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Abstract: Symmetric, progressive, necrotizing lesions in the brainstem are a defining feature of Leigh syndrome (LS).
A mechanistic understanding of the pathogenesis of these lesions has been elusive. Here, we report that leukocyte
proliferation is causally involved in the pathogenesis of Leigh syndrome. Directly depleting leukocytes with a colony-
stimulating factor 1 receptor (CSF1R) inhibitor dramatically attenuates disease, including complete prevention of CNS
lesion formation and substantial extension of survival. Leukocyte depletion rescues a range of symptoms including
hyperlactemia, seizures, respiratory function, and neurologic symptoms. These data provide a mechanistic explanation
for the beneficial effects of mTOR inhibition. More importantly, these findings dramatically alter our understanding
of the pathogenesis of LS, demonstrating that immune involvement directly drives disease. These findings have
significant implication for the mechanisms of disease resulting from mitochondrial dysfunction, and may lead to novel
therapeutic strategies.

One-Sentence Summary: Pharmacologic targeting of leukocytes prevents CNS lesions, neurological disease, and
metabolic dysfunction in the Ndufs4(KO) mouse model of Leigh syndrome.
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Introduction

Considered as a group, genetic mitochondrial diseases (MDs) are the most common cause of heritable metabolic
disease and one of the most common causes of pediatric neurological dysfunction (/, 2). MDs are genetically and
clinically heterogeneous, with cases clustering into clinically defined syndromes (2). Subacute necrotizing
encephalopathy, or Leigh syndrome (LS), is a multi-organ disease with metabolic, neurologic, and musculoskeletal
symptoms, and is the most common form of pediatric MD (3). LS patients are often born healthy, showing symptom
onset within the first few years of life. Symmetric progressive necrotizing lesions in the brainstem are a defining
feature of LS, but a mechanistic understanding of these lesions has been elusive, and no effective interventions exist
in the clinic. Inhibition of the mechanistic target of rapamycin (mTOR) attenuates disease in the Ndufs4(KO) mouse
model of LS (4, 5), and mTOR inhibition appears to benefit some patients (6, 7), but the exact mechanisms underlying
these benefits have been elusive.

Here, using small-molecule testing in the Ndufs4(KO) model, we report that the benefits of mTOR inhibitors can be
attributed to inhibition of signaling mediated by the PI3K catalytic subunit gamma isoform, p110y/PI3Ky, which is
expressed mostly in leukocytes (8). We find that directly targeting leukocyte proliferation through inhibition of Colony
Stimulating Factor 1 Receptor, CSF1R, dramatically attenuates disease in the Ndufs4(KO). CSFIR inhibition with the
drug pexidartinib blocks CNS lesion formation, prevents neurologic symptoms, and extends survival. Strikingly,
CSFIR inhibition also rescues symptoms not previously tied to CNS lesions or inflammation including hyperlactemia,
seizures, hypoglycemia, and anesthetic responses. Critically, pexidartinib treated Ndufs4(KO) animals live as long as
pexidartinib treated control mice, with drug toxicity, rather than MD, appearing to limit survival. Together, these
findings provide evidence for the primary mechanism underlying the benefits of mTOR inhibition in LS and reveal
that many symptoms of this disease have an immunologic origin amenable to direct pharmacologic targeting.

Note, while the accumulation of Ibal (ionized calcium-binding adapter molecule 1, aka Allograft inflammatory factor
1/Aifl) (+) cells in LS lesions is typically referred to as microgliosis, here we attempt to avoid assigning cell type
beyond what our staining specifically indicates, for reasons detailed in the discussion.

Results

Isoform specific pharmacologic targeting of PI3Ky significantly attenuates disease in the Ndufs4(KO) mouse model
of LS

To determine whether the benefits of mTOR inhibition in Ndufs4(KO) model result from disruption of PI3K mediated
signaling, we treated animals from weaning (post-natal day 21, P21) with potent, orally available, isoform specific
inhibitors of the catalytic subunits of PI3K: BYL719, GSK2636771, CAL-101, and IPI-549, inhibitors of p110a,
p110B, p1109, and p110y, respectively.

Control treated Ndufs4(KO) animals display normal health early in life, but rapidly develop progressive neurological
symptoms associated with CNS degeneration starting around P37, and death occurs by ~P80 (Fig. 14). Symptoms of
neurologic decline include forelimb clasping, ataxia, and circling, presumed to result from the degenerative lesions in
the brainstem and cerebellum. Additionally, animals develop cachexia without anorexia (Fig. S7); this is the most
frequent proximal cause of death, as euthanasia due to loss of body mass is the approved study endpoint which is
typically reached first (death by disease is generally not an allowed endpoint in IACUC approved animal work) (see
Fig. I). The mechanistic underpinnings of this cachexia are unknown.

Treatment with the p110a, p110p, and p110§ inhibitors provided only modest (~10% increase or less) benefits to
survival. In contrast, treatment with the p110y inhibitor IPI-549 increased survival similarly to mTOR inhibition —
median survival in the IPI-549 treated Ndufs4(KO) mice was ~110 days, versus ~110 and ~60 for rapamycin treated
and untreated animals, respectively (Fig. 1B) (drug dosing was based on published studies (9-12); see Methods,
Discussion. With the exception of CAL-101, treatments led to similar tissue levels, Fig. $2).

Each of the PI3K catalytic subunit inhibitors modestly delayed at least some behavioral symptoms of disease (clasping,
circling, and ataxia): IPI-549 provided the greatest benefit, while BYL719 provided an intermediate benefit (Fig. 1C-
E). In contrast, only IPI-549 improved Ndufs4(KO) performance on a rotarod assay, which assesses neurologic
function and overall health (Fig. I1F-G); only IPI-549 impacted the onset of cachexia (Fig. 1H), and, as detailed, only
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93 IPI-549 increased survival. Additionally, IPI-549 alone prevented progressive hypoglycemia, which occurs during
94  disease progression in the Ndufs4(KO) (Fig. 1I). IP1-549 alone qualitatively impacted cause of death: euthanasia
95 resulting from body mass loss did not occur in IPI-549 treated animals, consistent with the rescue of cachexia in this
96 group (Fig. 1J).
97
98 Rapamycin at doses sufficient to attenuate disease significantly reduces developmental weight gain and maximum
99  body size (Fig. 1K-L) (4, 5). IP1-549 and mTOR inhibition similarly modify disease, while IPI-549 had a milder
100  impact on growth (Fig. IK). In contrast, BYL719 severely impaired growth and size, significantly more than
101 rapamycin, while providing only modest benefits to disease (Fig. 1B-L). Together, these data indicate that mTOR
102 inhibition does rot benefit MD through actions on insulin/IGF-1 signaling (IIS) as p110a, not p110y, mediates IIS
103 (see Discussion).
104
105 For thoroughness, we also tested a pan-PI3K inhibitor, BKM-120, but found that while well-tolerated in adult mice
106 up to 60 mg/kg/day (/3), BKM-120 was not tolerated at 50 or 100 mg/kg/day when started at weaning (Fig. S3).
107 Given our IPI-549 results, we did not explore this strategy further.
108
109
110  mTOR inhibition reduces Ibal(+) leukocyte proliferation in vitro
111
112 pl10y is primarily expressed in leukocytes (Fig. S4), which include the brain’s resident macrophages - microglia.
113 Lesions in LS are characterized in part by the accumulation of Ibal(+) leukocytes (typically referred to as microgliosis,
114 see discussion regarding use of ‘leukocyte’ versus ‘microglia’). This is widely thought to be a secondary reaction to
115 CNS cell death caused by some combination of ‘energetic depletion’, reactive oxygen species (ROS) damage, lactic
116  acidosis, and excitotoxicity (3, /4). Given that p110y and mTOR inhibitors provide similar benefits, we reasoned that
117  leukocyte (including microglia) proliferation may be a causal driver of CNS lesion formation and degeneration, rather
118  than simply a secondary response.
119
120 To assess whether mTOR inhibition impacts leukocyte/microglia numbers, we tested the impact of ABI-009 (aka nab-
121 rapamycin, see (/5)), a water-soluble nano-particle formulation of rapamycin (see Methods), on Ibal(+) cells in a
122 mixed brain cell culture assay and compared the impact with that of pexidartinib/PLX3397, a colony stimulating factor
123 1 receptor (CSF1R) inhibitor which blocks leukocyte survival signaling (16) (Fig. 24). ABI-009 and pexidartinib both
124 reduced the fraction of Ibal(+) cells present in mixed neonatal brain-cell cultures in a dose-dependent manner, while
125 the maximum effect of ABI-009 was only ~50% of total compared to a near complete depletion of microglia with
126 pexidartinib. Accordingly, mTOR inhibition does appear to preferentially limit leukocyte proliferation compared to
127  other cell types, but the potency is reduced compared to direct targeting of leukocyte survival through CSF1R.
128
129  Leukocyte depletion prevents CNS lesions and associated neurologic sequalae, including respiratory failure
130
131 Taken together, our data suggested that leukocyte proliferation may causally drive disease in LS. This possibility has
132 not previously been explored and, if true, would dramatically alter our understanding of the pathogenesis of LS.
133
134 To test this model, we treated Ndufs4(KO) and control animals with 100, 200, or 300 mg/kg/day pexidartinib in normal
135 mouse chow (dosing is approximated based on food consumption, see Methods; brain and liver drug levels in Fig.
136 S5; a brief note - the higher doses led to a change in mouse coat color, consistent with reports of hair whitening in
137 humans (Fig. 2B)).
138
139  Treatment with 300 mg/kg/day pexidartinib led to a complete (by IHC) prevention of brainstem (Fig. 2C) and
140  cerebellar (Fig. 2D) lesions in Ndufs4(KO) mice, even at ages far beyond the maximum survival of untreated animals
141 (survival data below). Importantly, both accumulation of Ibal(+) cells and astrocytosis were completely prevented by
142 pexidartinib; the rescue of astrocytosis by a leukocyte inhibitor suggests that astrocyte involvement is secondary to
143 leukocyte activity, a detail of LS pathobiology not previously resolved.
144
145 Consistent with these histological findings, pexidartinib dose-dependently delayed the onset and reduced overall
146  incidence of behavioral signs of brainstem and cerebellar degeneration - forelimb clasping, ataxia, and circling (Fig.
147  2E-G). Pexidartinib treatment also rescued performance on the rotarod assay (Fig. 2H).
148
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149  Impaired respiratory center activity, which is a brainstem function, is a proximal cause of death in LS patients and has
150  been reported to be a proximal cause of death in Ndufs4(KO) mice not euthanized due to weight criteria (/7). To
151 determine whether respiratory function is rescued by leukocyte depletion, we performed plethysmography in untreated
152 and 300 mg/kg/day pexidartinib treated mice (see (/8) for diagram, Methods for details). Severe defects in respiratory
153 function were present in untreated Ndufs4(KO) mice at ~P70, with defects in overall respiratory frequency, increased
154  incidence of frequency and amplitude irregularities, and defective responses to increased CO. (Fig. 2I-L).
155 Remarkably, treatment with 300 mg/kg/day pexidartinib completely prevented each of these measures of respiratory
156  dysfunction (Fig. 2I-L).

