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Introductory Paragraph 30 

Intronic G4C2 hexanucleotide repeat expansions of C9orf72 are the most common cause of 31 

familial variants of frontotemporal dementia / amyotrophic lateral sclerosis (FTD/ALS)1,2.  G4C2 32 

hexanucleotide repeat expansions (HREs) in C9orf72 undergo non-canonical repeat associated 33 

translation, producing dipeptide repeat (DPR) proteins, with various deleterious impacts on 34 

cellular homeostasis3.  While five different DPRs are produced, poly(glycine-arginine) (GR) is 35 

amongst the most toxic, and is the only DPR to accumulate in the associated clinically relevant 36 

anatomical locations of the brain4,5.  Previous work has demonstrated the profound effects of a 37 

poly(GR) model of c9FTD/ALS, including motor impairment, memory deficits, 38 

neurodegeneration, and neuroinflammation6.  Neuroinflammation is hypothesized to be a driving 39 

factor in the disease course; microglia activation is present prior to symptom onset and persists 40 

throughout the disease7.  Here, we establish the contributions of the NLRP3 inflammasome in 41 

the pathogenesis of FTD/ALS, resulting from a stress-induced neuronal-microglial crosstalk 42 

feedforward loop.  In a mouse model of c9FTD/ALS, inflammasome-mediated inflammation was 43 

increased with microglial activation, cleavage of caspase-1, upregulation of Cxcl10, and 44 

production of IL-1β.  We find that genetic ablation of Nlrp3 protected behavioral deficits and 45 

prevented neurodegeneration as seen in C57BL6J Wild Type mouse model of c9FTD/ALS.   46 

Ultimately, survival was improved by the genetic ablation of Nlrp3. Moreover, we identified the 47 

process by which neuronal stress signals induced by hexanucleotide expansions initiate an 48 

inflammatory cascade in microglia.   These findings provide evidence of the integral role of 49 

inflammasome-mediated innate immunity in c9FTD/ALS pathogenesis, and suggest the NLRP3 50 

inflammasome as a therapeutic target. 51 

 52 

 53 

 54 
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Main Text 55 

To directly investigate the effects of GR induced neuronal stress in the brain in c9FTD/ALS, 56 

neonatal intracerebroventricular injections of adeno-associated virus serotype 9 (AAV9) vectors 57 

containing either GFP (control) or 100 repeats of the GR dipeptide (GFP-(GR)100), was 58 

conducted, as previously reported6.   AAV9 have a strong expression pattern in neurons of the 59 

brain, but not microglia8, allowing for the targeted investigation of neuronal induced effects.  60 

Body weight of GFP and GFP-(GR)100 mice did not differ throughout the study (Supplementary 61 

Figure 1a). 62 

    63 

Examination of c9FTD/ALS behavioral features in GFP-(GR)100  revealed significant mortality 64 

over the course of the paradigm, with over 25% of animals dying before completion (Fig 1a).  To 65 

assess behavioral responses, mice were tested for contextual and cued memory, motor 66 

function, and anxiety.  GFP-(GR)100 animals exhibited a significant reduction in freezing in both 67 

the contextual and cued memory paradigms (Figs 1b-c).  GFP-(GR)100 animals exhibited a 68 

significant increase in falls in the hanging wire test (Fig 1d).  GFP-(GR)100 mice exhibited 69 

anxiety with an increase in thigmotaxis in the Open Field Test (Fig 1e).  The observed 70 

impairments in motor function, memory, anxiety, as well as mortality largely replicate those seen 71 

in c9FTD/ALS. 72 

 73 

Next, as we hypothesized the inflammasome contributes to the neurodegeneration in 74 

behaviorally relevant brain regions in the central nervous system in c9FTD/ALS, we quantified 75 

GFP-expressing neurons, indicating virally infected cells, in brain regions with major 76 

contributions to the observed behavioral phenotype.  These include the prefrontal cortex (PFC), 77 

the parietotemporal lobes of the cortex (CTX), and the hippocampus (HP).  This GFP-(GR)100 78 

model of c9FTD/ALS has previously been shown to not effect spinal cord pathology, allowing for 79 
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specific evaluation of associated brain pathologies6.   GFP-(GR)100 mice exhibit significant 80 

reduction in GFP-expressing neurons in the CTX, PFC, and HP (Fig 1g-i).  Representative 81 

images are depicted in Figure 1f.  82 

 83 

Microglia mediated neuroinflammation has been described in cases of ALS9.  Microgliosis has 84 

also been previously described to occur in this model, beginning at 1.5 months of age6.  We 85 

hypothesized that microglia, the innate immune cells of the brain, may be causally related to the 86 

pathogenesis of c9FTD/ALS.  To determine microglial response to the disease process, we first 87 

stereologically quantified the density of microglia in the cortex, a relevant region of the brain that 88 

contributes to the behavioral impairments we observed in GFP-(GR)100 and found a significant 89 

increase in GFP-(GR)100, compared to GFP controls (Fig 1k).   We next performed quantitative 90 

morphological analyses to characterize activation states microglia. In CTX of GFP-(GR)100 mice, 91 

there was a trending increase in the level of ramifications closer to the soma, indicated by the 92 

increase in intersecting segments within 10 µm of the soma (Fig 1i) suggesting microglia 93 

hyperramification, compared to GFP controls. This is accompanied by a statistically significant 94 

decrease in the number of intersecting segments further away from the soma (20 – 30 µm away 95 

from the soma) (Fig 1i), indicative of an activated state described by microglia branch 96 

contraction accompanied with increased branch complexity, as depicted by a representative 97 

microglia in situ in (Figure 1j.II).  This increased density and morphological ramification of 98 

microglia in the CTX is indicative of a neuroinflammatory response occurring in GFP-(GR)100 99 

mice.   100 

 101 

Next, we investigated the effects of microglial activation seen in GFP-(GR)100 animals.  We 102 

hypothesized that NLRP3 inflammasome responses may be related to the neuronal stress 103 

induced by GFP-(GR)100.  NLRP3 inflammasome complexes contain pro-caspase-1, which is 104 
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cleaved to active-caspase-1, which in turns processes the zymogenic forms of IL-1β and IL-18 105 

into active forms; as such, we measured levels of pro-caspase-1 and active-caspase-1 via 106 

