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ABSTRACT 22 
  23 
Axon loss contributes to many common neurodegenerative disorders. In healthy axons, 24 
the axon survival factor NMNAT2 inhibits SARM1, the central executioner of programmed 25 
axon degeneration. We identified two rare NMNAT2 missense variants in two brothers 26 
afflicted with a progressive neuropathy syndrome. The polymorphisms result in amino 27 
acid substitutions, V98M and R232Q, which reduce NMNAT2 NAD+-synthetase activity.  28 
We generated a mouse model of the human syndrome and found that 29 
Nmnat2V98M/Nmnat2R232Q compound-heterozygous CRISPR mice survive to adulthood 30 
but develop progressive motor dysfunction, peripheral axon loss, and macrophage 31 
infiltration. These disease phenotypes are all SARM1-dependent. Remarkably, 32 
macrophage depletion therapy blocks and reverses neuropathic phenotypes in 33 
Nmnat2V98M/R232Q mice, identifying a SARM1-dependent neuroimmune mechanism as a 34 
key driver of disease pathogenesis. These findings demonstrate that SARM1 induces an 35 
inflammatory neuropathy and highlight the potential of immune therapy to treat this rare 36 
syndrome and other neurodegenerative conditions associated with NMNAT2 loss and 37 
SARM1 activation. 38 
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INTRODUCTION 56 
  57 
Axon loss is one of the earliest pathological hallmarks and likely the initiating event in 58 
many common neurodegenerative disorders1–3. Programmed axon degeneration is an 59 
active, genetically encoded subcellular self-destruction pathway executed by the pro-60 
degenerative NADase enzyme SARM1 (sterile alpha and Toll/interleukin-1 receptor motif-61 
containing)4,5. In a healthy axon, SARM1 activity is restrained by the NAD+ biosynthetic 62 
enzyme NMNAT2, which converts NMN and ATP into NAD+6. NMNAT2 is a highly labile 63 
protein produced in the soma and trafficked into the axon7. Nerve injury blocks axonal 64 
transport and leads to rapid depletion of axonal NMNAT28, causing NMN buildup and 65 
NAD+ loss. Recent breakthroughs led to the discovery that SARM1 is activated by an 66 
increase in the NMN to NAD+ ratio9. NMN and NAD+ can both bind at an allosteric site in 67 
the enzyme’s N-terminus to differentially regulate its conformation, and hence, the 68 
activation state of SARM19–11. The ratio of NMN/NAD+ rises after NMNAT2 loss, favoring 69 
SARM1 activation and subsequent axon degeneration9. Genetic deletion of NMNAT2 70 
alone is perinatal lethal; however, when combined with SARM1 deletion, mice are viable 71 
and resistant to injury-induced axon degeneration, suggesting that an essential role of 72 
NMNAT2 is to inhibit SARM112. 73 
  74 
SARM1 is the central executioner of a cell-autonomous axon degeneration program. 75 
Upon activation, SARM1, an NAD+ hydrolase, depletes axonal NAD+ levels, culminating 76 
in metabolic crisis and axon fragmentation. Acute injury is the best-understood trigger of 77 
pathological axon degeneration, inducing distal axon loss5,13–18. Loss of SARM1 is 78 
protective in models of chemotherapy-induced peripheral neuropathy (CIPN)14,16 and 79 
traumatic brain injury (TBI)15. However, programmed axon degeneration is also common 80 
in chronic neurodegenerative disease models that do not include acute axonal 81 
injury14,16,19–25, suggesting a role for subacute SARM1 activation in the pathogenesis of a 82 
wide range of chronic neurodegenerative conditions. 83 
  84 
Evidence for the involvement of the NMNAT2/SARM1 axon degeneration pathway in 85 
chronic disease has emerged from studying rare human patient mutations. Indeed, in a 86 
model of Leber congenital amaurosis type 9 (LCA9), SARM1 depletion rescues 87 
photoreceptor cell death caused by loss of the nuclear NMNAT isoform, NMNAT126. 88 
Furthermore, NMNAT2 mutations were identified in a still born fetus with fetal akinesia 89 
deformation sequence and two sisters suffering from a mild polyneuropathy27,28. The first 90 
direct evidence of SARM1 mutations in human disease emerged with the discovery of 91 
rare hypermorphic SARM1 alleles in a subset of ALS patients29,30. However, until the 92 
present study, the field lacked a mechanistically defined model of a SARM1-dependent, 93 
chronic axonopathy (termed “SARMopathy”). 94 
  95 
Here we examine two brothers that presented in early childhood with recurring Guillain–96 
Barré-like episodes requiring mechanical ventilation combined with severe, progressive 97 
peripheral neurodegeneration. Whole exome sequencing revealed they are both 98 
compound heterozygotes for two rare missense variants in the NMNAT2 gene, each 99 
inherited from one of their parents. We created a mouse that harbors both mutant 100 
NMNAT2 alleles and found that this model recapitulates key features of the human 101 
syndrome. NMNAT2 is the endogenous inhibitor of SARM1 in axons; thus, defects in 102 
NMNAT2 can trigger aberrant activation of SARM1. Indeed, we find that these disease 103 
phenotypes are all SARM1-dependent. While SARM1 is best understood as the 104 
executioner of a cell-autonomous axo-destructive program, here we make the surprising 105 
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discovery that SARM1 induces axon degeneration via induction of non-cell-autonomous 106 
macrophage activation. 107 
  108 
Macrophages play complex roles as both pro-degenerative and pro-restorative immune 109 
cells. Indeed, neuroinflammation has been referred to as a “double-edged sword” as it 110 
