Fig. 6D). 286 

These observations were confirmed when using a different set of scRNA-Seq cell 287 

profiles on IFV infected mouse lungs (Fig. S7A) (42).  288 

9-TB also down-regulated multiple immune-related and inflammatory gene sets in liver 289 

and kidney (Fig. S7B). In particular, as shown through Revigo analysis, these immune 290 
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and inflammatory terms were enriched amongst the group of liver genes induced by 291 

IFV and down-regulated by 9-TB (Fig. S7C-D). In the 3 organs studied, Dox was 292 

leading to a weaker down-regulation of many of these terms as shown by GSEA (Fig. 293 

S7B), suggesting that it does not lower systemic IFV-driven inflammation as efficiently 294 

as 9-TB, which is also consistent with its more moderate impact on IL-6 plasma levels 295 

(Fig. 4D). On top, Dox induced gene sets involved in cytopathic processes and 296 

fibrogenesis in liver and kidney (Fig. S7B), suggesting an improved safety profile of the 297 

9-TB, relative to Dox, at doses showing similar efficacy. Further investigations will be 298 

needed to establish whether the relative up-regulation of extracellular matrix/collagen 299 

gene sets by 9-TB in lungs (i.e. the site of highest tissue damage due to the infectious 300 

challenge) corresponds to proper healing and tissue repair mechanisms (Fig. S7). 301 

Taken together, our transcriptomic data highlight that Tet-induced mitohormesis (and 302 

in particular 9-TB), elicits disease tolerance to IFV by preventing IFV-associated lung 303 

damage and by dampening inflammatory responses not only in lungs, but in liver and 304 

kidney as well. 305 

  306 
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Discussion  307 

Here we report that Tets can be used to safely induce an adaptive mitohormetic 308 

response, leading not only to the activation of the ATF4-ISR pathway, but also to the 309 

induction of type I IFN signaling in vitro and in germ-free mice. This translates into a 310 

beneficial impact on lethal IFV infection, where Tets enabled survival and induced 311 

disease tolerance of infected mice. RNAseq data from lung, liver, and kidney helped 312 

to unveil the mechanisms underlying tolerance to IFV infection. Tets rescued the 313 

transcript levels of genes involved in lung epithelial cell function and implicated in cilia 314 

or tight junctions, which are often found downregulated upon viral respiratory infections 315 

as a result of lung damage (19). On the contrary, Tets systematically down-regulated 316 

multiple inflammatory and immune related gene sets in the lung, liver, and kidney 317 

transcriptome data (Fig. 6B-C, S7B, S7D). Enrichment of cell profiles based on scRNA-318 

Seq suggested that Tets attenuated the loss of club, ciliated and alveolar epithelial 319 

cells in the lungs, while reducing immune cell infiltration (Fig. 6D). We also ascertained 320 

a robust reduction of IL-6 (Fig. 4D, H) and of other markers of inflammation and tissue 321 

damage (Fig. S4D). We furthermore demonstrate that non-antimicrobial tetracyclines, 322 

such as 9-TB, do not cause disturbances of the microbiome upon treatment in vivo in 323 

mice as shown by profiling bacterial species in longitudinally-collected feces (Fig. 5A, 324 

5B). We finally provide highly encouraging results suggesting that even 9-TB 325 

administered therapeutically 1 day post inoculation with IFV can increase survival, 326 

supporting the clinical relevance of the study. Although the detailed doses and kinetics 327 

of the treatments and the immune response to IFV remain to be investigated, we 328 

speculate that a possible mechanism for Tet-induced mitohormesis may involve a mild 329 

boost of the IFN response early after treatment, leading to overall favorable 330 

consequences on inflammation and tissue damage (44), as explained below.  331 
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An important limitation for the use of Tets, which inhibit both the bacterial and hence 332 

also the mitochondrial translation, comes from their anti-microbial activity that 333 

influences the host microbiome. Using a primary screening that identified compounds 334 

based on the induction of the UPRmt in C. elegans, combined with the analysis of their 335 

anti-microbial activity, we identified a series of candidates through preliminary SAR 336 

that have no or very weak antimicrobial activity, yet retain full or even superior capacity 337 

to induce the MSR. Indeed, lower doses of 9-TB and ATc led to the induction of the 338 

MSR in vitro and to disease tolerance in vivo; these compounds were devoid of some 339 

of the adverse effects of Dox (Fig. S7). On top, at the doses required, 9-TB had no 340 

detectable effect on the composition and diversity of the gut bacterial communities as 341 

assessed by whole metagenome sequencing on longitudinally collected mice feces, 342 

while Dox did (Fig 5A, 5B and Table S8). This confirms that 9-TB can target 343 

mitochondria while not affecting commensal bacteria, both ruling out the hypothesis 344 

that the observed effects may be partly mediated by a direct impact on the microbiome, 345 

and providing additional evidence for its target specificity (Fig. 5A, 5B and Table S8). 346 