Western Blot in the cortex, and IL-1β and IL-18 via ELISA.  GFP-(GR)100 mice exhibit an 107 

increase in active caspase 1 (Fig 1m), pro-caspase-1 (Fig 1n) and the ratio of active caspase-1 108 

to pro-caspase-1 (Fig 1o), in the CTX.  Additionally, IL-1β was significantly increased in the 109 

CTX of GFP-(GR)100, compared to GFP controls, while there was no change in IL-18 (Fig 1q-r). 110 

Collectively, the elevation of active caspase-1, pro-caspase-1, IL-1β, microgliosis and activation 111 

of microglia suggests that there is a significant innate immune driven response in vivo in GFP-112 

(GR)100 mice as a result of inflammasome assembly and activation in microglia. 113 

 114 

Based upon our results identifying significant innate immune related inflammation in a GFP-115 

(GR)100 model of c9FTD/ALS, we targeted the NLRP3 inflammasome complex via genetic 116 

ablation. To test the effects of genetic ablation of Nlrp3, GFP-(GR)100 or GFP expression in the 117 

mouse brain was achieved by neonatal intracerebroventricular injections of adeno-associated 118 

virus serotype 9 (AAV9) vectors in mice lacking the Nlrp3 gene (Nlrp3-/-).  Weights of Nlrp3-/--119 

GFP and Nlrp3-/--GFP-(GR)100 did not differ over the course of the study (Supplementary 120 

Figure 1b). 121 

 122 

Examination of the behavioral effects of inflammasome targeted interventions revealed no 123 

change in mortality in Nlrp3-/- GFP-(GR)100 compared to Nlrp3-/- GFP and WT-GFP over the 124 

course of the experimental paradigm (Fig 2a).  Assessment of memory function demonstrated 125 

unaffected contextual memory in Nlrp3-/--GFP-(GR)100 animals compared to Nlrp3-/--GFP; 126 

however, significant cued memory deficits are still evident (Fig 2b-c). Motor function, which was 127 

significantly impaired in WT-GFP-(GR)100, remained unaffected in Nlrp3-/- GFP-(GR)100, with 128 

animals performing at a statistically similar level to Nlrp3-/--GFP and WT-GFP animals. (Fig 2d).  129 

Anxiety, as assessed by the OFT, revealed no changes in Nlrp3-/--GFP-(GR)100 animals 130 
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compared to Nlrp3-/--GFP (Fig 2e).  Interestingly, both Nlrp3-/--GFP and Nlrp3-/- GFP-(GR)100 131 

exhibited less freezing time in both the contextual memory task, while exhibiting a greater 132 

preference for the center zone than WT-GFP.  133 

 134 

We next investigated the effects of targeting the NLRP3 inflammasome on neurodegeneration. 135 

GFP-(GR)100 mice. In the CTX, no change in the count of GFP-expressing neurons was noted in 136 

Nlrp3-/--GFP-(GR)100 compared to either WT-GFP or Nlrp3-/--GFP (Fig 2g).  Lack of 137 

neurodegeneration in the CTX and protection in the associated behavioral tasks indicate a role 138 

of Nlrp3 in c9FTD/ALS pathogenesis. 139 

 140 

As we above demonstrated the presence of inflammasome mediated neuroinflammation in the 141 

cortex in GFP-(GR)100 mice, we further investigated these findings in the cortex of Nlrp3-/--GFP-142 

(GR)100 mice.  To assess levels of proinflammatory cytokines produced as a result of activation 143 

of inflammasome activation in response to GFP-(GR)100, we quantified levels of IL-1β and IL-18 144 

in the CTX of WT-GFP, Nlrp3-/--GFP, and Nlrp3-/--GFP-(GR)100 mice.  Nlrp3-/--GFP-(GR)100 mice 145 

exhibited a significant increase in IL-1β, compared to WT-GFP controls (Fig 2h).  Interestingly, 146 

IL-18 production was significantly lower in both Nlrp3-/--GFP and Nlrp3-/--GFP-(GR)100 compared 147 

to WT-GFP mice (Fig 2i).  We next assessed the levels of the pro-IL-1β and pro-IL-18 148 

processing caspase-1. No change in active caspase-1 (Fig 2j), pro-caspase-1 (Fig 2k), and the 149 

ratio of active caspase-1 to pro-caspase-1 (Fig 2l) was seen in Nlrp3-/--GFP-(GR)100 animals 150 

compared to Nlrp3-/--GFP or WT-GFP. 151 

 152 

Genetic ablation of the NLRP3 inflammasome prevented the significant mortality, motor 153 

impairment, contextual memory deficits, and anxiety exhibited in our WT GFP-(GR)100 mice.  154 