can have both beneficial and deleterious effects on the nervous system32. On one hand, 111 
in the peripheral nervous system, macrophages play a necessary role in facilitating axon 112 
regeneration through the clearance of myelin and axonal debris after nerve injury33–35. 113 
Indeed, macrophage depletion hampers axon regeneration after peripheral nerve injury36–114 
39. However, macrophages and their CNS counterparts, microglia, are also drivers of 115 
disease in several common neurodegenerative diseases, including multiple sclerosis 116 
(MS)40, chemotherapy-induced neuropathy (CIPN)41, and Alzheimer’s Disease (AD)42. In 117 
these disease models, depletion of macrophages and microglia can mitigate disease 118 
phenotypes, suggesting a conserved pro-degenerative role for phagocytes in human 119 
neurological disease. 120 
  121 
Collectively, our data establish NMNAT2 variants as the genetic basis of a human 122 
neuropathy and demonstrate an unexpected role for SARM1 as a driver of 123 
neuroinflammation in the peripheral nervous system. In this model, we find that 124 
macrophage depletion early in the disease course can block the development of 125 
neuropathy, and remarkably, treatment after symptom onset can reverse neuropathy 126 
phenotypes. Our study provides the first mouse model of a chronic, injury-independent 127 
SARM1-dependent axonopathy (“SARMopathy”) with which to test axon degeneration-128 
blocking treatments. This will be of substantial benefit and high clinical relevance as the 129 
field uncovers an ever-growing list of chronic neurodegenerative diseases that involve 130 
SARM1 activation. Importantly, our work uncovers a SARM1-dependent non-cell-131 
autonomous mechanism of axon loss and highlights macrophage depletion as a potent 132 
axo-protective therapeutic strategy. 133 
  134 
RESULTS 135 
  136 
Rare missense variants in NMNAT2 cause hereditary neuropathy 137 
Patients 1 and 2 are brothers from non-consanguineous, healthy parents of African 138 
American ancestry. No further members of the extended family are known to be affected. 139 
Patient 1 was born following an uneventful pregnancy. Development was normal and the 140 
patient acquired the ability to walk before the onset of illness. At age 13 months, he 141 
experienced an acute episode of hypotonia, weakness, and respiratory failure requiring 142 
hospitalization and mechanical ventilation. Electrophysiology testing (nerve conduction 143 
studies and electromyography) at the time of symptom onset showed features of 144 
multifocal, sensory and motor neuropathy thought to be consistent with Guillain-Barre 145 
Syndrome. After treatment with intravenous immune globulin (IVIG) and steroids, he 146 
regained some motor function and was taken off ventilatory support but exhibited residual 147 
weakness. 148 
  149 
In subsequent years he developed a unique sensorimotor syndrome comprised of both 150 
chronic and episodic features. Episodic attacks are frequently contemporaneous with 151 
infection and include severe neuropathic pain, worsening erythromelalgia, flaccid 152 
quadriparesis, and respiratory failure requiring mechanical ventilation. During these 153 
episodes, electrophysiological testing shows a complete absence of sensory and motor 154 
responses. In between episodes, the patient experiences a chronic, progressive motor-155 
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predominant peripheral neuropathy. Currently 25-years-old, Patient 1 is cognitively 156 
normal and attends college. Electrophysiology testing indicates a predominantly motor 157 
axonal neuropathy. He is wheelchair-dependent, exhibits progressive scoliosis, poor 158 
weight gain, and has severe combined proximal and distal muscle atrophy with 159 
predominantly distal muscle weakness (Fig. 1a). Muscle ultrasound revealed fatty, fibrotic 160 
tissue replacement of muscle, consistent with chronic neuropathy43. The patient also 161 
experiences recurring neuropathic pain, erythromelalgia, bilateral optic atrophy, and 162 
tongue fasciculation. Cranial and spinal MRI are normal except for mildly prominent extra-163 
axial spaces.  At age 15, a head CT showed mild diffuse parenchymal atrophy or 164 
pseudoatrophy. Also at 15, the patient had a normal echocardiogram and EKG testing 165 
indicated a possible enlarged atrium. Pulmonary function was tested, and spirometry 166 
demonstrated normal lung function. 167 
  168 
Patient 2 was born 3 years after Patient 1 following an uneventful pregnancy. Patient 2 169 
met early developmental milestones but experienced symptoms similar to his sibling prior 170 
to learning to walk. His first episode of severe weakness requiring mechanical ventilation 171 
occurred at 11 months. Patient 2’s clinical course has been virtually identical to his 172 
brother’s with very similar symptoms and degree of impairment. 173 
  174 
Whole-exome sequencing was performed on the brothers and their parents to identify 175 
candidate variants that may cause the patients’ disease. Both affected patients share 176 
rare, compound heterozygous variants [c. 695G>A (p.Arg232Gln) and c.292G>A 177 
(p.Val98Met)] in NMNAT2. Each parent was found to be heterozygous for one of the two 178 
variants identified in the patients (Fig. 1b). R232Q was previously identified as a loss-of-179 
function variant associated with Fetal Akinesia Deformation Sequence and occurs in a 180 
region of NMNAT2 involved in substrate binding28. V98M is a novel NMNAT2 variant of 181 