157

158  Leukocyte depletion rescues neuroinflammation outside of CNS lesions

159

160  Overt lesions in the brainstem and cerebellum underlie many defining features of LS, but inflammation in other brain
161 regions has not been carefully studied. Given the robust impact of pexidartinib in preventing lesions, we wondered
162 whether neuroinflammation is present, and responsive to pexidartinib, in other Ndufs4(KO) brain regions. To probe
163 this possibility, we analyzed Ibal(+) and GFAP (+) (astrocyte) cell numbers in cortex and in brainstem regions outside
164 of overt lesions. Untreated Ndufs4(KO) mice show increases in Ibal(+) cells and astrocytes in non-lesion CNS tissue
165 in the Ndufs4(KO); 300 mg/kg/day pexidartinib prevented both signs of neuroinflammation (Fig. 34-B, see also Fig.
166  S6). Notably, pexidartinib treatment led to a near-complete depletion of Ibal(+) cells while astrocytes were rescued
167  to control levels, again indicating that astrocytosis is secondary to leukocyte involvement. As with lesions,
168 inflammation was prevented by pexidartinib even in mice far older than the maximum lifespan of untreated
169  Ndufs4(KO)s (see Fig. 3 legend for details).

170

171 Pexidartinib treatment prevents rotarod induced seizures

172

173 Epileptic seizures are common in LS and often refractory to standard therapies (/9). Given presence of inflammation
174 responsive to pexidartinib in multiple CNS regions, we next wondered if LS features not previously linked to the
175 lesions, such as seizures, might also be rescued by targeting leukocytes.

176

177  The rotarod assay provides a mild epileptogenic stimulus in the Ndufs4(KO): seizures occur in ~30% of untreated
178 Ndufs4(KO) mice, but not observed in control animals, during rotarod at age P30 (Fig. 3C, see Methods). To determine
179 whether pexidartinib attenuates seizures, we performed rotorod on control and pexidartinib treated Ndufs4(KO) mice.
180  Incidence of rotorod induced seizures, and time-to-seizure, were both significantly reduced by pexidartinib (Fig. 3C-
181 D).

182

183  Pexidartinib treatment rescues hypoglycemia and cachexia, and hyperlactemia is prevented by rapamycin, IPI-549,
184  and pexidartinib

185

186  Metabolic features are major sequelaec of MD. We next considered the possibility that leukocyte activity may drive
187 some of the metabolic sequelae of LS.

188

189  As noted, treatment with pexidartinib prevented both cachexia and hypoglycemia in the Ndufs4(KO) mice in a dose-
190  dependent manner (Fig. 3E-F) (), consistent with leukocytes playing a role in metabolic derangements.

191

192 Abnormally high blood or CNS lactate (often by lactate/pyruvate ratio) is frequently reported in LS and some other
193 forms of MD (20-23). In addition, increased lactate is a feature of LS CNS lesions when imaged by magnetic resonance
194 spectroscopy (MRS), and increased intracerebral lactate by MRS has been reported in Ndufs4(KO) mice (24-26). The
195 cellular origins of increased lactate in MD have not been defined. Leukocytes are highly glycolytic (27), so a role for
196  leukocytes in contributing to increases in lactate appears reasonable.

197

198 To probe hyperlactemia in untreated Ndufs4(KO) mice, we measured blood lactate levels at baseline and in response
199  to a glucose bolus in a glucose tolerance test (GTT) paradigm. Clearance of glucose is not significantly altered in the
200  Ndufs4(KO), and blood lactate is not increased in Ndufs4(KO) animals at baseline, but exposure of Ndufs4(KO)
201 animals to a glucose bolus resulted in a significant rise in blood lactate not observed in control mice (Fig. 3G-H, Fig.
202  §7). This glucose-induced hyperlactemia also occurred only in Ndufs4(KO) mice older than P35, the approximate age
203 of CNS symptom onset. Strikingly, pexidartinib treatment prevented the glucose-induced hyperlactemia.

204
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205 Given the clinical relevance of hyperlactemia and the novelty of this finding, we sought to further probe the
206  relationship between the mTOR, PI3Ky, and leukocytes in mediating hyperlactemia in response to glucose. We next
207  tested animals treated with ABI-009 or IP1-549, finding that both compounds prevented hyperlactemia in response to
208 a glucose bolus (Fig. 3H).

209

210

211 Pexidartinib prevents volatile anesthetic induced hyperlactemia and anesthesia hypersensitivity in the Ndufs4(KO)
212 mice

213

214  Hypersensitivity to VAs is a feature of some forms of MD, and no intervention has yet been shown to attenuate MD
215 VA hypersensitivity (28). Hypersensitivity to, and toxicity from, VAs is conserved from invertebrates to mammals,
216  including Ndufs4(KO) mice and human LS patients with ETC CI defects (28, 29). As part of an unrelated anesthesia
217 study, we recently found that low-dose isoflurane exposure leads to a blood lactate spike in Ndufs4(KO) mice
218 compared to controls (Fig. 3I). Given the impact of pexidartinib on lactate production during the GTT, we tested
219  whether pexidartinib might impact isoflurane induced hyperlactemia. Remarkably, treatment fully suppressed this
220 lactate spike in Ndufs4(KO) animals (Fig. 31I).

221

222 To test whether leukocyte depletion might impact hypersensitivity to sedation itself, we measured the minimum
223 alveolar anesthetic concentration (MAC) (see (30)) of isoflurane in control and 300 mg/kg/day pexidartinib treated
224 Ndufs4(KO) animals (see Methods for details). We focused on P30 to assess sensitivity without overt neurologic
225 disease. Pexidartinib provided a modest, but statistically significant, attenuation of the hypersensitivity in the
226  Ndufs4(KO) mice (Fig. 3E).

227

228

229  Pexidartinib significantly increases Ndufs4(KO) lifespan, while drug toxicity limits survival in pexidartinib treated
230  animals

231

232 In addition to attenuating multiple features of disease, pexidartinib substantially extended survival of Ndufs4(KO)
233 animals in dose-dependent manner from ~100-300 mg/kg/day (Fig. 4A). Critically, the survival curves of control and
234 Ndufs4(KO) animals treated with 300 mg/kg/d pexidartinib overlap (at ~300% increase in survival among the
235  Ndufs4(KO) animals), indicating that the drug, rather than underlying MD, is limiting lifespan in this context.
236  Consistent with this notion, the majority of high dose pexidartinib animals did not show overt signs of severe
237  neurologic sequelae prior to death; the proximal cause of death was unclear for both Ndufs4(KO) and control animals,
238  with animals dying spontaneously without severe disease (see Discussion).

239

240  Chronic administration with pexidartinib is known to cause liver damage, and is associated with risk of serious
241 cholestatic or mixed liver injury, and hepatic function is carefully monitored in patients taking pexidartinib (37).
242 Accordingly, we tested blood alanine aminotransferase (ALT) and aspartate aminotransferase (AST), markers of
243 hepatic damage elevated in pexidartinib treated human patients (32, 33), in control and Ndufs4(KO) mice treated with
244 300 mg/kg/day pexidartinib to assess whether hepatotoxicity may contribute to early mortality. Consistent with this
245 notion, pexidartinib treated control and Ndufs4(KO) mice at ~P150 have significantly elevated ALT and AST
246  compared to age-matched untreated control animals (note: Ndufs4(KO) mice universally perish prior to this age,
247 precluding inclusion in this dataset) (Fig. 4B) (see Discussion).

248

249

250  Inflammatory chemokines are significantly increased in Ndufs4(KO) brainstem only at ages associated with disease
251

252 Taken together, the rapamycin, IPI-549, and pexidartinib data reveal that leukocytes proliferation is a key causal step
253 in the pathogenesis of LS. Furthermore, the benefits of IPI-549 specifically implicate extracellular signaling,
254 suggesting that specific chemokine factor(s) may be involved. If so, the specific age of onset of disease in the
255  Ndufs4(KO) mice, and postnatal onset of LS in humans, might suggest one or more inflammatory factors are induced
256  atapost-natal age, driving disease.