Furthermore, significant protection to GFP-expressing neurons in CTX as well as the ratio of 155 

active-caspase-1 to pro-caspase-1 is conferred by Nlrp3 ablation.  Thus, these data further 156 
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support the idea of microglia driven innate immune responses in the brain to the pathogenesis 157 

of c9FTD/ALS, and identify a novel treatment strategy of targeting microglia mediated innate 158 

immune responses. 159 

 160 

The above data demonstrate the link of innate immune driven inflammation to disease 161 

pathogenesis in GFP-(GR)100 animals. We next investigated the transcriptional regulation of 162 

genes in the cortex, prefrontal cortex, and hippocampus of GFP-(GR)100 mice. Principal 163 

component analysis indicated samples tend to cluster amongst treatment groups, with both 164 

cortex and pre-frontal cortex tissues clustering within treatment groups, showing similar 165 

transcriptional profiles within GFP and GFP-(GR)100 groups (Fig 3a).   166 

 167 

Using DESeq2, a total of 165 genes are differentially regulated in the cortex of GFP-(GR)100 168 

animals (padj < 0.1).  Overall transcriptional patterns depicting the significantly differentially 169 

expressed genes are visualized in Figure 3b, with the top three mapped upregulated and 170 

downregulated genes labelled (as identified by the magnitude of Log2Fold Change) (Figure 3b). 171 

The top upregulated mapped gene in GFP-(GR)100 is Cxcl10, which has been previously shown 172 

to result in the proliferation and activation of microglia10. 173 

 174 

Based on our above-described in vivo data characterizing a causal link between inflammasome 175 

activation and neurodegeneration resulting in behavioral impairments, we hypothesized that 176 

GFP-(GR)100 expression would invoke transcriptional changes in innate immune responses.  177 

Examination of the pathways and regulators enriched in the differentially-expressed genes using 178 

Ingenuity Pathway Analysis confirms enrichment in neuroinflammatory signaling pathways 179 

including “Complement System”, “TREM1 Signaling”, “Chemokine Signaling”, and “NF-κB 180 

Signaling”, in the cortex (Fig 3c).  These pathways are core regulators of inflammatory 181 
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responses and microglial activation. Amongst validated genes (Supplemental Figure 2), we 182 

found that Cxcl10 is significantly upregulated, with a 7-fold increase in GFP-(GR)100 animals, 183 

compared to GFP controls (Fig 3d).   184 

 185 

The transcriptomic changes exhibited in GFP-(GR)100 animals heavily point to significant innate 186 

immune, microglia mediated responses.  Our findings of significant Cxcl10 upregulation 187 

suggests there is a neuronal signal released which can activate microglia, and induce innate 188 

immune cascades in GFP-(GR)100 mice. 189 

As Cxcl10 is an important signal for the immune responses of microglia10, we investigated the 190 

production and effects of Cxcl10 in primary neuronal and microglial cultures, in vitro.  We 191 

studied, in vitro, the neuronal effect of GFP-(GR)100 infection on CXCL10 production, and 192 

whether CXCL10 induces microglia activation. First, we investigated whether the expression of 193 

GFP-(GR)100 induced neuronal death in vitro.  GFP-(GR)100 neurons exhibited a significant 194 

increase in the release of LDH compared to GFP neurons (Fig 4a), confirming the GFP-(GR)100-195 

induced neuronal injury and death observed in vivo. As Cxcl10 was shown to be highly 196 

upregulated in vivo in GFP-(GR)100 mice, we hypothesized that neurons are able to produce and 197 

secrete CXCL10, in response to GFP-(GR)100.  To test this, primary cortical neurons were 198 

transfected with either AAV9-GFP or AAV9-GR100 and cell supernatants were analyzed for 199 

CXCL10 concentration.  GFP-(GR)100 neurons demonstrated significantly increased production 200 

of CXCL10 compared to GFP neurons (Fig 4b).   201 

 202 

As we identified Cxcl10 is highly upregulated in vivo, and was determined experimentally to be 203 

significantly released by primary cortical GFP-(GR)100 neurons in vitro (Fig 4b), we next 204 

investigated whether CXCL10 activates microglia.  Tumor necrosis factor-alpha (TNF-α) 205 

constitutes a hallmark for microglia activation and has previously been shown to play an 206 
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important role in the transcriptional regulation of components of the NLRP3 inflammasome11.  207 

To test the ability of CXCL10 to induce TNF-α expression, primary cortical microglia cultures 208 

were treated with escalating doses of CXCL10 and the TNF-α released to cell supernatant was 209 

measured.  CXCL10 significantly increased the microglial production of TNF-α in a dose-210 

dependent manner (Fig 4c), while the co-treatment with a CXCL10 neutralizing antibody results 211 

in a significant reduction in the TNF-α secreted by microglia (Fig 4d).  Finally, to analyze if 212 

CXCL10 mediates the activation of IL-1β processing inflammasome complexes, we measured 213 

the release of IL-1β from primary cortical microglia in response to escalating doses of CXCL10. 214 

There is a significant, dose-dependent escalation in the secretion of IL-1β (Fig 4e).  Co-215 

treatment with a CXCL10 neutralizing antibody results in a significant reduction in IL-1β 216 

released by microglia (Fig 4f).  These data demonstrate a neuronal-microglial crosstalk 217 

whereby GFP-(GR)100 induces secretion of neuronal CXCL10, activating a microglial innate 218 

immune response, resulting in inflammasome activation and subsequent neuroinflammation.  219 

 220 

In conjunction with the rest of our data, these experiments suggest that neurons in c9FTD/ALS 221 

produce DAMPs such as CXCL10 as a result of GFP-(GR)100, which significantly stimulates pro-222 

inflammatory reactions from microglia, leading to inflammasome activation (Fig 4g).  Targeting 223 

the resultant NLRP3 inflammasome dependent responses serves as a potent substrate for 224 

therapeutic intervention in c9FTD/ALS. 225 

 226 

Our present study provides evidence linking inflammasome activation to neurodegeneration, 227 

and provides a basis for the investigation of innate immune inflammasome inhibitors as a 228 

treatment of disease in c9FTD/ALS.  Here, we identify a key mechanism by which neuronal 229 

stress initiated by G4C2 HREs in c9FTD/ALS can activate microglia, producing an 230 

inflammasome-dependent innate immune response, which can be therapeutically targeted.  As 231 

neuronal stress occurs throughout various forms of FTD/ALS12–14, the self-perpetuating cycle of 232 
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neuronal stress inducing microglial inflammasome activation and resultant neuroinflammation 233 

may represent a conserved therapeutic substrate throughout the various disease subtypes of 234 