unknown significance. Both variants occur at residues that are conserved in all three 182 
human NMNAT isoforms (Fig. 1c-d). 183 
  184 
V98M reduces NMNAT2 NAD+ synthetase activity but not protein stability 185 
We sought to elucidate the functional consequences of the NMNAT2 variant alleles. To 186 
investigate whether NMNAT2V98M altered protein stability, we used immunoblotting to 187 
compare its relative half-life to NMNAT2R232Q and NMNAT2 in transfected HEK cells. In 188 
line with prior studies of NMNAT2 half-life8, protein synthesis blockade leads to a rapid 189 
drop in NMNAT2 protein levels. Turnover rates of NMNAT2V98M and NMNAT2R232Q are 190 
not significantly different from that of control NMNAT2 (Fig. 1e). 191 
  192 
NMNAT2 is an NAD+ synthesizing enzyme, and this activity is required for its function as 193 
an axon survival factor. To investigate whether NMNAT2V98M has impaired enzymatic 194 
activity, we purified recombinant Strep-tagged NMNAT2 proteins using affinity 195 
chromatography44. NMNAT2V98M has 14.6% of the NAD+ synthesis activity of wild-type 196 
NMNAT2 at 37°C, whereas NMNAT2R232Q is 4.4% as active as the wild-type enzyme, in 197 
agreement with previous findings28 (Fig. 1f). Collectively, these data demonstrate that 198 
these NMNAT2 variants disrupt enzymatic function, which may underly their 199 
pathogenicity. 200 
  201 
Nmnat2V98M/R232Q mice develop progressive motor neuropathy 202 
To study the pathological effects of the V98M and R232Q NMNAT2 mutations found in 203 
these patients, we used CRISPR-induced mutagenesis to create mice with mutations 204 
Nmnat2V98M or Nmnat2R232Q (see methods). Mice heterozygous for these individual 205 
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mutations were mated to generate mice with compound heterozygous mutations 206 
Nmnat2V98M and Nmnat2R232Q (henceforth referred to as Nmnat2V98M/R232Q mice). These 207 
mutant mice were viable with no evidence of embryonic or perinatal lethality. As patients 208 
with compound heterozygous variants in NMNAT2 exhibit a chronic, motor-predominant 209 
peripheral neuropathy, we searched for similar phenotypes in the Nmnat2V98M/R232Q mice. 210 
Starting at two months, we assayed muscle strength using an inverted screen test and 211 
found that the mice exhibit age-dependent, progressive muscle weakness (Fig. 2a). The 212 
human disorder involves predominantly distal muscle atrophy; therefore, we assayed 213 
hindlimb grip strength in the mutant mice.  We observed a decline in distal muscle strength 214 
(Fig. 2b). Gait defects manifest in Nmnat2V98M/R232Q mice as young as six months old, 215 
concomitant with progressive lower limb muscular atrophy. The majority of mice display 216 
severe hindlimb wasting and difficulty walking by 9-12 months of age (Supp. Video 1). 217 
Notably, while the human patients have episodic neuropathic pain, we did not elicit a 218 
nociceptive defect in tail flick testing of Nmnat2V98M/R232Q mice (Fig. 2c). 219 
  220 
Nmnat2V98M/R232Q mice have electrophysiologic features consistent with a motor 221 
neuropathy 222 
The decreased muscle strength observed in Nmnat2V98M/R232Q mice suggests motor 223 
neuron dysfunction. We measured motor fiber function using compound muscle action 224 
potential (CMAP) amplitudes and found significant deficits in Nmnat2V98M/R232Q mice. The 225 
abnormalities worsen with age, suggesting that motor axon numbers progressively 226 
diminish in parallel with decreasing overall strength (Fig 2d-e). Next, we tested motor 227 
nerve conduction velocity (NCV). A decrease in NCV early in disease without altered 228 
CMAP amplitudes is indicative of demyelination, whereas a progressive drop in NCV 229 
concomitant with low CMAP amplitudes indicates large-diameter axon loss. The NCV in 230 
young Nmnat2V98M/R232Q mice is normal, indicating that the disease is primarily an axonal 231 
neuropathy; however, NCV does decrease with age, likely due to the eventual loss of 232 
large diameter axons (Fig. 2f). Electrophysiologic sensory testing demonstrated that 233 
large, myelinated sensory axons are not affected in Nmnat2V98M/R232Q mice (Fig 2g-h). 234 
Pain is transmitted by small and thinly myelinated fibers; thus nerve conduction studies 235 
are typically unaffected45. Rather, intraepidermal nerve fiber density (IENFD) analysis is 236 
a more sensitive measure of small fiber loss. In agreement with normal nociceptive 237 
function, we found that IENFD is unaffected in Nmnat2V98M/R232Q mice (Fig. S1). 238 
Altogether, these data demonstrate that Nmnat2V98M/R232Q mice have a motor axonal 239 
neuropathy, consistent with the chronic electrophysiological features of human patients 240 
with NMNAT2-associated neuropathy. 241 
  242 
Nmnat2 variants cause progressive axon loss and muscle wasting in mice 243 
To further characterize the disease process in Nmnat2V98M/R232Q mice, we used light 244 
microscopic analysis to examine the pathology of select peripheral nerves including the 245 
sciatic (a mixed nerve), femoral (primarily motor), and sural (primarily sensory) in 2-246 
month, 6-month, and 9-12-month-old mice. The sciatic and femoral nerves exhibit severe, 247 
progressive axon loss. In contrast, we did not observe progressive axon loss in the sural 248 
nerve; however, total axon area was modestly different from wild-type control mice at 9-249 
12 months of age (Fig. 3a-c). Myelin thickness is not affected in any of the nerves we 250 
examined (Fig. S2).  251 
 252 