257

258 To probe these possibilities, we performed targeted cytokine profiling of control and Ndufs4(KO) brainstem from P25
259  (prior to overt disease) and P45 (early in disease progression) animals (see Fig. 14). Among the 23 factors in our
260  panel reliably detected above background, four showed significantly altered expression in Ndufs4(KO) mice compared
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261 to controls at P45: interferon gamma (IFNy), [FNy-Induced Protein 10 (IP-10/CXCL10), and Leukemia Inhibitory
262 Factor (LIF) were all increased in the Ndufs4(KO) animals at P45, while vascular endothelial growth factor (VEGF)
263 was significantly reduced. IL-12 (p70) was also increased in Ndufs4(KO) mice only at P45, though not reaching
264 statistical significance due to high variance (see Discussion).

265

266  Notably, CSF-1 itself was not elevated in the Ndufs4(KO). CSF1R inhibition impairs leukocyte proliferation, but this
267 strategy is untargeted, impacting all leukocytes. A more targeted therapeutic based on a precise inflammatory factor,
268 if identified, may provide greater benefits with fewer off-target effects.

269

270

271 Discussion

272

273 A causal role for leukocyte proliferation in the pathobiology of Leigh syndrome

274

275 The most important finding in this study is that leukocytes proliferation is a key causal mechanistic step in the
276  pathogenesis of LS. Targeting leukocyte proliferation prevented microgliosis, rescued astrocytosis, led to a complete
277 (as far as we could detect) prevention of CNS lesions, and rescued CNS inflammation outside of overt lesions.
278 Leukocyte depletion prevented sequelae associated with the overt CNS lesions including respiratory dysfunction,
279  balance and movement, and survival. Moreover, leukocyte depletion rescued symptoms of LS not directly attributed
280  tothe CNS lesions — hypoglycemia, cachexia, hyperlactemia in response to a glucose bolus, hyperlactemia in response
281 to anesthesia, seizures, and anesthesia sensitivity. These findings dramatically shift our understanding of LS.

282

283 Central vs peripheral leukocytes and microglia vs peripheral macrophages

284

285 The relative contribution of central versus peripheral leukocytes to individual disease features remains to be
286  determined, and will require significant further study.

287

288 The precise nature of immune cells in neuroinflammation, including the CNS lesions, is also not yet known. While
289  the overt lesions have been described as involving ‘microgliosis,’ it is critical to note that the first study in 1951 by
290  Denis Leigh described microgliosis based on only Nissl staining, which is wholly non-specific (34). To our knowledge,
291 all studies utilizing the Ndufs4(KO) have relied on Ibal staining, which was utilized by the lab which generated the
292 model (35). Ibal is, unfortunately, also not microglia-specific - Ibal is expressed in all macrophages, has recently
293 been termed a pan-macrophage marker, and is expressed in other cell types, including antigen presenting cells, under
294 certain conditions (36, 37). Unfortunately, no simple immunohistochemical approach alone can determine the
295 peripheral versus central immune composition of CNS lesions in this model (TMEM119, for example, is microglia
296 specific, but is downregulated in inflammatory microglia, so Ibal(+)/TMEM119(-) staining does not rule out microglia
297  (38)). Significant future efforts will need to address this outstanding question.

298

299  While microglia are a likely suspect in driving at least some CNS pathologies, we are careful to present our findings
300  in terms of leukocytes broadly — as with Ibal, rapamycin, IP1-549, and pexidartinib are not specific to microglia, and
301 our data alone cannot distinguish between resident microglia and peripheral leukocytes.

302

303

304 A mechanism for mTOR inhibition in Leigh syndrome

305

306  Determining the mechanisms underlying the benefits of rapamycin in the Ndufs4(KO) model has been an active area
307  of research since the effects of the drug were published in 2013 (4-6, 39-44). The data presented here reveal that the
308  benefits of mTOR inhibition in the Ndufs4(KO) result primarily from immune modulation. However, it is important
309  to note that mTOR inhibitors have shown beneficial effects in a variety of MD models including cultured cells and
310  invertebrates (6, 40-44). mTOR inhibition is highly pleiotropic, and it is clear that other mTOR regulated processes,
311 such as metabolism and autophagy, mediate the benefits of targeting mTOR in other settings. A full review of the
312 pleiotropic effects of mTOR inhibition and the models that benefit from targeting mTOR is not possible here, but it is
313 clear that the immune mechanism we identify is not shared in all settings of mitochondrial dysfunction. On the other
314  hand, immune activation may play a previously unappreciated role in the presentation of some other forms of MD, a
315 possibility warranting further attention.

316
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317  Prior work aimed at defining the role of mTOR in the Ndufs4 (KO) has led to the identification of multiple putative
318  pathways mediating the benefits of mTOR inhibition. These include regulation of metabolism, neurotransmitter
319  abundance, PCK activity, and regulation of transcription (3, 6, 45-48). Without attempting to review this literature in
320  depth we note two important observations: 1) none of these targets matched or surpassed the benefits of mTOR
321 inhibition; 2) none are inconsistent with the finding we report here. In the PKC study, for example, the authors note
322 the role of PKC downstream of mTOR in innate and adaptive immune regulation, and suggest that modulation of
323 immune function may mediate the effects. We believe our data provide a comprehensive model accounting for most
324 orall of this literature.

325

326

327  Relation to other targets

328

329  Inother studies in the Ndufs4 (KO) model, rescue of NADH redox by yeast Ndil expression has been shown to rescue
330 lifespan but not ataxia (49), while chronic mild hypoxia provides substantial benefits to disease (50, 57). Ndil
331 expression is presumed to act on primary molecular sequela (redox and redox regulated processes), preventing
332 downstream cell- and tissue- pathologies. Chronic hypoxia may act upstream of immune involvement by preventing
333 primary molecular sequelae (perhaps by preventing the ‘oxygen toxicity’ suggested by the authors of these studies),
334 but might also act robustly on the immune response. The relationship between NADH redox, hypoxia, and the
335 mechanisms we report here.

336

337

338 A role for leukocytes in blood lactate

339

340  The rescue of hyperlactemia induced by glucose or isoflurane was perhaps the most surprising benefit of pexidartinib.
341 These data suggest that leukocytes, or the consequences of tissue inflammation they drive (e.g. tissue ischemia), may
342 be amajor source of blood lactate. Alternatively, degeneration of CNS regions or peripheral tissues involved in whole-
343 body metabolism may impact the metabolic fate of glucose. These findings may be relevant to other forms of MD
344 where hyperlactemia is present.

345

346

347 A new model for the pathogenesis of Leigh syndrome

348

349  Onset of symptoms in the Ndufs4(KO) occurs at ~P37 (see Fig. 1), reminiscent of human LS, where patients are often
350  overtly healthy at birth. Here, we show that pro-inflammatory chemokines are increased in mice after this age of
351 symptom onset. Prior studies have demonstrated that neuron specific (Nestin-Cre) or glutamatergic neuron specific
352 (VGlut2-Cre) deletion of Ndufs4 results in a near-complete recapitulation of the disease including CNS lesions,
353 cachexia, metabolic dysfunction, behavioral deficits, and reduced survival, while Ndufs4 deletion in GABAergic or
354  cholinergic neurons does not (35, 45, 52). Considering these data in the context of this study, we can assemble a model
355 for the pathogenesis of disease in the Ndufs4(KO): the presence of mitochondrial dysfunction during post-natal
356  development causes cellular sequelae in VGlut2 positive neurons (the nature of which is yet to be defined), resulting
357  in the induction of [FNy and related chemokines. These chemokines drive leukocyte proliferation, which cause tissue
358 degeneration, astrocytosis, CNS dysfunction, and systemic symptoms (Fig. 4).

359

360

361 New insights into mysteries surrounding LS

362

363 By revealing a necessary step in the pathobiology of LS other than ETC function, energetics, or ROS, our data may
364  resolve key mysteries regarding this disease. In particular: 1) why is there a general sparing of some tissues with high
365 energy requirements, as in the lack of any overt cardiac phenotype in cardiac specific Ndufs4(KO) in the absence of a
366 stressor (53-55); 2) why does LS often develop postnatally with no symptoms at birth? The enigmatic site specificity
367  of lesions in LS may be elucidated when the initiating signal is identified, but significant additional work will be
368  necessary to probe this lead.

369

370  Viral infection or fever has been reported to often occur just prior to symptom onset in MDs, and in certain other
371 forms of acute focal necrotizing encephalopathy in children (56-62). This link in MD has been attributed, by some, to
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372 energetic stress caused by mobilizing an immune response (58). Though speculative, our data may suggest that
373 induction of pro-inflammatory signaling contributes to this observed link.

374

375

376 Therapeutic implications

377

378 Our findings may have significant therapeutic implications. Clinical translation of basic research is exceptionally
379  difficult in rare diseases (63-66), compounded in LS by post-natal onset, complications of diagnosis, and the clinical
380  and genetic heterogeneity of the disorder (over 75 causal genes have been identified) (67-69). mTOR inhibition was
381 the first small molecule shown to attenuate disease in the Ndufs4(KO), and has since been found to benefit at least
382 some patients with MD (6, 7, 40). However, the translational potential of mTOR inhibition is limited by the incomplete
383 rescue in the animal model, the lack of a mechanistic understanding of the beneficial effects, and the well-documented
384  off-target effects of mTOR inhibitors.

385

386  While we do not suggest that the specific compounds used here will, or should, be trialed in patients, the discovery
387  that leukocyte proliferation mediates disease opens the door for an entirely new pathway for therapeutic targets. A
388  number of well-characterized clinically approved agents already exist for targeting immune function. Moreover,
389  follow-up studies have a high probability of identifying of novel targets in the observed immune activation with greater
390  potency and reduced off-target effects.

391

392 We suspect that leukocyte proliferation contributes to the pathogenesis of other MDs involving CNS lesions, and may
393 extend to MD syndromes where inflammation is present. Determining the generalizability of our findings to
394  genetically distinct forms of LS and other MDs will require experimental work and will be an important aspect of
395 future studies.