This also indicates that one can select Tet derivatives for their enhanced activity on 347 

the mitobiome versus the microbiome and thereby dial out some adverse effects of the 348 

Tets.  349 

Mild levels of mitochondrial damage or dysfunction have the potential to activate type 350 

I IFN or other immune pathways, leading to inflammation (45). We also highlight this 351 

inverse relationship between mitochondrial function and type I IFN signaling in Dox-352 

treated livers, kidneys and BMDMs (Fig. 1A-L, S1F-G). It hence appears logical that 353 

immune and mitochondrial quality control pathways are co-regulated in interlocked 354 

feedback circuits to prevent mitochondrial damage upon inflammatory triggers and vice 355 

versa. In line with this, a similar anti-correlation between mitochondria-encoded genes, 356 
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a proxy for both mitochondrial content and functionality, and type I IFN genes was 357 

reported in multiple cell types (46, 47), including in IFV-infected mouse lung cells 358 

analyzed by single-cell RNA-Seq profiling (42). This also indicates that moderate 359 

mitochondrial stress could be adaptive and trigger the induction of low levels of type I 360 

IFN that are beneficial (48). Indeed, a finely tuned IFN response allows a balanced 361 

immune response with optimal protection and minimal tissue damage, limiting the 362 

detrimental effects of a persistent IFN response (49). As an example, in COVID-19, 363 

endogenous high levels of type I IFN are protective (50) and early administration of 364 

IFNα decreased mortality, while late administration of IFNα increased mortality (51); 365 

this is consistent with the fact that delayed or chronic IFN responses disrupt lung repair 366 

and induce immunopathology (52, 53), while early administration of type I IFN is 367 

protective in influenza and coronaviruses infections (49, 53). Deciphering how exactly 368 

such moderate type I IFN response is coupled to a beneficial effect on inflammatory 369 

status and disease progression is thus particularly challenging given the dual nature of 370 

the immune-modulatory functions of type I IFN. Future investigations will have to 371 

determine how mitochondrial quality control and innate immune pathways 372 

mechanistically combine to translate into Tet-induced disease tolerance to IFV and 373 

potentially other viral infections. The ensuing insight may not only open new 374 

therapeutic avenues to cope with infections by respiratory viruses, but also to manage 375 

other diseases typified by mitochondrial dysfunction and inflammation, such as 376 

neurodegenerative (e.g. Alzheimer’s (54)) and cardiovascular diseases (e.g. aortic 377 

aneurism (55)).  378 

  379 
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Methods 380 

Mouse experiments in C57BL/6J mice 381 

Male 9 weeks-old C57BL/6J mice were treated for 16 days with 500 mg/kg/day 382 

doxycycline hyclate (Sigma) in drinking water. All animals used in the experiments 383 

were randomly assigned to experimental or control groups. Mice were housed with ad 384 

libitum access to water and food and kept under a 12-hour dark/12-hour light cycle. As 385 

doxycycline is bitter, we supplemented the water for both conditions (treatments and 386 

controls) with 50 g/L sucrose. Drinking water was changed every 48 hours. Germ-free 387 

C57BL/6J mice were obtained from the Clean Mouse Facility, University of Bern (Bern, 388 

Switzerland), and compared with specific pathogen-free (SPF) C57BL/6J mice from 389 

Janvier Labs. All animal experiments were carried out according to the institutional, 390 

national Swiss and EU ethical guidelines and were approved by the local animal 391 

experimentation committee of the Canton de Vaud.  392 

IFV infection in BALB/cN  393 

8 weeks-old female mice were inoculated on day 0 with influenza virus A (Influenza 394 

A/PR/8/34 (H1N1) originating from ATCC VR-1469) via intranasal route at the amount 395 

of 175 PFU/mouse/50μL, 1000 PFU/mouse/50μL or 760 PFU mouse/50uL pending on 396 

the batch of the virus (Fig. S4A-B, S5A, S5C), under anesthesia by IP injection of 397 

anesthetic (Zoletil 50 at 30 mg/kg+Xylazine at 6 mg/kg). All animals used in the 398 

experiments were randomly assigned to experimental or control groups. Mice in all 399 

groups were treated with vehicle (saline) or the indicated concentrations of Dox/9-TB 400 

by intraperitoneal injection from day -7, day -3 for the preventive treatment or from day 401 