We next performed electron microscopic analysis on 2-month and 12-month-old 253 
Nmnat2V98M/R232Q sciatic nerves. The appearance of the sciatic nerve at two months is 254 
normal and shows a dense population of large and small myelinated axons with little 255 
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intervening extracellular space (Fig. 3d). Schwann cells and macrophages containing 256 
axonal and myelin debris are found in the endoneurial space (Fig. 3e, arrow). The sciatic 257 
nerve at 12 months shows patches of marked axon loss with increased collagen and 258 
wispy processes of Schwann cells (Fig. 3f, arrow). Following axon degeneration, 259 
perineurial cells take up lipid droplets from myelin breakdown46; indeed, we find large 260 
perineurial droplets of neutral fat in the 12-month sciatic nerve (Fig. 3g, arrow). To 261 
confirm that the observed peripheral defects are not due to motor neuron cell death, we 262 
immunostained spinal cords of 12-month-old wild-type and Nmnat2V98M/R232Q mice for the 263 
motor neuron marker choline acetyltransferase (ChAT) (Fig. 3h). Motor neuron cell 264 
numbers in the ventral horn are equivalent between genotypes, and thus, axon loss in 265 
Nmnat2V98M/R232Q nerves is likely not due to motor neuron cell death. Taken together, 266 
these pathological features demonstrate a progressive peripheral axonal neuropathy. 267 
  268 
We next examined the neuromuscular junctions in the hindpaw lumbrical muscles of 269 
Nmnat2V98M/R232Q mice. We find the NMJ endplate size is slightly diminished in mutant 270 
mice even as early as 2 months of age (Fig. 3i, yellow arrows). The NMJ postsynaptic 271 
volume continues to progressively diminish over time, consistent with loss of presynaptic 272 
inputs (Fig. 3i-j). Apposition of the presynaptic nerve terminal and the postsynaptic 273 
endplate is a major determinant of NMJ functionality. Indeed, the ratio of overlap between 274 
presynaptic vesicles and the underlying acetylcholine receptor clusters (NMJ occupancy) 275 
is reduced in NMJs of Nmnat2V98M/R232Q 2-month-old mice and decreases over time (Fig. 276 
3i, k). In addition, endplate complexity is decreased in 12-month-old Nmnat2V98M/R232Q 277 
mice, whereas the prototypical pretzel-like endplate structure is still observed in 2-month-278 
old Nmnat2V98M/R232Q mice (Fig. 3i, yellow arrows). Alterations in endplate size and 279 
complexity suggest repeated episodes of denervation and reinnervation. At steady state, 280 
the majority of Nmnat2V98M/R232Q endplates appear partially innervated (Fig. 3i), however, 281 
almost all pre-terminal motor axons are abnormally thin and smooth (Fig. 3i, white 282 
arrows), a hallmark of sprouting axons47. Sprouting is frequently observed in NMJs of 283 
motor neuron disease models and is evidence of continual axonal degeneration and 284 
regeneration47–50. Taken together, these data indicate that decreased NMNAT2 activity 285 
causes progressive degeneration of terminal axons at the NMJ, consistent with a chronic 286 
motor neuropathy. 287 
  288 
The patients with compound heterozygous variants in NMNAT2 have both proximal and 289 
distal weakness with predominantly distal muscle atrophy rendering them wheelchair-290 
bound. Loss of nerve terminals at the NMJ results in muscle fiber denervation and 291 
eventual muscle atrophy. Nmnat2V98M/R232Q mice exhibit a progressive reduction in 292 
hindlimb muscle mass (Fig. 3l) that correlates with decreased fiber cross-sectional area 293 
in the tibialis anterior muscle (Fig. 3m). Together, these results confirm that the 294 
decreased activity of the NMNAT2 mutants leads to axon loss and subsequent muscle 295 
denervation and atrophy. Importantly, the Nmnat2V98M/R232Q mouse model recapitulates 296 
chronic motor features of the human syndrome, providing strong evidence that the 297 
NMNAT2 variants are indeed pathogenic. 298 
  299 
Neuronal SARM1 is required for Nmnat2V98M/R232Q neuropathy 300 
SARM1 is a pro-degenerative enzyme activated by binding the NAD+ precursor NMN at 301 
its allosteric site9. NMNAT2 converts NMN to NAD+ thereby preventing the buildup of 302 
NMN and its interaction with SARM1. In Nmnat2 KO mice, the increase in NMN leads to 303 
axon projection abnormalities and perinatal death; however, Nmnat2/Sarm1 double KO 304 
mice are viable and completely resistant to injury-induced programmed axon 305 
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degeneration12. To determine whether SARM1 is activated in Nmnat2V98M/R232Q mice, we 306 
first monitored nerve levels of cADPR, a specific biomarker of SARM1 NAD+ hydrolase 307 
activity31. Metabolites were isolated from the sciatic nerve of two-month-old 308 
Nmnat2V98M/R232Q mice and analyzed by LC/MS-MS. We find that cADPR levels are 309 
elevated 8-fold compared to wild-type and this increase is fully SARM1-dependent (Fig. 310 
4a), demonstrating that SARM1 is activated even at this early stage of the disease and 311 
suggesting that cADPR is likely an excellent biomarker for syndromes involving chronic 312 
SARM1 activation. 313 
  314 
Next, we mated the Nmnat2V98M/R232Q mutant to Sarm1 KO mice to generate 315 
Nmnat2V98M/R232Q; Sarm1 KO mice. In contrast with Nmnat2V98M/R232Q (Sarm1 WT) mice, 316 
Nmnat2V98M/R232Q; Sarm1 KO mice do not develop motor function deficits (Fig. 4b-c). We 317 
also performed morphological analysis of the sural, femoral, and sciatic nerves of 318 
Nmnat2V98M/R232Q and Nmnat2V98M/R232Q; Sarm1 KO mice. As with the functional studies, 319 