396

397

398  Inflammatory clues

399

400  Our data identify a potent and effective new pathway for therapeutic targeting. The benefits of pexidartinib in our
401 preclinical model appear limited by toxicity. Improved CNS targeting to lower necessary dosing, identification of
402  more specific targets for intervention (such as inhibitors of CXCL3, the receptor for IP10), testing of combinatorial
403 therapies, and chemical modifications to current inhibitors to lower toxicity may lead to robust small molecule
404  therapeutic options. By identifying a specific biological process with many druggable regulatory players we hope to
405 have opened the floodgates for innovation into novel treatments for this disease.

406

407  Our targeted chemokine panel data provide only a peek into the inflammatory mechanisms at play, and further
408 exploration of inflammatory signaling networks beyond the scope of this current manuscript, but we consider these
409  data of great potential value for future studies. In particular, the known relationship between the identified factors of
410  interest suggests a discrete mechanism for immune activation. IL-12 produced by activated antigen-presenting cells
411 drives expression of IFNy and inhibits VEGF expression, while IFNy induces both IP-10 and LIF (70-72). Moreover,
412 this IL-12 chemokine axis plays a prominent role in graft-versus-host (GVH) disease (73, 74); prevention of GVHD
413 is, of course, a clinically approved use of mTOR inhibitors (75).

414

415 As mentioned, it is particularly notable that human disease often first appears after a viral infection or fever. IL-12,
416  IFNy, and IP-10 suggest that innate immune responses provide a mechanistic link between infection and disease onset,
417  though why IFNy and related factors are upregulated at a specific age in mice, and whether these same factors are in
418 fact increased in human LS patients, remains to be determined. Given the role of IL-12/IFNy/IP10 in responding to
419  pathogens, it seems reasonable to hypothesize that mitochondrial defects lead to the aberrant sensing of some
420  dysfunctional mitochondrial component (perhaps free mtDNA or misfolded mitochondrial proteins) as ‘foreign’ by
421 the immune machinery.

422

423 The recently described cGAS/STING (cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes) pathway,
424 which senses intracellular DNA and induces IFN responses, is a top candidate for further study; however,
425 cGAS/STING drives type I interferon production, and has only been shown to impact IFNy through indirect
426  mechanisms (i.e. regulation of IFNy producing T cells), so the relationship is unlikely to be direct (76, 77).

427
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428

429 Caveats of pharmacologic studies

430

431 The positive findings with p110y and CSF1R inhibitors, not the negative results with the p110a, p110p, and p1103
432 inhibitors, underlie the significance of this study. While all PI3K isoform inhibitors are of similarly potency and tissue
433 accumulation, and our data suggest pl110a, p110pB, and p1103d are not effective targets, we cannot rule out the
434  possibility that alternative targeting methods might be more effective. Conversely, though these inhibitors are highly
435 specific, the modest benefits of p110a, p110B, and p1106 inhibition may simply be the result of off-target effects on

436  pll0y.

437

438

439 Unanswered questions
440

441 While we believe our data represent a significant step forward in our understanding of LS, and perhaps MD more
442  broadly, key questions remain. What precise cells initiate CNS inflammation? What underlies immune signaling
443 induction, and how does altered mitochondrial function drive this signal? Is inflammation restricted to the CNS, or
444 are some non-CNS symptoms the result of peripheral inflammation? Does inflammation play a role in other forms of
445 MD? Finally, what link, if any, is there between inflammation and chronic hypoxia, the most potent therapeutic
446 strategy yet identified in the Ndufs4 (KO) (51)? The changes we observe in VEGF suggest there may be a link, but
447  the nature of the relationship between our findings and hypoxia remains to be determined. Answers to these questions
448  will shed new light on the interplay between mitochondria, the immune system, and systemic disease.

449

450

451 Materials and Methods

452

453 Ethical statement, animal use, breeding, care, and euthanasia criteria for survival studies

454

455 All care of experimental animals was in accordance with the Seattle Children’s Research Institute guidelines and
456  experiments were performed as approved by the Institutional Animal Care and Use Committee.

457

458 Ndufs4(+/-) mice were bred to produce Ndfus4(KO) (Ndufs4(-/-)) offspring. Mice were weaned at 20-21 days of age.
459  Ndufs4(KO) animals were housed with a minimum of one control littermate for warmth and stimulation. Mice were
460  weighed, and health assessed, a minimum of 3 times per week, every other day (daily for IP injected mice, see below).
461 Where longitudinal blood point-of-care data was collected, this was performed during these health checks. Wetted
462  chow in a dish on the bottom of each cage, and in-cage water bottles, were provided to all cages housing Ndufs4(KO)
463 mice following the onset of disease so that the ability to find or reach food or water was not a limiting factor for
464 survival.

465

466  Mice were euthanized if they showed a 20% loss in maximum body weight, immobility, or were found prostrate or
467  unconscious.

468

469  As we and others have previously reported, Ndufs4 deletion is a recessive defect, and heterozygosity results in no
470  reported or observed phenotypes, including no detectable defects in ETC CI activity, so controls for this dataset
471 include both heterozygous and wildtype mice.

472

473 All experimental mice were fed PicoLab Diet 5058; pharmacologic agents were compounded into this diet (see below).
474

475  Longitudinal assessments of neurological disease symptoms

476

477  Clasping, ataxia, and circling were assessed by visual scoring, as previously described. As disease progresses in the
478  Ndufs4(KO) mice animals display intermittent/transient improvement of symptoms. For these studies, we simplified
479  our analysis to simply report whether animals had ever reported the symptom — requiring that the symptom was
480  observed for two or more consecutive days to minimize spurious reporting. Transient loss of symptoms was not
481 included in these data. For observational assessments, lab-wide quality control discussions occurred frequently to
482  ensure consistency between technicians/researchers. Technicians contributed equally to each treatment group to
483 minimize any potential bias between individuals.
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484

485 Cachexia in Fig. I and Fig. 3 is the day of life when weight peaks prior to the progressive weight loss which occurs
486 in untreated Ndufs4(KO) animals.

487

488  Replicate numbers and control group

489

490  Animal numbers for each dataset are noted in figure legends, and whenever possible all individual datapoints are
491 shown.

492

493 Animals were added to the control treatment groups across the duration of the experiments presented here to ensure
494 that no shifts in colony survival, behavior, etc, occurred during the course of these studies. Accordingly, control
495 treatment groups generally contain larger cohorts than the individual treatments.

496

497  Reagents

498

499  Laboratory chemicals were purchased from Sigma. Pexidartinib, IPI-549, CAL-101, and GSK2636771 were
500 purchased from MedKoo Biosciences (cat. #’s 206178, 206618, 200586, and 205844, respectively). BYL719 was
501 purchased from AChemBlock (cat. #R16000).

502

503 Doses of each drug was based on published data for use in animals. Tissue concentrations reached biologically relevant
504 levels for each of the tested inhibitors, see Figs. $2, S5.

505

506  Pharmacologic interventions and chow formulation

507

508 Standard mouse chow was ground to a power and mixed with drugs at the doses desired (see inset table in Fig. I for
509  PPM equivalents). 300 mL of 1% agar melted in sterile water was added per kilogram of powdered chow and the
510  mixture was pelleted and baked at 37°C for 3-5 hours to dry. Pellets were then stored at 4°C for short term (up to 90
511 days) or -20°C for long-term (up to 6 months) storage. We have previously shown that this processing has no impact
512 on animal health or survival (4).

513

514 Daily food consumption values were estimated based on data in Fig. S1— we used the value of (0.15 g food / g mouse
515 / day), at the lower end of the daily food consumption estimate range, to ensure mice received the desired level of

516  drug.
517

518  ABI-009
519

520  Rapamycin was provided in the form of ABI-009 (nab-rapamycin), an albumin encapsulated water-soluble
521 formulation. ABI-009 was provided as a gift by Aadi, LLC, in lyophilized form. ABI-009 was resuspended to 1.2
522 mg/mL rapamycin in 1X PBS. This solution was sterile filtered and stored in aliquots at -80 degrees Celsius. ABI-009
523 was administered at 66 uL per 10 g for a final dose of 8 mg/kg/day rapamycin, as in our prior studies (4, 5).

524

525  Point-of-care glucose and lactate testing

526

527  Blood glucose and lactate measurements were collected using point-of-care meters (Prodigy Autocode glucose meter,
528  product #51850-3466188; Nova Biomedical lactate assay meter, product #40828) and the tail-prick method, as
529  previously described (78).

530

531 Rotarod and rotarod seizures

532

533 Rotarod assays were performed using a Med Associates Inc ENV-571M single lane rotarod with a black mat installed
534 in the floor of the lane to reduce visibility of the bottom. Assays were performed by placing animals onto an already
535 rotating rod and timing latency to fall, with a steady rotation speed set to 6 rpm (controlled by attached laptop and
536 Med Associates software). The maximum time of each trial was 10 min, with the trial ending at that time if mice were
537 still on the rotarod. For each assay, three trials were performed, with a minimum of 5 min between each assay. The
538  best of the three trials was reported for the rotarod data. As detailed in the text and figure legends, rotarod was
539  performed each 10 days of age from P30; mice in a given age group are the reported age +/- 1 day.
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540

541 Mice were monitored throughout each assay for seizure activity, and rotarod performance trials were ended if a seizure
542  was observed. Mice were considered to be showing seizure activity if any symptoms on the Racine behavioral scale
543 or Pinel and Rovner scale were observed: abnormal oroalimentary movements (dropping of the jaw repeatedly,
544  atypical gnawing or chewing movements), repeat head nodding, anterior limb clonus (twitching/jumping while
545 making no contact with the face), dorsal extension/rearing, loss of balance and falling (observed when mouse was off
546  the rotarod), violently running/jumping. Critically, no attempt was made to assess seizures on the seizure scales for
547  these studies — only presence or absence was noted.