1 for the therapeutic treatment until death/sacrifice (Fig. S3A, S3B). Body weight was 402 

monitored during the whole study. Body temperature, food intake (daily consumption 403 

in each cage) and clinical score were monitored from day 0 until death/sacrifice. For 404 

http://www.sciencedirect.com/topics/medicine-and-dentistry/specific-pathogen-free
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each treatment/control group, 10-12 mice were followed for survival and 5-6 mice were 405 

sacrificed at day 7 (respectively day 5) for blood and organ collection. Blood samples 406 

were collected in tubes via cardiac puncture and anticoagulated by K2EDTA, then 407 

centrifuged at 7000 g, 4 °C for 10 minutes to obtain plasma samples. Any mouse 408 

suffering from ≥35% body weight loss relative to day 0 was euthanized and counted 409 

as dead. Mice were blindly scored on a daily basis as follows: 1 = healthy mouse; 2 = 410 

mouse showing signs of malaise, including slight piloerection, slightly changed gait and 411 

increased ambulation; 3 = mouse showing signs of strong piloerection, constricted 412 

abdomen, changed gait and periods of inactivity; 4 = mouse with enhanced 413 

characteristics of the previous grade, but showing little activity and becoming 414 

moribund; 5 = mouse found dead. The study was performed by WuXi AppTec 415 

(Shanghai) Co., Ltd. according to the protocol following the institutional guidelines of 416 

Institutional Committee Animal Care and Use Committee, Shanghai Site (IACUC-SH) 417 

and approved by the Shanghai Science and Technology Committee (STCSM, Ministry 418 

of Science and Technology, PR of China).  419 

HEK293T culture and oxygen consumption rate 420 

HEK293T (Human embryonic kidney 293T) cells were purchased from ATCC and have 421 

been routinely checked in the laboratory for mycoplasma contamination with the 422 

MycoProbe detection kit (R&D systems). HEK293T were grown at 37 °C in a humidified 423 

atmosphere of 5% CO2/95% air in DMEM medium with 4.5 g/L glucose (Gibco) 424 

including 10% FBS (Gibco), 1× nonessential amino acids (Invitrogen) and 5 mM 425 

penicillin/streptomycin (Invitrogen). Cells were treated for 24h with the indicated doses 426 

of compounds 24 hours after seeding. Oxygen consumption rate was measured with 427 

the Seahorse XF96 instrument (Seahorse Bioscience) according to the manufacturer’s 428 

protocol. 429 
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Isolation and culture of primary murine BMDM 430 

BMDMs were isolated from the femurs and tibias of 10-week-old C57BL/6 mice. Cells 431 

were plated on bacteriological plastic plates in macrophage growth medium consisting 432 

of RPMI-1640 (Invitrogen), 1×HEPES (Invitrogen), 5 mM penicillin/streptomycin 433 

(Invitrogen), and 10% heat-inactivated fetal bovine serum (Gibco) supplemented with 434 

15% L-cell-conditioned medium as a source of CSF-1. After 1 day, nonadherent cells 435 

were collected, seeded at 8×105 cells/ml in bacteriological plates, and grown for 5 more 436 

days. 437 

Western blot  438 

Tissues and cells were lysed using RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 439 

1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 2 mM EDTA, and 50 mM NaF) 440 

supplemented with protease and phosphatase inhibitor cocktails (Roche / Thermo 441 

Fisher Scientific). Lysates were incubated on ice and cleared by centrifugation at 442 

18,500 g for 15 minutes at 4°C. Protein concentration was determined by the Lowry 443 

method. Proteins were separated by SDS-PAGE and transferred onto polyvinylidene 444 

difluoride membranes. Proteins were detected using commercial antibodies against 445 

eIF2α, phospho-eIF2α (both from Cell Signaling), HSP90 (Santa Cruz), ASNS (Atlas 446 

antibodies), HSPA9 (Antibodies Online), LONP1 (Sigma), OXPHOS proteins (Total 447 

OXPHOS Rodent WB Antibody Cocktail, Abcam) and β-tubulin (Santa Cruz). Samples 448 

were analyzed by immunoblotting using standard procedures.  449 

Microarray analysis and GSEA 450 

Total RNA was isolated from flashfrozen and powdered liver and kidney aliquots using 451 

TRIzol (Life Technologies). RNA was purified using the RNeasy Mini Kit (Qiagen) in 452 

accordance with the manufacturer’s instructions. Microarray analysis was performed 453 

using Affymetrix mouse MTA1.0 chips in triplicates for each condition. Microarray data 454 
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was normalized with RMA-sketch method of the Affymetrix Expression console and 455 

analyzed using limma R package (56). Bonferroni adjusted p value<0.05 was used to 456 

determine the differentially expressed genes. GSEA was performed using the 457 

clusterProfiler package (57). Genesets in gmt format were obtained from the MSigDB 458 

Collections from the Broad Institute website. For each organ, all expressed genes were 459 

ordered by decreasing fold change based on the differential expression analysis upon 460 