FTD/ALS.  Ultimately, we demonstrate that by targeting microglial reactivity through 235 

inflammasome inhibition, FTD/ALS pathogenesis was significantly attenuated through the 236 

genetic ablation of Nlrp3. The results of these studies identify the contributions of inflammasome 237 

activation in microglia to the pathogenesis of c9FTD/ALS. 238 

 239 

Microglial activation and the activation of the NLRP3 inflammasome have been demonstrated 240 

as crucial mediators in other neurodegenerative conditions including Alzheimer’s disease15, 241 

Parkinson’s disease16, and primary progressive multiple sclerosis 17.  Inflammation has also 242 

been noted pre-symptomatically in models of ALS18,19 and incidence of ALS has been 243 

demonstrated to be higher in individuals who have been diagnosed with an autoimmune 244 

disease20, indicating a putative role in the disease pathogenesis, and a target for therapeutic 245 

intervention.  Neuroimaging studies conducted on individuals with ALS have demonstrated 246 

microglial activation throughout the brain9,21.  Upon examination of the microglia in the cortex, 247 

we observed microgliosis consistent with previously identified findings6.  Morphologically, 248 

microglia in GFP-(GR)100 were in an activated state;  these findings are congruent with those 249 

identified in other neurodegenerative diseases, including Alzheimer’s Disease, in which 250 

morphologically activated microglia are present22.   251 

 252 

Inflammasome activation has been noted in other forms of ALS23–25.  We noted an increase in 253 

active caspase-1, pro-caspase-1, as well as the ratio of active-caspase-1 to pro-caspase-1 in 254 

the cortex of GFP-(GR)100 mice; these increases were attenuated via genetic ablation of Nlrp3.  255 

Interestingly, while IL-1β production was not attenuated by the genetic ablation of Nlrp3, Nlrp3-/- 256 

mice had a significantly lower level of IL-18 in the cortex compared to WT animals.  This Nlrp3 257 
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independent production of IL-1β has been demonstrated previously, whereby Nlrp3 deficient 258 

mice still produce IL-1β in response to a stimulus; however, IL-18 levels were significantly 259 

decreased26.  Studies employing caspase-1 deficient mice and caspase-1 targeting treatments 260 

should be employed in the future to further evaluate the therapeutic value of targeting 261 

inflammasome-produced cytokines in FTD/ALS. 262 

 263 

In addition to improvements in neurodegeneration and neuroinflammation, full genetic ablation 264 

of the Nlrp3-/- inflammasome conferred significant protection behaviorally in Nlrp3-/--GFP-(GR)100 265 

mice compared to Nlrp3-/--GFP controls; mortality was almost completely eliminated, contextual 266 

memory was preserved, motor function was protected, and there was no increase in anxiety.  267 

To determine if the NLRP3 inflammasome can be therapeutically targeted, further studies may 268 

employ experimental models whereby NLRP3 ablation by Cre dependent-designer receptor 269 

exclusively activated by designer drugs (DREADD) mice allow for temporal control of NLRP3 270 

expression, thereby evaluating both its role in presymptomatic disease, and evaluating whether 271 

the NLRP3 inflammasome may serve as a therapeutic target after symptom onset. 272 

 273 

Cxcl10, which we found to be highly upregulated in the cortex of GFP-(GR)100 mice, encodes for 274 

a small cytokine belonging to the CXC chemokines family. Upon neuronal death, CXCL10 is 275 

produced and exerts a chemotactic function by attracting microglia and CD8+ T cells, and can 276 

induce the activation of microglia, thereby causing the release of pro-inflammatory cytokines27.  277 

Chemotactic effects are demonstrated in our FTD/ALS model by the microgliosis in the cortex of 278 

GFP-(GR)100 mice where we see a significant increase in the density of microglia. Neuronal 279 

stress has been demonstrated in other forms of ALS, including in cases of sporadic ALS28.  280 

Dysregulation of CXCL10 chemotaxis in peripheral blood cells from ALS patients has been 281 

directly observed, which was associated to increased inflammatory responses29. These facts 282 
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further support our in vitro findings, where we demonstrated that neuronal cultures expressing 283 

(GR)100 dipeptides released higher concentrations of CXCL10, and the treatment of microglia 284 

cultures with increasing concentrations of CXCL10 promoted a dose-dependent increase in 285 

TNF-α and in IL-1β production, indicating microglial activation.  286 

 287 

In summary, our studies identify a novel neuron-microglia crosstalk mechanism in c9FTD/ALS 288 

whereby neuronal stress induced secretion of CXCL10 triggers inflammasome activation in 289 

microglia, thereby creating a self-propagating cycle of neurodegeneration and 290 

neuroinflammation.  Our findings show targeting the inflammasome responses represents a 291 

putative therapeutic strategy, as evidenced by the genetic ablation of Nlrp3 and resultant 292 

protection from behavioral impairment and neuropathologies. 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 
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Figures 361 

 362 

 Figure 1: Innate immune driven neuroinflammation and neurodegeneration in a GFP-363 

(GR)100 model of c9FTD/ALS 364 

Survival of GFP and GFP-(GR)100  (a).   Freezing in contextual fear memory task (b).  Freezing 365 

in cued memory task (c).  Number of falls in the third day of the Hanging Wire Test (d). Time 366 

spent in the central zone in the Open Field Test (e).  Representative GFP and GFP-(GR)100 367 

expressing neurons in the cortex, PFC, and hippocampal formation.  Green: GFP and GFP-368 