loss of Sarm1 prevents axon degeneration even in the oldest Nmnat2V98M/R232Q mice (Fig. 320 
3a, 4d-i). These results confirm that the phenotypes associated with these pathogenic 321 
NMNAT2 variants are SARM1-dependent and do not arise secondary to neomorphic 322 
functions of the mutant NMNAT2 enzymes.  These results suggest that Nmnat2V98M/R232Q 323 
mice will be useful for testing treatment strategies for progressive neurodegenerative 324 
disease involving chronic SARM1 activation. 325 
  326 
The development of small molecule and gene therapy SARM1 inhibitors is underway22,51; 327 
indeed, we previously showed that adeno-associated virus (AAV)-mediated, neuron-328 
specific expression of a potent SARM1 dominant-negative (SARM1-DN) blocks 329 
pathologic axon degeneration in models of acute nerve injury22,52. With the discovery that 330 
the Nmnat2V98M/R232Q motor neuropathy is SARM1-dependent, we next tested whether 331 
this SARM1 gene therapy approach could similarly block disease in these mice. One-332 
month-old Nmnat2V98M/R232Q mice received intrathecal injections of AAV virions (6 × 1011) 333 
expressing SARM1-DN-EGFP or EGFP alone (control) under control of a synapsin 334 
promoter (Fig. 4j). We assayed inverted screen performance at 2 months and 6 months 335 
for both groups and determined therapeutic efficacy by comparing 6-month to 2-month 336 
performance for each mouse. Nmnat2V98M/R232Q mice injected with EGFP (control) display 337 
a ~73% decline in strength by 6 months of age (p<0.0001) (Fig. 4k). In contrast, 338 
Nmnat2V98M/R232Q mice injected with SARM1-DN exhibit a 39% decline (n.s., p>0.05) at 6 339 
months of age (Fig. 4k). Importantly, SARM1-DN rescue of strength defects is dependent 340 
on extent of viral infection and transgene expression in the spinal cord. For example, 341 
higher expression correlates with higher endpoint performance, whereas lower 342 
expression correlates with lower endpoint performance (Fig. 4k, Fig. S3). These results 343 
demonstrate that neuron-specific high-level expression of SARM1-DN potently protects 344 
Nmnat2V98M/R232Q mice from developing motor deficits, demonstrating that neuron-345 
autonomous SARM1 activity is pathogenic in Nmnat2V98M/R232Q mice. 346 
  347 
Macrophages orchestrate Nmnat2V98M/R232Q neuropathy 348 
After acute nerve injury, macrophages infiltrate the lesion and phagocytose axonal and 349 
myelin debris, clearing the injury site and promoting axonal regeneration33–35. In models 350 
of chronic neurodegenerative disease, macrophages and their CNS counterpart, 351 
microglia, play complex immunomodulatory roles as both pro- and anti-inflammatory 352 
mediators in disease41,42,53–59. We immunostained central (spinal cord) and peripheral 353 
(sciatic nerve) nervous tissue with antibodies to the activated macrophage marker 354 
CD6860. There is a notable absence of CD68+ cells in central and peripheral tissues from 355 
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wild-type mice (Fig. 5a, c). In contrast, in sciatic nerves of 2-month-old Nmnat2V98M/R232Q 356 
mice, CD68+ activated macrophages (Fig. 5e) are present, concomitant with a trend 357 
toward elevated CD64+CD11b+ total nerve macrophages (Fig. 5f). Significantly fewer 358 
CD68+ macrophages are observed in Nmnat2V98M/R232Q mice lacking SARM1 at the same 359 
age (Fig. 5d), and the number of total nerve macrophages (CD64+CD11b+) in these 360 
animals was similar to wild-type (Fig. 5f). CD68+ macrophages are not detected in the 361 
spinal cords of Nmnat2V98M/R232Q mice (Fig. 5b), consistent with the predominantly 362 
peripheral nervous system defects in the patients. NAD+ biosynthesis plays a role in 363 
programming macrophage immune responses61; thus, we examined whether intrinsic 364 
defects exist in Nmnat2V98M/R232Q macrophages due to impaired NMNAT2 activity. 365 
However, we found no differences in either basal or antigen-induced activation between 366 
wild-type and Nmnat2V98M/R232Q -derived murine peritoneal macrophages (Fig. S3). This 367 
is consistent with findings in other disorders indicating that signals within the neural 368 
microenvironment shape macrophage phenotype activation62–66 as demonstrated by 369 
increased numbers of activated macrophages in Nmnat2V98M/R232Q sciatic nerves. 370 
  371 
We performed bulk RNA Sequencing (RNA-Seq) on Nmnat2V98M/R232Q and wild-type 372 
(control) mouse sciatic nerves at early and late disease stages to capture dynamic 373 
changes in the glial and immune cell milieu (Fig. 5g). Global transcriptomic analysis 374 
revealed similarities within Nmnat2V98M/R232Q nerves at both 2 months and 6 months, 375 
clustering more closely to each other than wild-type nerves. Closer inspection revealed 376 
sets of activated macrophage signatures62, including Cd68, Trem2, Apoe, Lrg1 and Ccl2, 377 
up-regulated in both 2-month and 6-month old Nmnat2V98M/R232Q mouse sciatic nerves 378 
(Fig. 5h), consistent with our observations of CD68+ nerve-associated macrophages in 379 
Nmnat2V98M/R232Q mice. Repair Schwann cell (SCs) markers67–69 such as Fgf5, Shh, Ngfr, 380 
and Olig1 are also upregulated, suggesting a dedifferentiation program of myelinating 381 
SCs. Gene ontology (GO) analysis showed significant enrichment of genes related to the 382 
immune response, inflammation, and phagocytosis signatures in both 2-month and 6-383 
month-old Nmnat2V98M/R232Q mice (Fig. 5i & Supp. Tables 1-2). Altogether, these data 384 
demonstrate chronic activation of peripheral nervous system macrophages and an 385 