Dox. We performed 10’000 permutations, a minimum gene set size of 10, and a 461 

maximum of 1000.  462 

RNA-Seq analysis and GSEA analysis  463 

RNA sequencing analysis was performed with extracted RNA from mouse tissues 464 

(Lungs, Liver & Kidneys) recovered at day 7 post intranasal infection with 175 PFU 465 

with influenza virus A (Influenza A/PR/8/34 (H1N1) originating from ATCC VR-1469) 466 

(n=5-6). RNA was extracted from flashfrozen, powedered tissue aliquots and cleaned 467 

using TRIzol reagent (Invitrogen) followed by Direct-zol-96 RNA kit (Zymo Research). 468 

RNA quality was assessed using Fragment Analyzer (Agilent). 1 ug of total RNA was 469 

used for the construction of sequencing libraries. For each sample, 60 million paired-470 

end sequencing reads of length of 100 base pairs each were sequenced using DNBseq 471 

Eukaryotic-T resequencing (BGI Sequencing). FastQC (58) was used to verify the 472 

quality of the reads. No low-quality reads were present and no trimming was needed. 473 

Alignment was performed against mouse genome (CRCm38 mm10 primary assembly 474 

and Ensembl release 95 annotation) using STAR (version 2.73a) (59). The obtained 475 

STAR gene-counts for each alignment were analyzed for differentially expressed 476 

genes using the R packages edgeR (version 3.24.3) limma (version  3.38.3) (60) using 477 

a generalized-linear model. A threshold of 1 log2 fold change and adjusted P value 478 

smaller than 0.05 were considered when identifying the differentially expressed genes. 479 

https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwjfpYjni5fYAhWR5aQKHSASAnUQFgg1MAE&url=http%3A%2F%2Fsoftware.broadinstitute.org%2Fgsea%2Fmsigdb%2Fcollections.jsp&usg=AOvVaw3Fev8rqJ9m7ZVHNQNm3NPR
https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwjfpYjni5fYAhWR5aQKHSASAnUQFgg1MAE&url=http%3A%2F%2Fsoftware.broadinstitute.org%2Fgsea%2Fmsigdb%2Fcollections.jsp&usg=AOvVaw3Fev8rqJ9m7ZVHNQNm3NPR
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A principal component analysis (61) was used to explore the variability between the 480 

different samples. The RUVSeq (version 1.16.1) (62) Bioconductor R package was 481 

used to correct for the unwanted variation. We used the clusterProfiler R package to 482 

conduct GSEA analysis on gene ontology (GO) terms (57). We used a minimum gene 483 

set size of 10, a maximum gene set size of 500, and performed 10,000 permutations. 484 

We used a gene list ordered by log2(Fold Changes) from the differential expression 485 

analysis. The clusterProfiler (version 3.17.1) packages was used for GSEA and various 486 

data representations. ReviGO (41) was used to generate clustering of enrichment 487 

analysis results. The UpSetR package (63) was used for multi-group overlap. 488 

 489 

qRT-PCR 490 

RNA from cells and tissues was extracted using TRIzol and then reverse-transcribed 491 

into cDNA by the QuantiTect Reverse Transcription Kit (Qiagen) following the 492 

manufacturer's instructions. The qPCR reactions were performed using the LightCycler 493 

480 II system and SYBR Green qPCR Master mix (Roche). All results are presented 494 

relative to the mean of housekeeping genes (ΔΔCt method). All mRNA expression 495 

levels were corrected for expression of the housekeeping gene 36B4 or Actb for 496 

samples of mouse origin, ACTB for samples of human origin. A list of primers used is 497 

available in the supplemental material.  498 

Origin or synthesis of the screened compounds  499 

Structure, origin or synthesis method of the screened compound is indicated in the 500 

Table S3.  501 

  502 
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Quantification of mtDNA released into cytosol  503 

After 1 hour of treatment with the indicated concentration of Dox, day 6-differentiated 504 

BMDM (a 10-cm cell culture for n=1) were harvested by gentle incubation in Cell 505 

dissociation Buffer (Gibco) (2 min at 37°C), harvested in a tube, briefly centrifuged 506 

(400g, 4 min) and rinsed once with PBS. Then, the assessment of cytosolic mtDNA 507 

was carried out as described and with the same primers as in (64). 508 

IFNβ measurement in culture medium 509 

BMDM at day 6 of differentiation were treated with the indicated concentrations of 510 

drugs in a controlled volume of culture medium for 16-24 hours. Culture medium was 511 

harvested and was assessed for IFNβ concentration using the VeriKine-HS Mouse 512 

Interferon Beta Serum ELISA kit (PBL assay Science) according to the manufacturer’s 513 

instructions.  514 

Compound screening in C. elegans  515 

The strain used to assess UPRmt activation was SJ4100 (zcIs13[hsp-6::GFP]) (25) and 516 

was provided by the Caenorhabditis Genetics Center (University of Minnesota). Worms 517 

were maintained on nematode growth medium (NGM) agar plates seeded with E.coli 518 