(GR)100 (f).  Count of GFP- and GFP-(GR)100-expression neurons in the CTX  (g), PFC (h), 369 

hippocampus (i).  3D reconstruction of microglia in the cortex, with increasing radii in 5 µm steps370 

to measure branch intersections (j).  Red: Iba1 immunofluorescence.  Green: Soma.  Yellow: 371 

branches. Microglial density in the cortex (k). Sholl analysis of microglia in cortex (l).  372 

Densitometric quantification of active caspase-1 (m), pro-caspase-1 (n), and the ratio of active 373 

caspase-1 to procaspase-1 (o) in the cortex, normalized to GFP.  Representative bands for 374 

caspase-1 (p).  52 kDa : Tubulin. 40 kDa: Procaspase-1.  20 kDa: Active Caspase-1. 375 

Concentration of IL-1β (q) and IL-18 (r) in the CTX. Survival was analyzed by logrank test. For 376 

(b-k, m-r), * p<0.05. **p<0.01. ***p<0.001. ****p<0.0001 by Two Tailed Welch’s t Test. For (I ), * 377 

p<0.05. **p<0.01. ***p<0.001. ****p<0.0001 by Two Way ANOVA with Tukey’s posttest.   Data 378 

are presented as mean ± SEM. 379 

5 

ps 
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 380 
 381 
 382 
Figure 2: Genetic ablation of NLRP3 inflammasome attenuates neurodegeneration and 383 
behavioral deficits in a GFP-(GR)100 model of c9FTD/ALS  384 
 385 
Survival of WT-GFP, Nlrp3-/--GFP and Nlrp3-/--GFP(GR)100 mice (a). Freezing in contextual fear 386 
memory task (b).  Freezing in cued memory task (c).  Number of falls in the third day of the 387 
Hanging Wire Test (d).  Time spent in the central zone in the Open Field Test (e). 388 
Representative WT-GFP, Nlrp3-/--GFP and Nlrp3-/--GFP(GR)100 expressing neurons in the 389 
cortex, Green: GFP and GFP-(GR)100 (f).  Count of GFP- and GFP-(GR)100-expression neurons 390 
in the CTX (g). Concentration of IL-1β (h) and IL-18 (i) in the CTX. Densitometric quantification 391 
of active caspase-1 (j), procaspase-1 (k), and the ratio of active caspase-1 to procaspase-1 (l) 392 
in the cortex, normalized to GFP.  Representative bands for caspase-1 (m).  52 kDa : Tubulin. 393 
40 kDa: Procaspase-1.  20 kDa: Active Caspase-1. 394 
 395 
For (a), survival was analyzed by logrank test. For (b-m), * p<0.05. **p<0.01. ***p<0.001. 396 
****p<0.0001 by Two-Way ANOVA with Tukey’s posttest.  Data are presented as mean ± SEM. 397 
Data are presented as mean ± SEM. 398 
 399 
 400 
 401 
 402 
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 403 
 404 
 405 
 406 
 407 
 408 
 409 
Figure 3: Transcriptional changes of GFP-(GR)100 410 

Principal component analysis (PCA) of samples. Abbreviations: Principal Component 1 (PC1); 411 
Principal Component 2 (PC2). Each point represents a single sample, with the tissue of the 412 
sample represented as a circle, triangle, or square. The treatment type is shown in red, green, 413 
or blue, for GFP and GFP-(GR)100 (a).  Volcano plots of cortical gene transcription.  X-axis 414 
represents the log2 fold change, while the Y-axis represents the negative log10 FDR-adjusted 415 
P-value. Genes with an adjusted P-value less than 0.10 are shown in blue.  The 3 most highly 416 
upregulated mapped genes and 3 most highly downregulated genes are highlighted in red (b). 417 
Inflammation related IPA pathways. Select immune system-related pathways are shown for the 418 
cortex; the p-value of each entry is represented by the size of the corresponding circle.  The z-419 
score, indicating the computed activation or repression of the given pathway, is indicated with a 420 
color gradient (c). RT-qPCR validation of the most highly upregulated gene, Cxcl10, in the 421 
cortex of GFP and GFP-(GR)100 mice. For d, * p<0.05 by Two tailed Welch’s t Test. 422 
 423 
 424 
 425 
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 426 
 427 
Figure 4: In vitro evaluation of neuronal signaling and resultant activation microglia in 428 
c9FTD/ALS 429 
 430 
Evaluation of neurotoxicity of GFP-(GR)100 (a), Neuronal release of CXCL10 after infection with 431 
GFP-(GR)100 (b),  CXCL10 dependent release of TNF-α (c), Neutralization of CXCL10 and TNF-432 
α release (d), CXCL10 dependent release of IL-1β (e), Neutralization of CXCL10 and IL-1β 433 
release (f).  Schematized mechanism of GFP-(GR)100 inducing neuronal release of CXCL10, 434 
which may then bind to microglial receptors and initiate an inflammasome response (g). The 435 
data shown correspond to average values of biological triplicates ran in technical duplicates. For 436 
a-f, * p<0.05. **p<0.01. ***p<0.001. ****p<0.0001 by one-way ANOVA. 437 
 438 
 439 

 440 
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Supplemental Figures 441 

 442 

 443 

 444 

 445 

Supplemental Figure 1: Physiological monitoring data of GFP and GFP-(GR)100 (a) and Nlrp3-/-446 
-GFP and Nlrp3-/--GFP(GR)100 mice (b) 447 

 448 
 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 
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 463 