ongoing Schwann cell repair program in this mouse model.  386 
  387 
Increased numbers of activated macrophages in the nerves of the Nmnat2V98M/R232Q mice 388 
raised the question of whether they are playing a beneficial or destructive role in the 389 
disorder. We used a macrophage depletion strategy using colony stimulating factor 1 390 
receptor (CSF1R) blockade71,72 to evaluate the role of macrophages in Nmnat2V98M/R232Q 391 
mice. The mice were treated with CSF1R monoclonal antibody (or, isotype control 392 
antibody: IgG) every three weeks beginning at one month of age, and assessed using 393 
motor function tests at 2, 3, and 4 months of age (Fig. 6a). The efficacy of the macrophage 394 
depletion treatment was confirmed by immunostaining for CD68 in sciatic nerves (Fig. 395 
S4). Remarkably, macrophage depletion completely blocks the development of muscle 396 
strength defects for the duration of the experiment. In contrast, Nmnat2V98M/R232Q mice 397 
treated with isotype control antibody (IgG) continue to exhibit poor motor function (Fig. 398 
6b). Morphological examination of the femoral (predominantly motor) nerve shows that 399 
macrophage depletion significantly rescues axon loss in the femoral nerve (Fig. 6c), 400 
consistent with its ability to prevent motor function deficits. Together, these data show 401 
that macrophages promote axon degeneration that leads to motor function deficits in this 402 
mouse neuropathy model. 403 
  404 
Given our finding that macrophages contribute to axonal dysfunction early in the disease, 405 
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we next tested whether macrophage depletion would be therapeutic after the initiation of 406 
symptoms. By four months of age, Nmnat2V98M/R232Q mice exhibit profound pathological 407 
and functional motor disease (Fig. 6b-c). Thus, we administered the CSF1R monoclonal 408 
antibody (or control IgG) to four-month-old Nmnat2V98M/R232Q mice to test whether 409 
macrophage depletion could halt or reverse disease progression (Fig. 6d). One month 410 
after antibody treatment, the previously symptomatic mice demonstrate a significant 411 
increase in inverted screen performance, demonstrating a profound recovery of muscle 412 
strength (Fig. 6e). Improvement in overall strength is accompanied by improved distal 413 
CMAP responses (Fig. 6f). Such a treatment response indicates that endogenous 414 
reparative processes occur after macrophage depletion to promote functional recovery. 415 
Indeed, in nerve and NMJ pathological studies, we detected ongoing axon degeneration 416 
and regeneration processes in Nmnat2V98M/R232Q mice at steady-state. Rescue of muscle 417 
strength persists until the mice are 7 months old, at which point muscle strength is 418 
maintained at pre-treatment levels. Endpoint examination of macrophage-depleted 419 
peripheral nerves reveals significant rescue of sciatic nerve axon loss and a trend toward 420 
rescue of femoral nerve axon loss (Fig. 6g). Altogether, these data support a model 421 
wherein macrophage depletion blocks axon degeneration, tipping the balance toward 422 
innate axon reparative processes and, thus, symptom reversal. Importantly, the surprising 423 
finding that macrophage depletion can reverse both behavioral and electrophysiologic 424 
defects underscores the potential of acute macrophage-targeted therapies in chronic 425 
neurologic diseases. 426 
  427 
  428 
DISCUSSION 429 
  430 
Genetic deletion of NMNAT2 is perinatal lethal; however, when combined with SARM1 431 
deletion, mice are viable and resistant to injury-induced axon degeneration12. Recent 432 
advances in our understanding of the mechanisms underlying axon degeneration directly 433 
connected NMNAT2 loss to SARM1 activation through dynamic changes in the NMN-to-434 
NAD+ ratio. These studies suggest that defects in NMNAT2 could predispose an 435 
individual to develop neurodegenerative disease; however, there is little direct evidence 436 
connecting mutations in the genes involved in axon degeneration to human neurological 437 
disease. Here, we examine two brothers with severe neuropathy associated with 438 
NMNAT2 mutations. This neuropathy initially presented with sensory and motor 439 
symptoms and progressed to be a predominantly motor neuropathy with severe muscle 440 
wasting. To study the molecular mechanism underlying this syndrome, we developed a 441 
mouse model harboring the Nmnat2V98M/R232Q mutations. This mutant mouse recapitulates 442 
the cardinal motor features of the human syndrome. We find that NMNAT2 enzymatic 443 
deficiency leads to chronic SARM1 activation that, in turn, leads to non-cell-autonomous 444 
macrophage activation and axon loss. Our study has several important implications. First, 445 
the creation of our mouse model enables longitudinal examination of a SARM1-446 
dependent neuropathy, or SARMopathy, and provides a powerful platform for testing 447 
novel axo-protective therapeutics in disorders of chronic SARM1 activation. Second, we 448 
find that a major pro-degenerative role of SARM1 involves the activation of macrophages 449 
in parallel with its canonical cell-autonomous destructive functions. Finally, the 450 
identification of macrophages as key drivers of neuropathology suggests that 451 
macrophage depletion therapy could be efficacious in other diseases that involve 452 
SARM1-mediated axon degeneration. 453 
  454 
While axon degeneration is classically thought of as a programmed injury response to 455 