OP50 at 20 °C. Compound screening plates were obtained by dissolving each 519 

compound at 68 μM (except 9-TB at 17μM, for which the effect was too strong at higher 520 

concentrations) in NGM agar supplemented with carbenicillin (25mg/L) and IPTG 521 

(2mM) and seeded with HT115 RNAi control bacteria or with cco-1 RNAi clone 522 

(F26E4.9). L4 larvae were transferred manually on the compound screening plates and 523 

fluorescence was assessed at day 1 of adulthood (similar exposure time for all 524 

images). The screening was performed at 20°C.  525 

  526 
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Viral titer  527 

The lung viral titer was determined by plaque assay and the data are shown as Log 10 528 

(plaques/ g tissue). The plaque assay was performed with the MDCK cells as follows: 529 

MDCK cells were seeded at the density of 2.5*105 cells/mL. Lung samples were 530 

homogenised with tissue lyser II after thawing. After centrifugation, the lung 531 

homogenates were serially diluted with infection medium, 10-fold for 6 dilutions and 532 

pipetted to a 6-well plate. After incubation, the cell infection medium was replaced with 533 

infection medium containing 0.625% low-melting-point agarose. After fixation with 4% 534 

paraformaldehyde, cells were stained with 0.5% crystal violet solution. Plaques were 535 

counted visually and the virus titer was calculated as follows: virus titer/g lung 536 

tissue=Log 10 (plaques/well*dilution factor*1000). 537 

Microbiota initial randomization and feces collection 538 

The mouse microbiome was normalized across cages using a randomization and 539 

bedding mixing procedure. At day -17, 24 mice were randomized into 4 balanced 540 

groups to mix littermates: vehicle (health control), vehicle (infection control), and 541 

respectively 9-TB and Dox treated. The bedding of each cage was thereafter not 542 

changed for 4 consecutive days. On day -13, roughly half of the soiled bedding (with 543 

feces) of each cage were collected and mixed in equal amounts in a sterile container. 544 

Mice were then put in clean cages filled with half clean bedding and half pooled 545 

beddings. This procedure was repeated at the next cage change at day -8. Feces 546 

samples were then collected on day -4, day 0 (inoculation day and 3 days post Dox/9-547 

TB treatment) and day 3 (3 days post infection and 6 days post Dox/9-TB treatment). 548 

Each time mice were single-caged without bedding for 2-4 hours and fresh feces were 549 

immediately collected and frozen on dry ice. Mice of vehicle, 9-TB and Dox groups 550 

were inoculated with influenza A virus on day 0 via intranasal route at the dose of 665 551 
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p.f.u./mouse/50 μL under general anesthesia by injection of anesthetic (Zoletil 552 

50+Xylazine Hydrochloride, 30 mg/kg+6 mg/kg) on the day of inoculation (day 0). Mice 553 

in all groups were treated with vehicle (saline) or the indicated concentrations of Dox/9-554 

TB by daily intraperitoneal injection from day -3 until the end of the experiment.  555 

Whole metagenome sequencing 556 

DNA was extracted using the MagMAX Microbiome Ultra Nucleic Acid Isolation Kit 557 

(Thermo Fisher, Catalog#: A42358) using 100 mg of fecal sample for 800 µL of Lysis 558 

Buffer. Bead beating was performed for 5 min at 50 Hz. Lysate was centrifuged at 559 

14,000 g for 2 min and 400-500 μL of supernatant was used in subsequent steps using 560 

a KingFisher Flex system (Thermo Fisher) following the manufacturer’s protocol. 561 

Extracted DNA was quantified using the Qubit dsDNA Assay Kit (Thermo Fisher). 562 

Sequencing library was prepared with 100 ng of DNA per sample. Briefly: Shearing 563 

was performed on a Covaris LE200 system, end repair, A-tailing, ligation of adaptors 564 

and PCR were performed using the KAPA Hyper Prep Kit (Roche, Catalog#: 565 

07962363001) with the following PCR program: 45 min at 98 deg C, 7 cycles including 566 

15 min at 98 deg C, 30 min at 60 deg C and 30 min at 72 deg C, then finally 60 min at 567 

72 deg C and holding 4 deg C until samples retrieval. 568 

Library concentration was measured using the Qubit dsDNA Assay Kit (Thermo Fisher) 569 

and fragment length was assessed on an Agilent TapeStation. The library was 570 

sequenced on an Illumina Novaseq6000 platform using paired-end 2x150 bp 571 

chemistry. Sequences were deposited on the European nucleotide archive (ENA) and 572 

are publicly available under accession number PRJEB52004. 573 

Whole metagenome sequencing data analysis 574 
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Low quality bases and adapters were trimmed. Short reads (length <35 bp) and low-575 

quality reads were removed. Host sequences were identified by mapping to the host 576 

reference genome with bowtie2 (65), then removed. Taxonomy was assigned using 577 

the the Kraken2 (66) sequence classifier with an in house developed microbial 578 

database including 27,165 reference genomes (spanning 9,471 bacteria, 1,854 fungi, 579 