 464 

Supplemental Figure 2: RT-qPCR validation of significant IPA Genes identified via RNAseq.   465 
Gene ontologies are indicated on the left. Colors indicate log2 fold change (Log2FC). *p<0.05. 466 
**p<0.01. ***p<0.001. ****p<0.0001 by Two-Tailed Welch’s t test. Statistically insignificant trends 467 
(p<0.1) are indicated. ns: not significant (p > 0.1). 468 
 469 
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 470 
 471 
Supplemental Table 1 : Primers used in this study 472 
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Materials and Methods 473 

Materials 474 

The AAV9-GFP and AAV9-GFP-(GR)100 viruses were a kind gift from Dr. Leonard Petrucelli. 475 

Unless specified otherwise, cell culture reagents were obtained from ThermoFisher Scientific 476 

(Waltham, MA) and antibodies were obtained from Abcam (Cambridge, MA). 477 

Subjects 478 

Wild-type C57BL/6J mice (#000664) and Nlrp3-/- mice (#021302) were obtained from The 479 

Jackson Laboratory (Bar Harbor, ME) and socially housed on a 12:12-h light/dark cycle with 480 

lights on at 07:00 h in a temperature-controlled (20�±�2�°C) vivarium. Mice were given food 481 

and water ad libitum and were bred to obtain mouse pups used in our studies. All procedures 482 

were approved by the Institutional Animal Care and Use Committee of the Icahn School of 483 

Medicine at Mount Sinai. 484 

C9orf72 dipeptide model of frontotemporal dementia / amyotrophic lateral sclerosis 485 

Upon confirmation of pregnancy, wild-type and Nlrp3-/- dames were separated and monitored 486 

daily for litters. After identification of a milk spot to confirm that newborn (p0) pups were being 487 

nursed, the pups were injected with AAV9-GFP or AAV9-GFP-(GR)100 by the ICV method. Pups 488 

were cryoanesthetized by placing in a padded 15mL tube partially submerged in a slurry of 489 

water and crushed ice. Upon confirmation of anesthesia by toe-pinch, we identified the point of 490 

injection, approximately two-fifths of the distance between bregma and each eye. A Hamilton 491 

syringe (#7634-01; Reno, NV) with a 32 ga needle (10 mm long, Hamilton #7803-04) was 492 

loaded with 4 µL of the AAV vector and placed 2 mm deep, orthogonal to the mouse’s head at 493 

the point of injection. 2 µL of the AAV vector was injected at a rate of 1 µL min-1 into each lateral 494 

ventricle. Upon completion of injections, each pup was rapidly returned to physiological 495 
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temperatures by placing on a warming pad. The litters were returned to dames upon completion 496 

of injection for the entire litter and monitored for acceptance. Mice were weaned at p30 by sex. 497 

For confirmation of diffusion prior to studies, a small number of mice were injected with Trypan 498 

Blue and sacrificed two hours later for dissection of the brain and examination by stereoscopic 499 

microscope. 500 

Behavioral testing 501 

After reaching 3 months of age, mice were tested through a battery of behavioral tests. All 502 

behavioral testing took place during the light phase of the day (9:00AM). On all days of 503 

behavioral testing, mice were acclimated to an anteroom directly adjacent to the behavioral 504 

testing room for 30 min. On Day One, mice were tested in the Open Field Test for basal anxiety 505 

and general locomotor impairments (Seibenhener et al., 2015). The Open Field apparatus 506 

consisted of a 40cm x 40cm x 40cm Plexiglass box with opaque white walls, situated within a 507 

dimly-lit room (200 lux). Mice were placed in the center of the apparatus and were allowed to 508 

freely explore for 10 minutes before being returned to their home cage. On Day Three through 509 

Five, mice were tested in a Hanging Wire Test for muscular impairments (Aartsma-Rus and van 510 

Putten, 2014). The Hanging Wire apparatus consisted of a 2mm-thick wire suspended 35cm 511 

over a layer of corn cob bedding, situated in a brightly lit room (500 lux). Mice were lifted from 512 

their home cage by the base of their tail and were placed near the wire until they grasped it with 513 

their forelimbs. The number of falls over a 2 min period were recorded. Falls in which the mice 514 

hanged from the wire from their hindlimbs were excluded from the number of falls. At the end of 515 

the behavioral trial, mice were returned to their home cages. On Days Seven through Nine, 516 

mice were tested in a Contextual and Cued Memory Test in two Contexts. Context A was a 517 

30cm x 24cm x 21cm conditioning chamber (Med Associates, Fairfax VT) within a room with 518 

white walls and bright lighting. Context A had a bare metal grid floor, bare grey walls, bright 519 

lighting, and background fan noise. Context A was cleaned with a 0.5% hydrogen peroxide 520 
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solution (Virox, Oakville Canada) between each trial. Context B was a chamber of the same 521 

dimensions within a room with dim lighting. The chamber had a white plastic floor, curved white 522 

plastic walls, dim lighting, no background fan noise, and scented with 0.25% benzaldehyde in 523 

70% ethanol. Context B was cleaned with a 70% ethanol solution between each trial. On Day 524 

Seven, mice were allowed to explore Context A for 4 min. At 180s, white-noise (85 dB) played 525 

for 30 s and was co-terminated with a footshock (2 s, 0.75 mA). After the 4 min trial, the mouse 526 

was returned to its home cage. On Day Eight, mice were allowed to explore Context A for 4 min 527 

in the absence of white-noise and footshock (Context Recall). On Day Nine, mice were allowed 528 

to explore Context B in the constant presence of white-noise (85 dB, Cue Recall). For all tasks, 529 

behavior was analyzed and recorded with Any-Maze v6.0 (Stoelting, Wood Dale IL). 530 