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acutely damaged axons, there is growing evidence that this program is aberrantly 456 
activated in progressive neurodegenerative disease. Despite the abundance of acute 457 
injury models involving SARM1 activation, a chronic model that is more akin to human 458 
progressive neurodegenerative disorders is unavailable. Such a model is necessary for 459 
testing therapeutics under conditions of subacute SARM1 activation, which our work now 460 
shows involves previously unappreciated complex biological mechanisms. We find that 461 
SARM1 is activated at an early age in Nmnat2V98M/R232Q mice and that the disease is 462 
indeed fully SARM1-dependent. Moreover, this suggests that SARM1 activation and thus 463 
axon loss does not occur as an “all-or-nothing” event in chronic neurodegenerative 464 
disorders. Rather, this disorder is characterized by persistent SARM1 activity, suggesting 465 
that therapeutic intervention could be efficacious across a wide disease timeline in such 466 
disorders. 467 
  468 
Patients with compound heterozygous variants NMNAT2V98M and NMNAT2R232Q develop 469 
a unique sensorimotor neuropathy involving both chronic and episodic symptomology. 470 
Chronic features of the disease are motor predominant, while episodic features involve 471 
prominent sensory and motor components. The patients typically develop acute episodes 472 
after infection, whereas the Nmnat2V98M/R232Q mouse model unsurprisingly shows no 473 
evidence of episodic disease features, likely due to housing in a pathogen-free 474 
environment. The mouse model does recapitulate cardinal features of the chronic 475 
symptomatology, including a motor axonal neuropathy, distal muscle wasting and 476 
weakness, and a progressive disease course. Unlike the patients, the Nmnat2V98M/R232Q 477 
mouse model has no evidence of a neuropathic pain phenotype, suggesting either 478 
species-dependent differences or that the episodic attacks seen in the patients but not in 479 
the mice contribute to the neuropathic symptoms. Interestingly, two sisters homozygous 480 
for a different variant in NMNAT2 (T94M) that largely retains enzymatic activity also 481 
display peripheral neuropathy, albeit significantly milder than the patients described in 482 
this study27.  483 
  484 
From these studies in patients with the NMNAT2V98M/R232Q mutations as well as these 485 
mutant mice, it appears that the peripheral nervous system is preferentially affected by 486 
NMNAT2 dysfunction, likely due to the longer length of peripheral axons. NMNAT2 has a 487 
very short half-life and is transported from the soma to the axon, thus distal regions are 488 
likely to be more sensitive to changes in NMNAT2 activity. Hence, the peripheral defects 489 
we observe are likely a result of axon length-dependent SARM1 activation. The 490 
NMNAT2/SARM1 axon degeneration pathway functions in both sensory and motor 491 
neurons; yet curiously, Nmnat2V98M/R232Q mice develop primarily a motor peripheral 492 
neuropathy. This is consistent with an Nmnat2 hypomorphic allele that also displays 493 
predominantly peripheral motor defects73.  In contrast, in the Nmnat2 null mice, SARM1 494 
drives loss of both sensory and motor nerves74, begging the question as to why motor 495 
neurons are preferentially affected in Nmnat2V98M/R232Q mice? Potentially, motor neurons 496 
are more vulnerable to chronic, low-level SARM1 activation, i.e. either due to a decreased 497 
tolerance for NAD+ loss or increased susceptibility to macrophage-induced degeneration. 498 
In favor of this hypothesis, germline constitutive active SARM1 variants are enriched in 499 
human ALS patients29,30, suggesting that SARM1 primarily results in motor loss in vivo. 500 
Additional study of differential motor versus sensory axon susceptibility is required to 501 
answer these fundamental questions. 502 
  503 
Studies of many common chronic neurodegenerative disorders have implicated the 504 
immune system as a key driver of disease, and activated macrophages are major 505 
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contributors to tissue damage75. Similar to CD68+ microglia observed in Alzheimer’s 506 
disease patients76 and  LPS-induced central neuroinflammation77, CD68+ macrophages 507 
are abundant in the peripheral nervous system of Nmnat2V98M/R232Q mice, indicating they 508 
are activated. Importantly, macrophage activation begins early in the disease before 509 
significant axon loss has occurred, and in response to unknown signals within the neural 510 
microenvironment. We find that treating Nmnat2V98M/R232Q mice with AAV expressing a 511 
dominant-negative SARM1 molecule to prevent SARM1 activation specifically in neurons 512 
prevents motor dysfunction. Altogether, these data argue that macrophage activation 513 
occurs via an extrinsic SARM1-dependent signal rather than a macrophage-autonomous 514 
program in this model. 515 
  516 
An unexpected finding of our study is that immunodepletion of macrophages both 517 
prevents and reverses Nmnat2-associated motor defects. Indeed, macrophage depletion 518 
in young mice blocks the development of a motor neuropathy in Nmnat2V98M/R232Q mice. 519 
Moreover, recovery of overall strength and improved nerve electrophysiology in older, 520 
macrophage-depleted Nmnat2V98M/R232Q mice demonstrate that axon dysfunction can be 521 
reversed in the presence of persistent SARM1 activation; however, this effect lessens as 522 