15,752 viruses, 88 parasites). Genus and species relative abundances in terms of 580 

reads per million (rpm) were estimated using Bracken (67). Statistical analysis of the 581 

fecal bacterial communities was performed in R and Rstudio. The entire code used in 582 

this analysis is publicly available on the GitHub repository 583 

https://github.com/auwerxlab/dox-9tb-mouse-metagenomic-analysis-01 and was 584 

archived on Zenodo (10.5281/zenodo.6759368). Briefly, the species composition of 585 

the bacterial communities was assessed using perMANOVA based on the Bray-Curtis 586 

dissimilarity and 10,000 permutations with p-values adjusted for multiple comparisons 587 

using the Benjamini and Hochberg method. Samples similarities were further assessed 588 

using NMDS analysis based on the Bray-Curtis dissimilarity. Bacterial species diversity 589 

was assessed in terms of Shannon diversity index (SDI) and richness and compared 590 

using Kruskal–Wallis one-way analysis of variance followed by post-hoc Wilcoxon tests 591 

with p-value adjusted for multiple comparison using the Holm-Bonferroni method. . 592 

Statistics 593 

Differences between two groups were assessed using two-tailed t tests. Differences 594 

between more than two groups were assessed with one-way analysis of variance 595 

(ANOVA), unless stated otherwise. For survival curves, statistical analysis was 596 

performed by Log-rank (Mantel-Cox) test. GraphPad Prism 6 was used for statistical 597 

analyses. Variability in plots and graphs is presented as standard error mean (SEM), 598 

unless stated otherwise. All p ≤ 0.05 were considered to be significant. *p ≤ 0.05; **p 599 
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≤ 0.01; ***p ≤ 0.001. Mouse experiments were performed once. IFV infection studies 600 

and the C. elegans screening were performed in a blinded manner. Calculation of 601 

sample sizes for worm, cell and animal experiments were determined based on 602 

previous findings. Sample sizes, replicates, and statistical methods are specified in the 603 

figure legends. 604 

Study approval 605 

In all studies animals’ care was in accordance with institutional guidelines. The germ-606 

free C57BL/6 animal experiment was carried out according to the institutional, national 607 

Swiss and EU ethical guidelines and were approved by the local animal 608 

experimentation committee of the Canton de Vaud (Service de la consommation et des 609 

affaires vétérinaires du Canton de Vaud, Epalinges (Switzerland); protocol VD2779.a).  610 

IFV-infection animal studies were performed according to the protocol following the 611 

institutional guidelines of Institutional Committee Animal Care and Use Committee, 612 

Shanghai Site (IACUC-SH; protocol ID01-031-2019v1.1) and approved by the 613 

Shanghai Science and Technology Committee (STCSM, Ministry of Science and 614 

Technology, PR of China). All animals that showed signs of severe illness, predefined 615 

by the animal authorization protocol before the start of the experiment, were 616 

euthanized.  617 

Data and materials availability 618 

All bioinformatic data associated with the study are present in the paper or the 619 

Supplementary Materials. The data discussed in this publication are being deposited 620 

in NCBI's Gene Expression Omnibus and are accessible under GEO Series accession 621 

number GSE174124 for RNA-Seq data and under GEO Series accession number 622 

GSE202754 for microarray data. Whole metagenome sequences were deposited on 623 
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the European nucleotide archive (ENA) and are publicly available under accession 624 

number PRJEB52004. 625 

 626 

  627 
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Figures  792 

 793 

Figure 1: Doxycycline induces the ATF4 response and the type I IFN response. 794 

A. Biochemical measurement of oxidative phosphorylation (OXPHOS) complexes and ATP 795 

levels in the kidney of germ-free C57BL/6J male mice raised and maintained in a germ-free 796 
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environment and that were drinking regular water or water supplemented with doxycycline 797 

(Dox) at 500 mpkd for 16 days (n=4-5). B-C. Enrichment score plot for the gene set “Reactome 798 

Activation of genes by ATF4” (B) and heatmap representing the transcript levels of ATF4/5 799 

targets (C) from kidney transcriptomics data of control vs Dox-treated germ-free mice. D. 800 

Western blot analysis of selected ATF4 targets in the kidneys of germ-free mice (corresponding 801 

loading control below, HSP90). E. Immunoblots of phosphorylated EIF2α (P-EIF2α) and total 802 

EIF2α (E) in kidneys of Dox-treated germ-free mice. F-G. Enrichment score plot for the GO 803 

term “Response to type I interferon” (F) and heatmap representing the transcript levels of some 804 

interferon-stimulated genes (ISGs) (G) from livers of germ-free mice treated with Dox. H. 805 