Immunofluorescence 531 

After completion of behavioral studies, a subset of mice were deeply anesthetized with 532 

ketamine/xylazine (100 mg/kg + 10 mg/kg, IP), then were perfused transcardially with cold 533 

sterile PBS followed by 4% PFA in PBS. Brains were removed, drop-fixed in 4% PFA overnight, 534 

then washed once with cold PBS and stored in PBS. Tissue sections (50 μm thick) were taken 535 

with a vibratome (Leica; Wetzlar, Germany) and were stored in PBS with 0.02% sodium azide 536 

(w/v). Sections were washed in PBS followed by 10 min permeabilization in 0.1% Triton X-100 537 

in PBS (PBST). Sections were then incubated in blocking solution (5% goat serum in PBST) for 538 

1.5 hr. The sections were washed three times with PBST and incubated with primary antibodies 539 

diluted in blocking solution: 1:500 Rabbit anti-Iba1 (ab178846, Abcam) and 1:250 chicken anti-540 

GFP (A10262, ThermoFisher) overnight at 4°C. Post incubation, the sections were washed 541 

three times in PBST and incubated with secondary antibodies diluted in blocking solution for two 542 

hours at room temperature: Goat anti-Rabbit conj AlexaFluor 568 (Abcam #175471, 1:500) and 543 

1:500 Goat anti-Chicken AlexaFluor 488 (A11039, Thermofisher). The sections were washed 544 

three times in PBST and incubated in 1μM DAPI solution (ab228549, Abcam) for 5 min. The 545 
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sections were washed twice in PBS and mounted on slides using ProLong Diamond Antifade 546 

Mountant (P36970, ThermoFisher).  547 

 548 

Stereology and cell morphology 549 

Sections were stained for immunofluorescence as described above. Microglia density for the 550 

cortex, prefrontal cortex, and hippocampus of the brain was determined through the use of MBF 551 

Stereo Investigator (Williston VT). The number of sections required for each region were 552 

determined by an initial pilot study which found that six sections were needed for both cortex 553 

and prefrontal cortex regions and seven sections for the hippocampal region, each spaced 554 

equidistantly. A widefield microscope (AxioImager M2/Z2, Carl Zeiss, Oberkochen Germany) 555 

along with MBF Stereo Investigator were used to visualize each section and to determine the 556 

number of microglia in each region. Using the Optical Fractionator workflow, the region of 557 

interest was traced onto each section based on the mouse brain atlas by Paxinos and Franklin 558 

(Paxinos and Franklin).  This was followed by a systematically random grid overlay consisting of 559 

squares measuring 300 µm by 300 µm, covering the region of interest. From each of these 560 

squares an unbiased sampling region (100 µm by 100 µm) was used to manually count 561 

microglia somata in the area. Once each section was completed, the software ran an algorithm 562 

to estimate the number of microglia in the region. In parallel, the Cavalieri estimator in the 563 

software was used to determine the volume of each region. The microglia count and volume 564 

were then used to determine the microglia density in the CTX, PFC, and hippocampal regions. 565 

For assessment of cell morphology, images of coronal sections were taken on a Zeiss LSM880 566 

Airyscan confocal microscope (Oberkochen, Germany) using an X20/0.8 NA air immersion 567 

objective controlled by Zeiss Zen Black software. For 3D analysis, z-stack images were 568 

obtained by capturing an image every 0.7μm covering the entire 50μm-thick section. Images 569 
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were deconvoluted using AutoQuant X3.1 (Media Cybernetics, Rockville MD) and 3D analysis 570 

was performed using Imaris 9.1.2 (Bit Plane Inc, Concord MA) using the surface tool to 571 

reconstruct the soma and the filaments tool to reconstruct the branches. 572 

Microglial cultures 573 

Cortices from 1-3 day-old C57BL/6J mouse pups were isolated, digested, and seeded at a 574 

density of 8 cortices per 10 mL culture dish. Every three days, medium (DMEM + 10% FBS + 575 

1% penicillin-streptomycin) was replenished. After 3 weeks, mixed glial cultures reached 576 

confluence and were isolated by mild trypsinization as previously described (Saura et al., 2003). 577 

Briefly, cells were washed with culture medium without FBS and treated with a mixture of trypsin 578 

(0.25% without EDTA) and DMEM-F12 medium in a 1:3 ratio. After 40 min incubation, mixed 579 

glial cells detached and left a layer of microglia attached to the bottom of the culture dish. Pure 580 

microglia were isolated by 15 min incubation with trypsin (0.05% with EDTA) at 37°C followed 581 

by gentle shaking. Cells were counted and seeded in 24-well plates at a density of 7.5 x 104 582 

cells/wells.  583 

Cortical neuron cultures 584 

Cortices from 3-day old C57BL/6J mouse pups were isolated and finely diced in ice-cold HBSS. 585 

Cortices were then incubated in 10X Trypsin Solution (Sigma #59427C) with DNase I (Sigma 586 

#D4513) for 15 min at 37°C with period inversion. Cells were then spun at 200g for 5 min, and 587 

the pellet was triturated with a serological pipette and strained in a 40 μm cell strainer (BD 588 

Falcon #352340). Centrifugation followed by trituration was repeated once, then the pellet was 589 

spun down and resuspended in Neurobasal medium supplemented with 0.25% GlutaMAX, 2% 590 

B-27, 10% Fetal Bovine Serum, and 1% Penicillin/Streptomycin at a density of 5 x 105 cell/mL. 2 591 

hours later, medium was changed to Neurobasal medium supplemented with 0.25% GlutaMax, 592 

2% B-27, and 1% Penicillin/Streptomycin, and half the medium was replenished every 3-4 days 593 
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afterwards. 3 days later, cells were infected with 2 x 1010 vg/mL AAV. Expression was confirmed 594 

by fluorescence microscopy. Cell supernatant and lysates were collected for assessment of 595 