548

549  While blinding was often impossible (BYL719 treatment leads to extremely small body size, pexidartinib turns fur
550  white, and overtly diseased Ndufs4(KO) mice are easily identified), the experiments were scored by technicians with
551 no expectations regarding the outcomes. Technicians trained together and cross-compared observed symptoms to
552 ensure consistent scoring, and analysis of each treatment group was roughly evenly split among technicians involved
553 in these studies to prevent any unaccounted-for observer bias from impacting any individual treatment group.

554

555 Glucose tolerance test and glucose induced lactate test

556

557  Prior to performing the GTT, mice were fasted for 4 hours, from 10 AM-2 PM. The fasting duration was limited to 4
558  hours given the sensitivity of untreated Ndufs4(KO) animals to hypoglycemia and related sequelae (dysregulation of
559  body temperature, hypoglycemia induced seizure, etc). For the ABI-009 cohort, mice received their daily ABI-009
560  treatment at the start of this fasting period. At the end of the 4 hour fast, baseline blood glucose and lactate values
561 were collecting using point-of-care meters and the tail-prick method. Mice were then injected by IP with 2 g/kg
562  dextrose (10 microliters/gram body weight of 200mg/mL glucose in 1x PBS, 0.2 micron sterile filtered) using an
563 insulin syringe (31-gauge, 6 mm length, 3/10 cc, BD Veo Ultra-Fine needle). Glucose and lactate levels were measured
564  using a minimally invasive tail-prick method at designated timepoints post-injection.

565

566  Isoflurane induced hyperlactemia assays

567

568  All of these experiments were performed at P50. Mice were subject to normal daily monitoring (see survival studies)
569  upuntil P50. At P50, baseline blood glucose, lactate, and f-HB levels were measured using point-of-care meters using
570  the tail-prick method, as in detailed. Mice were then immediately exposed to 0.4% isoflurane or carrier gas only (100%
571 oxygen) for 30 min. At the 30 minutes, blood glucose, lactate, and B-HB were measured again.

572

573 Anesthetic sensitivity by minimum alveolar anesthetic concentration

574

575 The minimum alveolar anesthetic concentration (MAC) was determined as previously described (Sonner et al. 1999
576  and 2000). In brief, P30 mice were placed in an individual gas-tight plastic chamber connected to an oxygen source
577  and carbon dioxide absorber. Isoflurane was provided through a vaporizer (Summit Anesthesia) at a flowrate of 1-2
578 liters/min and humidified in-line. Mice were kept warm with a circulating water heating pad maintained at 38°C
579  (Adroit Medical, HTP-1500). Anesthetic concentration was adjusted in steps of 0.2%, equilibrated for 10 minutes, and
580  was monitored with an in-line analyzer (AA-8000 Anesthetic Agent Analyzer, BC Biomedical). MAC was calculated
581 as the mean anesthetic concentration bracketing the animal’s response and non-response to a nondamaging tail clamp.
582

583 Respiratory measurements

584

585 Breathing parameters were recorded from alert, unrestrained, adult (~P60) mice using whole-body plethysmography.
586  Paired 300 ml recording and reference chambers were continuously ventilated (150 ml/min) with either normal air
587  (79% nitrogen and 21% oxygen) or a hypercapnic gas mixture (74% nitrogen, 21% oxygen, and 5% COz). Pressure
588 differences between the recording and reference chambers were measured (Buxco) and digitized (Axon Instruments)
589  to visualize respiratory pattern, and simultaneous video recordings were performed to differentiate resting breathing
590  activity from exploratory sniffing and grooming behaviors. Untreated and treated (pexidartinib 300 mg/kg/day) control
591 and Ndufs4(KO) mice were allowed to acclimate to the chambers for 30-40 min prior to acquisition of 35 min of
592  respiratory activity in normal air. The respiratory response to hypercapnia was then tested by ventilating the chambers

593 with hypercapnic gas for 15 min. Respiratory frequency, and breath-to-breath irregularity scores (irreg.score =

594  ABS (%N_l))) of frequency and amplitude (peak inspiratory airflow) were quantified during periods of resting
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595 breathing (pClamp10 software). During hypercapnic challenges, only data during the final Smin of the 15 min period
596  were analyzed. Results were visualized and statistical comparisons between groups were performed in GraphPad
597  Prism9 software.

598

599  Mixed brain cell culturing and staining

600

601 Briefly, using sterile technique, brains were removed from neonatal pups into ice-cold HBSS (Gibco cat.
602  #14025076). Brains were washed three times in cold PBS. After the third wash, brains were minced using surgical
603 scissors into small, fine pieces. The minced brain was centrifuged at 100 g for 5 min. Once pelleted, PBS was removed
604  and 0.05% trypsin/EDTA (Gibco) was added. The tissue in trypsin/EDTA was then incubated at 37°C with gentle
605 shaking for 15-30 min, with intermittent mixing and supplemental mincing, until the solution was homogenous and
606  without tissue segments. After incubation, the minced tissue was placed back into the centrifuge at 100 g 5 min. Pellet
607  was washed 3x with cold PBS before adding fresh media to each tube. The tissue was further dissociated using 1000
608 pL pipet until the solution became cloudy. The sample was washed through a sterile 70-micron cell strainer (Corning)
609  into a 50 mL falcon tube, then plated onto T75 poly-d-lysine coated Nunclon flasks (Nunc EasyFlask132704) at a
610  ratio of one brain to two flasks. After 24 hours, dead cell/debri were washed and media replaced. Cells were then
611 grown for 1 additional day, split onto multi-well plates with poly-d-lysine coated coverslips (Cellware 12mm round
612 coverslips) at approximately 25% confluence with ABI-009 or pexidartinib (for dose-response) added. Media was
613 replaced (with pharmacologic agents) every 3 days, and cells were fixed in ice-cold 3.7% PFA on day 7.

614

615 Fixed cell slides were washed 3X with 1X PBS followed by a 5 min incubation in 0.2% Triton-X100/1XPBS at room
616  temperature. Slides were washed again 3X in 1XPBS, blocked for 30 min at room temperature in 10% rabbit serum,
617  and then incubated in antibody solution overnight at 4°C protected from light. Antibody solution consisted of blocking
618 solution with rabbit anti-Ibal-635 (Wako, cat. # 013-26471) at 1:400 and DAPI (Sigma, cat. # D9542) at 10 pg/mL.
619

620 Cell media for these experiments consisted of 500 mL of DMEM (Gibco ref#11995-065), 56.2 mL of One-Shot Fetal
621 Bovine Serum (FBS) (Gibco cat. #16000-077), and 5.62 mL of penicillin/streptomycin, 10,000 U/mL (Gibco cat. #
622 15140122).

623

624  Pharmacologic agents were sourced as listed below, dissolved to 1000X in DMSO, and added at 1:1000 to media for
625 working media. DMSO was added to the ‘no drug’ wells. These experiments were repeated 3 times with similar
626  results. Data in Fig. 2 are derived from biological replicates from the same experiment.

627

628  Brain immunological staining and microscopy

629

630  Brains were fixed for 48 hours in 10% formalin at 4° C. Following fixation, brains were moved to a cryoprotectant
631 solution (30% sucrose, 1% DMSO, 100 uM glycine, 1X PBS, 0.45 um filtered, pH 7.5), and stored for over 48 hours,
632 until the fixed tissues sank to the bottom. Tissues were then placed in OCT media (Tissue-Tek OCT compound, Sakura
633 0004348-01), frozen in cryoblock holders on dry ice, and stored at -80 until sectioned for staining. Cryoblocks were
634 cutat 50 um thickness using a Leica CM30505 cryostat set at -40 degrees C. Slices were moved to 1X PBS and stored
635 at 4 degrees C until used for staining. Prior to staining, slices were mounted on slides and briefly dried to adhere.
636

637  Antibody staining was performed as follows: slides were first incubated in an antigen retrieval and permeabilization
638  buffer (0.05% Triton X-100, 50 uM digitonin, 10 mM Tris-HCI, 1 mM EDTA, pH 9.0) at 60°C overnight in a white-
639  light LED illuminated box (to promote photobleaching of tissue autofluorescence). To reduce formaldehyde induced
640  background fluorescence, slides were treated with sodium borohydride in ice cold PBS, added at 1 mg/mL
641 immediately before incubation, on ice for 30 min, then moved to 10 mM glycine 1XPBS, pH 7.4, for 5 min at room
642  temperature. Lipid background fluorescence was then blocked by incubating slides in 0.2 um filtered Sudan Black B
643 solution (5 mg/mL in 70% ethanol) overnight at room temperature. Slides were then rinsed twice, 5 min each, in 1X
644  PBS. Excess fluid was wiped from the slide, and the tissue was circled using Liquid Blocker PAP pen (Fisher
645 Scientific, NC9827128) to hold staining solutions. Slides were blocked for 15 min at room temperature in 1X PBS
646 with 10% rabbit serum (Gibco, 16120-099) then stained overnight at 4° C in a mixture of rabbit anti-IBA1-
647  fluorochrome 635 conjugated (WAKO 013-26471) at 1:300, mouse anti-GFAP, Alexa555 conjugated (Cell Signaling,
648 3656S) at 1:300, and DAPI (Sigma, D9542) at 1 ug/mL. The following day, slides were washed 3X 5 min in 1X PBS
649  then mounted in aqueous mounting media (Fluoromount-G), coverslipped, and stored at 4°C protected from light until
650  imaging.
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651

652 Slices were imaged on a Zeiss LSM 710 confocal microscope. Images were collected using a 10X dry objective at
653 0.6X optical zoom, resulting in images of 1417 x 1417 microns in physical area. Images were collected with 8—16 line
654  averages and a line scan speed of 6-7. Channels were set to an optical thickness of 50nm. DAPI was excited at 405
655 nm, with emission light collected using a sliding filter with the range setting at 424-503 nm. GFAP-Alexa555 was
656  excited with a 543 nm laser, emissions collected at 548—587 nm. Iba-1-635 was excited at 633 nm and emitted light
657  was collected at 641-661 nm.