Immunoblots of phosphorylated TBK1 (pTBK1), TBK1, the ISG proteins, CGAS and CXCL10, 806 

(corresponding loading control below, resp. VINCULIN and GAPDH). I. Transcript levels of 807 

selected ISGs of bone marrow-derived macrophages (BMDM) (day 6 of differentiation, derived 808 

from C57BL/6J mice) treated with Dox at 30g/ml for 9 hours (n=6). J. Immunoblots of 809 

phosphorylated TBK1 (pTBK1), TBK1, and vinculin as control in BMDM treated with Dox at 810 

30g/ml for 3 hours. K. Amplification of different mtDNA regions by qPCR in the cytosolic 811 

fraction of BMDMs with Dox at 30μg/ml for 1 hour (n=10). L. Levels of interferon β (IFNβ) in 812 

the culture medium of BMDM treated with Dox (30μg/ml for 14 hours) and/or 2',3' 813 

dideoxycytidine (ddC at 100μM for 72 hours) (n=8). Statistical analysis: Wilcoxon test p-values 814 

corrected for multiple comparisons with Hommel’s method (A, I, K) or by one-way ANOVA 815 

followed by Tukey post-hoc correction (L) (*p≤0.05, **p≤0.01, ***p≤0.001). Error bars represent 816 

standard error mean (SEM).   817 
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 818 

Figure 2: Selecting Tet derivatives that induce UPRmt in C. elegans.  819 

A. Structural locants of the Tet scaffold and UPRmt-active and -inactive compounds by 820 

chemically modified positions (based on activity of the hsp-6::gfp reporter, Fig. 2C). B. 821 

Chemical structures of the Tet derivatives shown in Fig.2A-B. C. Representative images of the 822 

induction of the UPRmt in the C. elegans hsp-6::gfp reporter strain (25) exposed to the indicated 823 

tetracycline derivatives at 68 μM (except for 9-TB, which is at 17 μM) since the parental L4 824 

stage. Dox and OXPHOS LOF through feeding cco-1 RNAi serve as positive controls. The 825 

pictures show the progeny at day 2-3 of adulthood (similar exposure time for all images; GFP-826 

fluorescence in top raw, differential interference contrast (DIC) in bottom raw). D. Dose-827 

response for the UPRmt activation (hsp-6::gfp reporter strain) upon exposure to different 828 

concentrations of Dox, 9-TB, ATc or treatment with cco-1 RNAi using an automated microfluidic 829 

device (33) (n=14-16). Statistical analysis was performed by one-way ANOVA followed by 830 

Bonferroni post-hoc correction (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Error bars represent 831 

standard deviation (SD). 832 
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 834 

Figure 3: Tet derivatives induce the MSR and type I IFN signalling in mammalian 835 

cells.  836 

A-C. Tet derivatives induce a mito-nuclear protein imbalance and the MSR in human HEK293T 837 

cells treated for 24 hours at the indicated concentrations. A. Immunoblots of HEK293T cells 838 

for the OXPHOS subunits ATP5A (encoded in nuclear DNA) and MTCO1 (encoded in 839 

mitochondrial DNA) with TUBULIN serving as a control. Quantification of the relative 840 

MTCO1/ATP5A ratio is shown on the right. B. Oxygen consumption rate of HEK293T cells 841 

exposed to different concentrations of Dox, 9-TB, or ATc (n=8). C. Transcript levels of the 842 

indicated MSR genes measured by RT-qPCR (n=4). D-E. Tet derivatives induce transcript 843 

levels of the indicated ISGs (D) and stimulate IFNβ secretion (E) after 24 hours treatment at 844 

the indicated concentrations in mouse BMDM (day 6 differentiation) (n=4). Statistical analysis 845 

was performed by ANOVA followed by Tukey post-hoc test (*p ≤ 0.05,**p ≤ 0.01, ***p ≤ 0.001). 846 

Error bars represent standard error mean (SEM). 847 
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 849 

Figure 4: Tets mediate disease tolerance to IFV in mice. 850 

A-D. 8-weeks old BALB/cN mice were injected with Dox (40 mpkd) or 9-TB (1 mpkd) and 851 

intranasally infected with 175 PFU of IFV-A H1N1 PR8, as described in Fig. S4A. Survival (A) 852 

and clinical score (B) were followed for 16 days post-infection (n=10). At day 7 post-infection, 853 

viral titers in lung lysates (C, n=5) and IL-6 levels in plasma (D, n=6) were measured (n=5). E-854 

H. 8-weeks old BALB/cN mice were injected with Dox (50 mpkd) or 9-TB (12.5 mpkd) and 855 

intrasanally infected with 1000 PFU of IFV-A H1N1 PR8, as shown in Fig. S4B. Survival (E) 856 

and clinical score (F) were followed over 10 days post-infection (n=10). At day 5 post-infection, 857 

viral titers in lung lysates (G) and IL-6 levels in plasma (H) were measured (n=5). Statistical 858 

analysis was performed by ANOVA followed by Tukey post-hoc test (*p≤0.05,**p ≤ 0.01, ***p 859 