LDH release and CXCL10 production (R&D Systems #DY466). 596 

Analysis of Cytokines and Caspase-1 activity 597 

After completion of behavioral trials, a subset of mice were sacrificed and brain regions were 598 

immediately frozen on dry ice and plasma was isolated from trunk blood using Lithium Heparin-599 

treated tubes (Becton Dickinson #365985, Franklin Lakes NJ). Brain regions were lysed with 1X 600 

Cell Lysis Buffer supplemented with 1 mM PMSF (Cell Signaling #8553S, Danvers MA) and 601 

Protease Inhibitor Cocktail (Sigma-Aldrich, #11873580001). IL-1β in brain tissue, plasma, and 602 

microglia culture supernatant was measured with Mouse IL-1 beta/IL-1F2 DuoSet ELISA Kit 603 

(R&D Systems DY401, Minneapolis MN) according to the manufacturer’s instructions.  CXCL10 604 

was measured in neuronal culture supernatant with Mouse CXCL10 DuoSet ELISA (R&D 605 

Systems DY466-05, Minneapolis MN) according to manufacturer’s instructions.  Primary 606 

microglia were stimulated with recombinant Mouse CXCL10 protein (R&D Systems 466-CR-607 

050/CF, Minneapolis MN) and incubated with Mouse CXCL10 antibody (R&D Systems AF-466-608 

NA, Minneapolis MN).  TNF-α and IL-1β were measured in supernatant by ELISA with Mouse 609 

TNF-alpha Quantikine ELISA Kit (R&D Systems MTA00B, Minneapolis MN) and Mouse IL-1 610 

beta/IL-1F2 DuoSet ELISA Kit (R&D Systems DY401, Minneapolis MN) according to 611 

manufacturer’s instructions. For analysis of caspase-1 activity, 35 µg of protein was loaded into 612 

a Western blot using a PVDF membrane (Bio-Rad #1620177; Hercules, CA) with Mouse IL-1 613 

beta/IL-1F2 DuoSet ELISA Kit (R&D Systems DY401, Minneapolis MN) according to the 614 

manufacturer’s instructions. Membranes were blocked with 5% Bovine Serum Albumin (BSA) in 615 

0.1% TBST and were probed with the following antibodies. Primary antibodies: Mouse anti-616 

Caspase-1 1:1000 (AdipoGen #AG-20B-0042; San Diego, CA), Mouse anti-Tubulin 1:1000 617 
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(Sigma #T9026). Secondary antibodies: Goat anti Mouse conj HRP (1:10000, ThermoFisher 618 

#G-21040). 619 

Gene expression and RNAseq 620 

After completion of behavioral trials, a subset of mice were sacrificed and brain regions were 621 

immediately frozen on dry ice. Total RNA was isolated using the RNeasy Minikit (QIAGEN 622 

#74106; Hilden, Germany) and precipitated by the ethanol/sodium acetate method. RNA 623 

concentration and quality was initially measured using a Nanodrop 2000 (ThemoFisher). 624 

Secondary analysis of concentration and quality was conducted by the Genomics CoRE Facility 625 

at the Icahn School of Medicine at Mount Sinai using Qubit RNA BR Assay Kit (ThermoFisher 626 

#Q10211). Library construction and RNA sequencing was performed by Novogene (Durham, 627 

NC).  628 

Tissue processing 629 

Four mice from each group (GR100, HBA, and GFP) were processed for sequencing, providing 630 

three distinct brain regions (Cortex (CTX), Frontal Cortex (FC), and Hippocampus (HP)) per 631 

mouse. After assessing sample quality, one Frontal Cortex sample was excluded due to poor 632 

quality, and all tissue samples from a single mouse were removed due to sample 633 

misclassification.  634 

 635 

Gene expression 636 

Reads were processed using the NGS-Data-Charmer pipeline. Briefly, adaptors and low-quality 637 

bases were trimmed from reads, which were then aligned to the mm10 genome using HISAT2 638 

(version 2.2.1). Read counts in the mm10 GENCODE annotation (version M22) were generated 639 

using FeatureCounts DESeq2 (version 1.24.0, R version 3.6.1) was then used to calculate 640 
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differential expression from the read counts. The R package ‘biomaRt’ (version 2.40.5) was 641 

used to translate ensembl ids into common gene symbols. 642 

 643 

Gene ontology 644 

Mouse genes involved in inflammatory processes were extracted from the Mouse Genome 645 

Informatics group database (MGI). MGI mouse genes with the GO term ‘Inflammatory response’ 646 

were extracted. Ingenuity Pathway Analysis was applied to all differential genes identified in the 647 

previous analysis. 648 

 649 

Quantitative reverse transcription PCR 650 

For qPCR analysis, gene expression was measured in 4 replicates by PowerUP SYBR Green 651 

Master Mix (ThermoFisher # A25778) using an ABI PRISM 7900HT Sequence Detection 652 

System. Hypoxanthine phosphoribosyltransferase (Hprt) expression level was used as an 653 

internal control and data was normalized using the 2−ΔΔCt method55.  Levels of target gene 654 

mRNA was expressed relative to those of GFP + Veh mice for in vivo studies. Primers used in 655 

this study were designed using Primer-BLAST software (Ye et al., 2012) and are listed in 656 

Supplementary Table S1. 657 

Statistical Analysis 658 

All figure values are presented as mean and standard error of the mean (s.e.m.). Statistical 659 

tests are indicated in the figure legends. A confidence interval of 95% was used for all analyses. 660 

In all studies, outliers (> 2 SD from the mean) were excluded. All statistical analysis was 661 

performed using GraphPad Prism 9 software (GraphPad Software, San Diego CA). *p < 0.05, 662 

**p < 0.01, ***p<0.001, ****p<0.0001, ns not significant. Statistically insignificant trends are 663 

indicated by p-value. 664 
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