658

659  For quantification, a region approximately 10% of the total image area, with overall structure and cell composition
660  representative of the given image, was selected and GFAP (+) and Ibal(+) cells were counted. While images were
661 collected with identical settings, brightness and contrast were adjusted as needed to detect cell bodies during counting.
662 Only cell bodies of GFAP (+) cells (astrocytes) and Ibal(+) leukocytes were counted (to the best of our ability), with
663 cell extensions from out-of-plane cells ignored. Images in main text figures have identical brightness/contrast settings,
664  but representative olfactory bulb images in supplemental data were adjusted as needed to highlight stained features
665 (there was high variability in intensity of stains in the olfactory bulb, but this does not preclude the analyses in this
666 study, which are based on cell numbers rather than intensity).

667

668  Plasma ALT and AST measures

669

670 Small volumes (5-10 pL) of blood were collected using tail-prick and heparinized microhematocrit tubes (Fisher
671 Scientific cat. # 22-362566), placed on ice in 15 mL sample tubes, then moved (by pipette) into 1.5 mL microcentrifuge
672 tubes and stored at -80°C until used for ALT and AST enzymatic assays. ALT and AST were quantified using
673 colorimetric enzymatic activity assay kits (Sigma, cat. #s MAKO052 and MAKOSS5, respectively) according to
674 manufacturer recommendations. Absorbance was measured on a NanoDrop 1000 (ThermoScientific).

675

676 Chemokine analyses

677

678 Brainstem chemokines were analyzed by Eve Biotechnologies using the Millipore MCYTMAG-70K-PX32 Milliplex
679  MAP Mouse Cytokine/Chemokine Magnetic Bead Panel Multiplex panel. Brainstem samples were collected rapidly
680  after euthanasia, flash frozen in liquid nitrogen, and shipped to Eve Biotechnologies on dry ice. Samples were
681 processed and analyzed according to Millipore manufacturer recommendations.

682

683 Drug tissue level quantification

684

685 All tissue drug level analyses were performed by the University of Washington Medicinal Chemistry Mass
686 Spectrometry Center commercial service.

687

688 Briefly, control mice were fed drug compounded diets ad libitum until post-natal day 30 (10 days, including any ramp
689  up period — see above) to achieve steady state. Animals were euthanized in the early afternoon, tissues flash frozen,
690 stored at -80°C, and transported to the medicinal chemistry core on dry ice.

691

692 Sample Prep for all tissues:

693

694  Tissue samples were prepared by weighing tissue amount and adding 3ml of 1x PBS buffer and kept on dry ice until
695 homogenized. Samples were then homogenized using an OMNI bead disruptor tissue homogenizer, chilled to -15 °C,
696 shaken at 5.8m/s for 45s allowed to settle for 30s, then repeated. Samples were removed and stored at -80C until
697  extracted for analysis.

698

699  Analysis of Call01 & IP1549

700

701 Cal101, IPI549 and glyburide (internal standard) were measured using high pressure liquid chromatography-mass
702 spectrometry. In summary, the assays were performed on a Water’s Xevo TQ-XS coupled to a Water’s I-Class Ultra
703 high pressure liquid chromatography system (Waters Corporation, Milford, MA, USA). Analytes were monitored in
704  MRM mode (multiple reaction mode) selectively isolating parent m/z 416.1->176.1, 529.2->161.1 and 494.1->369.1,
705 respectively. Chromatographic separation was achieved using a Water’s Acquity T3 C18, 2.1x100mm, 1.8p column
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706 (Waters Corporation, Milford, MA, USA). Using a gradient consisting of 0.1% formic acid in water (H20) (A) and
707 0.1% formic acid (FA) in methanol (MeOH) (B) at a flow rate 0.3ml/min. (can provide gradient if needed).

708

709 Sample Prep: 10ul of IS (Glyburide-100ng/ml) was added to 20ul of unknown analytical sample or calibration/qc
710 sample (10ul of stock at various concentrations + 10ul of blank matrix). Samples were then vortexed and then 100ul
711 of MeOH was added. Sample was vortexed again and centrifuged at 16.1rfc for Smins. 50ul of Supernatant was
712 removed and diluted with 50ul H20 in autosampler vials, Sul injections were made on the platform.

713

714 Analysis of Pexidartinib

715

716  Pexidartinib and glyburide were measured using high pressure liquid chromatography-mass spectrometry. In
717 summary, the assays were performed on a Water’s Xevo TQ-XS coupled to a Water’s I-Class Ultra high-pressure
718 liquid chromatography system (Waters Corporation, Milford, MA, USA). Analytes were monitored in MRM mode
719  (multiple reaction mode) selectively isolating parent m/z 418.2->258.1, and 494.1->369.1, respectively.
720  Chromatographic separation was achieved using a Water’s Acquity BEH C18, 2.1x50mm, 1.7p column (Waters
721 Corporation, Milford, MA, USA). Using a gradient consisting of 0.1% formic acid in water (H20) (A) and 0.1%
722 formic acid (FA) in acetonitrile (ACN) (B) at a flow rate 0.3ml/min. (can provide gradient if needed).

723 10ul of IS (Glyburide-100ng/ml) was added to 2ul of unknown analytical sample or calibration/qc sample (various
724  concentrations spiked into blank matrix). Samples were then vortexed and 60ul of ACN was added. Sample was
725 vortexed again and centrifuged at 16.1rfc for Smins. 40ul of supernatant was removed and diluted with 40ul of H20
726  into a limited volume autosampler vial. 2pl injections were made on the platform.

727

728  Analysis of GSK2636771 and BYL719

729

730  GSK2636771, BYL719 and glyburide were measured using high pressure liquid chromatography-mass spectrometry.
731 In summary, the assays were performed on a Water’s Xevo TQ-XS coupled to a Water’s I-Class Ultra high-pressure
732 liquid chromatography system (Waters Corporation, Milford, MA, USA). Analytes were monitored in MRM mode
733 (multiple reaction mode) selectively isolating parent m/z 434.4->215.2, 442.3->328.2 and 494.1->369.1, respectively.
734  Chromatographic separation was achieved using a Water’s Acquity BEH C18, 2.1x50mm, 1.7p column (Waters
735 Corporation, Milford, MA, USA). Using a gradient consisting of 0.1% formic acid in water (H20) (A) and 0.1%
736 formic acid (FA) in methanol (MeOH) (B) at a flow rate 0.3ml/min. (can provide gradient if needed).

737

738 For blood samples: 20ul of IS (glyburide-100ng/ml) was added to 20ul of unknown analytical sample or calibration/qc
739 samples (10ul of stock at various concentrations + 10pul of blank matrix). Samples were then vortexed (15s) and then
740 100ul of ACN was added. Samples were vortexed again (15s) and centrifuged at 16.1rfc for 5 mins. 50ul of
741 supernatant was removed and diluted with 50ul of H20 in limited volume autosampler vials, Sul injections were made
742  on the platform.

743

744  For tissue samples: 20ul of IS (glyburide-100ng/ml) was added to 100ul of unknown analytical sample or
745 calibration/qc samples (50ul of stock at various concentrations + 50ul of blank matrix). Samples were vortexed (15s),
746  then 1ml of 1:1 hexane: ethyl acetate was added. Samples were vortexed for 5 mins then centrifuged at 16.1rfc for 5
747  mins. 1ml of supernatant was removed and evaporated to dryness under a stream of nitrogen. Samples were
748  reconstituted with 50ul of mobile phase A. 10pul injections were made on the platform.

749

750  Analysis of the data was done using QuanLynxs software (Waters Corporation, Milford, MA, USA) by generating a
751 linear equation based on peak area ratios (PAR) of the analyte over the internal standard peak area. This was then
752 compiled against the expected concentration of the calibrators to generate a slope and intercept to be applied back to
753 the PAR’s to obtain a return value. Acceptability of levels of quantitation was determined by a variance less than 15%
754  from the expected return value.

755

756  For all studies a Water’s Xevo TQ-XS coupled to a Water’s I-Class Ultra high-pressure liquid chromatography system
757  (Waters Corporation, Milford, MA, USA) was used for analysis: Instrument was operated in electrospray positive
758 ionization mode (ESI-POS) with the following settings: Capillary voltage (kV) — 3.1, Desolvation Temp (C) — 350,
759  Desolvation gas flow (L/Hr) — 800 nitrogen.

760

761 Statistical analyses
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762

763 All statistical analyses were performed using GraphPad Prism as detailed in figure legends. Unless otherwise stated,
764 error bars represent standard error of them mean (SEM), and p<0.05 is considered statistically significant.

765

766  Unless otherwise stated, pairwise comparisons utilized the unpaired, unequal variances, t-test (Welch’s test).

767

768  Scientific rigor

769

770 Sex — approximately equal numbers of male and female animals were used in each experiment. No sex differences
771 have yet been reported in the Ndufs4(KO) mice.

772

773 Sample size determination and control distribution — all experiments were initially run with an n=4 animals per
774  treatment group, which provides 80% power to detect changes of 30% at a p-value of 0.05, assuming standard
775 deviation of 15% from the mean. Additional animals were added if variance was high, or trends toward significance
776  were observed (to bolster or invalidate trending values). In general, untreated Ndufs4(KO) animals show high variance
777  when disease is advanced, necessitating increased replicate numbers (such as in plethysmography analyses). All
778 lifespan curves include at minimum 6 animals from different litters. Control treated Ndufs4(KO) groups are more
779  heavily populated for three reasons: first, variance is highest in this group; second, increasing n in this group adds to
780 statistical power of all treatment comparisons; third, control treated animals were included throughout the course of
781 these studies to ensure not drift in the behavior of our colony as treatment groups were studied.