≤ 0.001). For survival curves, statistical analysis was performed by Log-rank (Mantel-Cox) test 860 

(*p ≤ 0.05,**p ≤ 0.01, ***p ≤ 0.001). Error bars represent standard error mean (SEM). 861 
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 863 

Figure 5: 9-TB does not impact gut microbiome and shows encouraging effects 864 

when therapeutically administered. 865 

A. Comparison of bacterial community composition by nonmetric multidimensional scaling 866 

(NMDS) based on the Bray-Curtis dissimilarity. B. Comparison of bacterial species diversity in 867 

terms of Shannon diversity index (SDI) and richness. The lower and upper hinges are the first 868 

and third quartiles. The middle line is the median. The upper and lower whiskers respectively 869 

represent the highest and lowest values that are within 1.5x IQR from the hinge, where IQR is 870 

the inter-quartile range (i.e. distance between the first and third quartile). Data points beyond 871 

whiskers are considered outliers. Statistical significance assessed by Kruskal-Wallis test and 872 

post-hoc Wilcoxon test with p-value adjusted for multiple comparison using the Holm-873 

Bonferroni method. '****': p < 0.0001, '***': p < 0.001, '**': p < 0.01, '*': p < 0.05, 'ns': p > 0.05. 874 

C-D. 8-weeks old BALB/cN mice (n=12) were infected intranasally with 760 PFU of IFV-A 875 

H1N1 PR8 and injected with 9-TB (0.05, 0.025 mpkd), as described in Fig. S5A. Survival (C) 876 

and clinical score (D) were followed for 14 days post-infection (n=12). Statistical analysis was 877 

performed by ANOVA followed by Tukey post-hoc test (*p≤0.05,**p ≤ 0.01, ***p ≤ 0.001). For 878 

survival curves, statistical analysis was performed by Log-rank (Mantel-Cox) test (*p ≤ 0.05,**p 879 

≤ 0.01, ***p ≤ 0.001). Error bars represent standard error mean (SEM).  880 
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 881 

Figure 6: 9-TB counteracts the inflammatory and lung damaging effects of IFV 882 

infection. 883 

A. Principal component analysis (PCA) of lung RNAseq transcriptomes collected at day 7 post-884 

infection of BALB/cN mice with 175 PFU IFV-A H1N1 PR8 (n=5-6). B. Gene set enrichment 885 
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analysis (GSEA) results for Gene Ontology (GO) gene sets modulated in the comparison 886 

between 9-TB treated versus control IFV-infected mice. A positive, respectively negative, 887 

normalized enrichment score (NES) corresponds to an overall up-regulation, respectively 888 

down-regulation, of the corresponding gene set. C. Revigo plot summarizing the main themes 889 

in the significantly enriched GO Biological Process (GOBP) sets amongst genes induced by 890 

IFV infection and down-regulated by 9-TB (left panel), and genes down-regulated by IFV 891 

infection and induced by 9-TB (right panel).The size of the bubbles (top right legend) is 892 

proportional to the number of annotations for the GO term (i.e. frequency) in the GO annotation 893 

database, more general terms displaying larger bubbles. D. GSEA results of the RNA-Seq 894 

data showing the directionality (increase or decrease) of the modulated lung cell transcript 895 

profiles based on common markers shared by both human and mouse lung cell types derived 896 

from extant single cell transcriptomic data (43). The alpha value (transparency) represents the 897 

-log10(adjusted p-value) of the enrichment. * represents adjusted p-value < 0.05. 898 
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 Bacterial strains 

Compound E. coli P. aeruginosa K. pneumoniae S. aureus E. faecalis 

7- Br sancycline 8 4 1 0.5 0.5 

8-Br sancycline 16 4 1 1 1 

7,9-(bis-3’pyridinyl-

2,4-diF)-sancycline 
32 >64 8 8 4 

9-t-butyl 

doxycycline (9-TB) 
32 >64 >64 0.25 0.125 

Anhydrotetracycline 

(ATc) 
1 >64 8 1 1 

Doxycycline 64 4 1 <0.125 <0.125 

Minocycline 8 2 1 <0.125 <0.125 

 900 

Table 1: Minimum Inhibitory Concentrations (μg/mL) of bacterial growth for indicated 901 

Tet derivatives and bacterial strains. All compounds were tested as the HCl salt forms. 902 

Strains specifications: E. coli ATCC25922, P. aeruginosa ATCC27853, K. pneumoniae 903 

ATCC13883, S. aureus ATCC12600, E. faecalis ATCC19433.  904 
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