782

783 Randomization and blinding — all treatment groups were randomly assigned. Blinding was performed during image
784  analysis. Full blinding of treatments was not possible due to hair color and body size changes induced by treatments,
785 as detailed.

786

787  Inclusion/exclusion criteria — animals showing severe weaning stress, born as runts, or born with unrelated health
788 issues (for example hydrocephaly) were excluded. Otherwise, no animals were excluded from randomization to
789 treatment groups.
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830 Figure 1 — Isoform specific inhibition of PI3K catalytic subunit p110y, but not p110a, p110§, or p1100o,
831 significantly attenuates disease in the Ndufs4(KO) mouse model of LS. (A) Disease course in untreated
832  Ndufs4(KO) animals. Ages of death, onset of cachexia, and onset of observable behavioral symptoms related to
833 neurologic dysfunction are shown. Disease symptoms on or onset shortly after postnatal day ~37, with a rapid
834  progression of symptoms until death by a median age of ~P63 (in this study). Data here, and in subsequent graphs, are
835 shown as ‘percent ever’ — when animals display a given symptom (see Methods) they are scored and scoring for any
836 given animal is not reversed even if the symptom is not observed on later dates. (B) Survival curves (i) and associated
837  lifespan and dosage data (ii) for Ndufs4(KO) animals treated with isoform specific inhibitors of the PI3K catalytic
838 subunits p110a, p110B, p1109, or p110y (BYL719 in purple, GSK2636771 in orange, CAL-101 in green, and IP1-549
839  in blue, respectively), or control chow (black). Published rapamycin treatment data is overlayed for reference (grey).
840  Grey dashed line indicates median lifespan of rapamycin treated Ndufs4(KO) animals. (ii) Key for PI3K catalytic
841 subunit inhibitor treatment lifespan curves with PPM in chow, approximate oral dosing, and median lifespans shown.
842  Published rapamycin data provided for reference. *p<0.05, **p<0.005, and ***p<0.0005 by log-rank test. (C-E) Onset
843 of clasping (C), ataxia (D), and circling (E) in Ndufs4(KO) mice treated with inhibitors of PI3K catalytic subunits
844  pl10a (purple), p110p (orange), p1103 (green), or p110y (blue) (treatment groups also noted with Greek symbols
845 above curves). Mice are scored when the symptom presents on at least two consecutive days. *p<0.05, **p<0.005,
846 *#*p<0.0005, and ****p<0.0001 by log-rank test vs untreated Ndufs4(KO) animals. (F) Performance of control and
847  catalytic subunit specific inhibitor treated Ndufs4(KO) mice on a rotarod assay. *p<0.05, **p<0.005, ***p<0.0005,
848 and ****p<0.0001 by unpaired, unequal variances (Welch’s), t-test. (G) Scatter plots of Ndufs4(KO) mouse weight
849  as a function of age and treatment, with local regression (Lowess) curve overlayed to display population trends. (i)
850 control, BYL719 (p110a inhibitor), GSK2636771 (p110p inhibitor), and CAL-101 (p1105) treated Ndufs4(KO) mice.
851 (i) ABI-009 (mTOR inhibitor) and IPI-549 (p110y inhibitor) treated Ndufs4(KO) mice. (H) Onset of cachexia in
852  Ndufs4(KO) mice treated with inhibitors of PI3K catalytic subunits p110a (purple), p110p (orange), p1105 (green),
853 or pl10y (blue) (treatment groups also noted with Greek symbols above curves). Cachexia onset, scored after
854  completion of the survival studies, was scored as the day of life when an individual animal began showing weight-
855 loss after ~P37 (see Methods). *p<0.05, **p<0.005, ***p<0.0005, and ****p<0.0001 by log-rank test vs untreated
856  Ndufs4(KO) animals. (I) Blood glucose by age in control and PI3K catalytic subunit inhibitor treated Ndufs4(KO)
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animals. Each point represents the median value measured for one animal during the given time period (datapoints are
biological replicates). *p<0.05, **p<0.005, ***p<0.0005, and ****p<0.0001 by unpaired, unequal variances
(Welch’s) t-test. (J) Growth rate during the P21-P35 period of rapid post-natal growth. Datapoints represent individual
animals. ****p<(0.0001 by Welch’s ANOVA. *p<0.05, **p<0.005, ***p<0.0005, and ****p<0.0001 by unpaired,
unequal variances (Welch’s) t-test. (K) Maximum animal weight over the course of lifespan. ****p<0.0001 by
Welch’s ANOVA. *p<0.05, **p<0.005, ***p<0.0005, and ****p<0.0001 by unpaired, unequal variances (Welch’s)
t-test. (L) Cause of death in survival studies by treatment group (see Methods). For all panels, error bars represent
SEM.
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Figure 2 — Leukocyte depletion prevents CNS lesions and significantly attenuates disease in the Ndufs4(KO)
model of LS. (A) Dose-dependent impact of the CSF1R inhibitor pexidartinib (i) and mTOR inhibitor rapamycin
(ABI-009) (ii) on the fraction of Ibal(+) leukocytes (in this instance microglia due to source for cultures, see Methods)
in mixed primary brain cultures. Error bars represent SEM, dashed lines show the 95% confidence interval for an
[Inhibitor] vs. response (three parameters) least squares fit. (iii) Representative images of mixed primary brain cultures


https://doi.org/10.1101/2021.11.11.468271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.11.468271; this version posted November 12, 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-NC-ND 4.0 International license.

871 stained with an anti-Ibal antibody (green) and DAPI (blue, nuclei). (B) Representative pictures of control and
872  Ndufs4(KO) animals treated with control diet or ~300 mg/kg/day pexidartinib via chow. Pexidartinib treatment caused
873 animal fur to whiten. (C-D) Quantification of brainstem (C) and cerebellar peduncle (D) lesion size (area of lesion in
874  central slice in serial sectioning, see Methods) in control and 300 mg/kg/d pexidartinib treated control and Ndufs4(KO)
875 animals. Quantification (i) and representative images (ii) for both regions. Representative images are only provided
876  for Ndufs4(KO) animals as control mice do not develop lesions (see Fig. 3 for quantification of Ibal(+) leukocytes
877 and GFAP(+) astrocyte cell numbers in control and Ndufs4(KO) mice). Anti-Ibalantibody staining in red, DAPI
878 (nuclei) in greyscale (see Methods). Lesion areas indicated by dashed white lines. Ages are noted in representative
879 images (P78, etc). ****p<0.0001 by unpaired, unequal variances (Welch’s), t-test. (E-G) Onset of clasping (E), ataxia
880 (F), and circling (G) in Ndufs4(KO) mice fed control diet (black lines) or administered pexidartinib at 100 (dotted red
881 lines), 200 (dashed red lines), or 300 (solid red lines) mg/kg/day Ndufs4(KO) mice. *p<0.05, **p<0.005,
882 *#*p<0.0005, and ****p<0.0001 by log-rank test vs untreated Ndufs4(KO) animals. (H) Performance of control and
883 pexidartinib treated animals on a rotarod assay. *p<0.05, **p<0.005, and ****p<0.0001 by unpaired, unequal
884 variances (Welch’s), t-test. (I) Representative traces of breathing activity in P70 (+/- 2 days) control and Ndufs4(KO)
885 mice fed control chow or administered 300 mg/kg/d pexidartinib. (J) Multivariable plotting of respiratory amplitude
886 irregularity, frequency, and frequency irregularity in P70 (+/- 2 days) control and Ndufs4(KO) mice fed control chow
887  or administered 300 mg/kg/d pexidartinib. (K) Single variable analysis of data in panel (J). Datapoints represent
888 individual animals, error bars show SEM. *p<0.05, **p<0.005, and ****p<0.0001 by unpaired, unequal variances
889  (Welch’s), t-test. (L) Respiratory responses to increased environmental COz. Pairwise data shown for responses in
890  individual mice **p<0.005 by Wilcoxon matched pairs signed rank test.

891


https://doi.org/10.1101/2021.11.11.468271
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.11.468271; this version posted November 12, 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-NC-ND 4.0 International license.

A
iii IBA1 (red) GFAP (green) DAPI (blue) . .
i il d = o i. il
Cortex Cortex o Brainstem Brainstem
*ok * Qo (outside lesion) (outside lesion)
Lk L E— L — - o 600 * X o 800 L
£ E £ E |7 00 E | L
€ 800 £ 1000 ° c | £ £ °
£ o = =} = 400 - Fkokok = 600
<600 o 750 k o @
@ ] % 400
= 3
8400 § 500 220“ §
+
F200 £ 250 av < g 001 @
§ 0 < 0 § E’ g o T o T o < 0
2 38 38 S 38 5 ) 28 &8 g § g §
T? T 5° ®° o E 3 x 3 x 4 4
S x 8 x X o x S ] 23 23 °% o3
£g Ep 58 5@ X o £a Efa £a £a
c o t o tQ Eo R < < c c
S S H S ae 2_ 2 2 2 __
Control Ndufs4(KO)  Control Ndufs4(KO) = Control Ndufs4(KO) Control Ndufs4(KO)
Control Ndufs4(KO)
c D F
@40 .
* g 1. —_
® 20 T 1 N ' -
3] ® 30 200 % % % k)
= (2] - [=)]
] 2 E
= 10 O No 3 °
g Seizures €& n
€5 P2 Seizures 310 8
S E E
Z 0 0 o
FR=R=] 0 600 1200 1800
‘a - ANm T.
Sxxx ime (sec) N 0
e 0 — T T
gaaa = Unrestsd — e Pax200 20 40 60 80 100 120 50 100 150 200
Age (days) Age(days)
*
G H . Fokk | J
i i il : A . *k
L . 2 =8 i 10001 i 6 Q
. o s = * 9
7.5 c ns 7.5 = ek o U
= = Iz = E o = ~
T = 600 c o6 S 750 [iL71 =4 O
~ 8 8 ~ ® e e 8 £ < 0
© 5.0 T 5.0 b o =
FTRl [ ST S 2 40 2 3 bet : <2 =
s J ity ° = "4 S 500 o1 2 ® 0.
o ] 13} < ¢ £
T 2.5 Ea ®25 2 S ] g o <
- P - =2 T 250 s =
§ 0 [ 5] 22 e
0.0 8 0.0 @ 3 ° o
0 30 60 90 120 -I-200 0 30 60 9 120 0 LA 0 ALY 4 ae L
Time (min) 3088 Time (min) 28888 22838 238 £ 3
«++ Control sP35 E¥S5F§ ~e= Control S0 Xa = S99 %Xam s 5 T s
SIS 3 Untreated SSpen Ssoan ge3 e 3
— Control =P40 ogog Neufsdko) o Noufs4KO) TEQLT EEQ" < £E€a £ o
-+« Ndufs4(KO) sP35 3 3 Unirosted | o e ) 22 22 5359 S
893 = Ndufs4(KO) =P40 <P35 2F40 —— g:”lﬂsl(mKO) ABI-009 O Ndufs4(KO) O Ndufs4(KO) o g Ndufs4(KO)

894 Figure 3 — Leukocyte depletion prevents microgliosis and astrocytosis throughout the brain and rescues a range
895 of systemic symptoms associated with LS in the Ndufs4(KO) mice. (A) Quantification of Ibal(+) leukocytes (i)
896 and GFAP(+) astrocytes (ii) in the cortex of control and 300 mg/kg/d pexidartinib treated control and Ndufs4(KO)
897  (see Methods). (iii) Representative images of cortex. Datapoints represent individual animals, error bars show SEM.
898 *p<0.05 and **p<0.005 by unpaired, unequal variances (Welch’s), t-test. (B) Quantification of Ibal(+) leukocytes (i)
899  and GFAP(+) astrocytes (ii) in brainstem regions outside of overt lesions in control and 300 mg/kg/d pexidartinib
900 treated control and Ndufs4(KO). See Fig. 2 for representative images. Datapoints represent individual animals, error
901 bars show SEM. *p<0.05 and **p<0.005 by unpaired, unequal variances (Welch’s), t-test. $p<0.05 by student’s t-test,
902  p<0.06 by Welch’s t-test. (C) Frequency of seizures at P30 in the rotarod assay by treatment (Ndufs4(KO) genotype
903 only — seizures not observed in control mice). *p<0.05 by Fisher’s exact test. (D) Time to seizure for animals in
904  Ndufs4(KO) mice in the rotarod assay at P30. All datapoints shown (none censored). *p<0.05 by log-rank test. (E)
905 Weight and cachexia. (i) and (ii) Black line — control treated, dotted red line — 100 mg/kg/d, dashed red line — 200
906  mg/kg/d, solid red line 300 mg/kg/d treated Ndufs4(KO) animals. (i) Scatter plots of Ndufs4(KO) mouse weight as a
907  function of age and treatment, with local regression (Lowess) curve overlayed to display population trends. (ii)
908 Cachexia onset (see Fig. 1 and Methods) in control and pexidartinib treated Ndufs4(KO) mice. *p<0.05,
909 *#*%p<0.00005 by Log-rank test. (F) Blood glucose by age in control and pexidartinib treated Ndufs4(KO) animals.
910  Each point represents the median value measured for one animal during the given time period (datapoints are
911 biological replicates). *p<0.05 and ****p<0.0001 by unpaired, unequal variances (Welch’s) t-test. (G) Blood lactate
912 levels in response to a glucose bolus (2 g/kg) in control and Ndufs4(KO) mice at pre-disease (P25) and early disease
913 (P45) ages. (i) Time-course of lactate levels and (ii) total area under the curve (AUC) for blood lactate from 0-90 min.
914  Error bars represent SEM, **p<0.005 by unpaired, unequal variances (Welch’s) t-test. (H) Blood lactate levels in
915 response to a glucose bolus (2 g/kg) in untreated control and Ndufs4(KO) mice and Ndufs4(KO) mice treated with
916  pexidartinib (300 mg/kg/d in chow), IPI-549 (100 mg/kg/d in chow), or rapamycin (ABI-009 formulation, 8 mg/kg/d
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by IP injection). (i) Time-course of lactate levels, (i) baseline lactate, and (iii) total area under the curve (AUC) for
blood lactate from 0-90 min. Error bars represent SEM, *p<0.05, **p<0.005, ****p<0.0001 by unpaired, unequal
variances (Welch’s) t-test. (I) Change in blood lactate concentration in control and Ndufs4(KO) mice after a 30 min
exposure to 0.4% isoflurane and the impact of treatment with 300 mg/kg/d pexidartinib. *p<0.05, **p<0.005 by
unpaired, unequal variances (Welch’s) t-test. (J) Mean alveolar anesthetic concentration (MAC) of isoflurane
associated with anesthesia in control and 300 mg/kg/d pexidartinib treated Ndufs4(KO) mice. **p<0.005 by unpaired,
unequal variances (Welch’s) t-test.
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925
926 Figure 4 — Pexidartinib dose-dependently extends Ndufs4(KO) survival, with survival limited by drug toxicity

927 rather than CNS disease. (A) Survival and cause of death in Ndufs4(KO) mice treated with increasing doses of
928 pexidartinib. (i) Survival curves. Black line — control treated Ndufs4(KO). Red dotted, dashed, and solid lines -
929  Ndufs4(KO) mice treated with 100, 200, or 300 mg/kg/d pexidartinib, respectively. Purple dashed/dotted line — control
930  animals treated with 300 mg/kg/d pexidartinib. Grey dashed line — rapamycin lifespan (for reference). (ii) Median
931 lifespans and dosing data associated with (i). (iii) Cause of death for Ndufs4(KO) animals in control and pexidartinib
932  treatment groups (all control animals on pexidartinib 300 mg/kg/d diet of unknown causes with no evident illness).
933 (B) Plasma ALT (i) and AST (ii) levels as determined by enzymatic activity assay. *p<0.05 and **p<0.005 by
934 unpaired, unequal variances (Welch’s) t-test. (C) Levels of 23 chemokines (see Methods) in brainstem of P45
935 Ndufs4(KO) and control animals. *p<0.05 by unpaired, unequal variances (Welch’s) t-test. (D) Concentrations of
936 select chemokines in brainstem of control and Ndufs4(KO) animals at P25 and P45. (i) Leukemia inhibitory factor
937 (LIF), (ii) Interferon gamma-induced protein 10 (IP-10), (iii) Vascular endothelial growth factor (VEGF), and (iv)
938 interferon y (IFN y). *p<0.05, **p<0.005, and ***p<0.0005 by unpaired, unequal variances (Welch’s) t-test. (E) Our
939  data, taken with recent findings linking disease to glutamatergic neurons, lead to a new model for the pathogenesis of
940  disease in LS. In this model, CNS lesions, and at least a portion of other systemic sequelae, are not the direct result of
941 energetic stress or ROS, but instead are causally downstream of immune involvement. Key remaining questions
942  include 1) what specific aspect of mitochondrial dysfunction leads to inflammatory signaling? 2) what is the exact
943 relationship between chemokine production and leukocyte proliferation? and 3) what defines the specific age of onset
944 (~P37) in the Ndufs4(KO) model?

945
946
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947
948 Fig. S1. Cachexia occurs without anorexia in Ndufs4(KO). (A) Daily weight and (B) food consumption

949 measurements for control and Ndufs4(KO) animals. Ndufs4(KO) mice are small compared to control animals, so
950  consumption is normalized to weight at P30, a post-weaning, but pre-disease onset, weight. While there was a
951 noticeable presence of day-to-day food consumption outlier days in the Ndufs4(KO) mice (B), neither the average
952 food consumption per day (A) or total food consumption (B) throughout the period from onset of cachexia to death
953 were different in the Ndufs4(KO) animals when normalizing to animal weight at P30. The age-range in (D) was set to
954 span the period shortly prior to the onset of cachexia and continue until the first mouse was lost to euthanasia.
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956  Fig. S2. Tissue levels of PI3K p110 catalytic subunit isoform specific inhibitors. (A) Liver and (B) brain tissue
957 levels of BYL719, GSK2636771, IP1-549, and CAL-101 (see Methods).
958
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960 S3. Impact of BKM120 during post-weaning development. BKM120 treatment at 50 or 100 mg/kg/day led to
961 weight loss and euthanasia in both control and Ndufs4(KO) mice when treated during post-weaning development. N=2
962  animals per dose and genotype for BKM120.
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964 Fig. S4. Expresswn pattern of PI3K p110 catalytic subunit isoforms. Expression of p110a, p110p, p1109d, and

965 p110y isoforms in different human tissues. Data and figures collected from the GTEx database by searching for
966  PIK3CA, PIK3CB, PIK3CG, and PIK3CD. https://gtexportal.org/home/gene/
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968 Fig. S5. Tissue levels of drug in mice treated with 100, 200, or 300 mg/kg/day pexidartinib in chow. (A) Liver
969 and (B) brain drug levels. See Methods.
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971 Fig. S6. Impact of pexidartinib on olfactory bulb microgliosis and astrocytosis. Pexidartinib treatment appears to
972 rescue neuroinflammation in the olfactory bulb, though high variance and limited sample numbers preclude statistical

973 significance in some comparisons. Representative images shown.
974
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in glucose tolerance test. Glucose clearance in the GTT assay does not change as a function of age from pre- to post-
P37. Area under the curve (AUC) for glucose trends up in Ndufs4(KO) animals at both ages but is non-significant and
the difference does not change with age. N=10 control animals per age, 4 Ndufs4(KO) at P30-35 and 8 at P40-45.
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