the disease progresses. While all recent mechanistic progress on SARM1 has defined it 523 
as the central driver of a cell-autonomous degenerative program via its NAD+ hydrolase 524 
activity, our data support a new paradigm wherein chronic axonal SARM1 activation can 525 
also orchestrate non-cell-autonomous axon degeneration. Importantly, these findings 526 
indicate that macrophages are downstream effectors of SARM1 activation in vivo, placing 527 
SARM1 at the nexus between neuroinflammation and neurodegeneration. 528 
  529 
So, how do macrophages induce axonal dysfunction in this syndrome? Evidence from 530 
studies of disease-associated microglia has established phagocytosis of live neurons, 531 
termed “phagoptosis”, as contributing to CNS inflammation and neurodegeneration. In 532 
the present study, the absence of motor defects or axon loss after three months of 533 
macrophage depletion in young Nmnat2V98M/R232Q mice suggests that macrophages target 534 
axons that are either functional at baseline or have the ability to recover (i.e. stressed-535 
but-viable) in the absence of macrophage attack. Pathologic evidence in the nerves and 536 
NMJs of Nmnat2V98M/R232Q mice point to a continual process of axon degeneration and 537 
regeneration, as has been observed in other chronic neurodegenerative diseases78,79. 538 
Moreover, reversal of motor deficits with macrophage depletion after disease onset 539 
suggests that there is effective and ongoing regeneration once axon degeneration is 540 
blocked. 541 
  542 
Our data support a model wherein early axon loss and disease symptoms are due to 543 
macrophage activation and axon engulfment. We hypothesize that macrophages are key 544 
initiators of disease in this model of a SARM1-dependent motor neuropathy, akin to their 545 
previously described roles in other common neurodegenerative diseases including MS, 546 
AD, PD, and ALS80. We predict that SARM1 activation eventually leads to neuron-547 
autonomous axon degeneration that is not prevented by immunomodulatory therapy. 548 
Indeed, this may explain the waning rescue offered by macrophage depletion in older 549 
Nmnat2V98M/R232Q mice. The findings herein demonstrate an acute benefit for use of 550 
currently available macrophage-targeted therapy. Given that Sarm1 knockout and 551 
SARM1 dominant negative gene therapy both confer robust protection in this model, use 552 
of future small molecule and gene therapy SARM1 inhibitors in combination with immune 553 
targeted therapies could be optimal for long-term therapy of chronic SARMopathies. 554 
  555 
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While this study focuses on a very rare genetic cause of neuropathy, SARM1 has been 556 
implicated in an expanding number of other, more common neurodegenerative diseases 557 
including traumatic brain injury15,18,81, diabetic neuropathy16, chemotherapy-induced 558 
neuropathy14,16,52, glaucoma25, and retinal degeneration26,82. Importantly, we and others 559 
have identified rare hypermorphic human SARM1 alleles in patients with ALS29,30. Our 560 
work suggests that in addition to SARM1 inhibition, these patients are also candidates for 561 
macrophage targeted therapies. In summary, our study implies the existence of a 562 
SARM1-dependent, non-cell-autonomous pathway for axonal dysfunction that is 563 
amenable to targeted immunomodulatory therapy and presents a mechanistically defined 564 
mouse model of a pure SARMopathy in which to test such treatment strategies. 565 
  566 
  567 
  568 
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MATERIALS AND METHODS 569 
  570 
Whole-exome sequencing 571 
Whole exome sequencing and sequence analysis were performed by the Division of 572 
Genomic Diagnostics Genetic Counseling Core at Children’s Hospital of Philadelphia. 573 
Genomic DNA was extracted from peripheral blood following standard DNA extraction 574 
protocols. Targeted exons were captured with the Agilent SureSelect XT Clinical 575 
Research Exome kit per manufacturer’s protocol, sequenced on the Illumina HiSeq 2000 576 
or 2500 platform with 100bp paired-end reads, and sequencing variants were identified 577 
using an in-house custom-built bioinformatics pipeline as described previously83. Mapping 578 
and analysis were based on the human genome build UCSC hg19 reference sequence. 579 
Single nucleotide variants, small deletions, and small insertions were detected. 580 
Suspected pathogenic variants were confirmed by Sanger sequencing. 581 
  582 
Constructs 583 
The Takara HD InFusion Cloning Kit was used to introduce R232Q and V98M mutations 584 
into the complete open reading frame of the canonical 307 amino acid human NMNAT2 585 
reference allele fused to a FLAG tag followed by a 10 amino acid linker sequence and C-586 
terminal 2 X Strep Tag cloned into lentivirus vector FCIV. 587 
  588 
HEK293T transfection 589 
HEK293T cells were cultured in DMEM with 2 mM glutamine and 1% 590 
penicillin/streptomycin (both Gibco), and 10% fetal bovine serum. Cells were plated in 12-591 
well format to reach 25-35% confluence before transfection with polyethyleneimine (PEI, 592 
1 mg/mL, pH 7.0) using a ratio of 3:1 (mg of PEI vs. mg of plasmid DNA). 200 ng 593 
StrepTag-NMNAT2-Flag expression vectors (reference allele, V98M, or R232Q) were 594 
transfected per well. 1 mg/mL Cycloheximide (Sigma-Aldrich) was used to block protein 595 
synthesis 24 hours after transfection. Cells from a single well at each time point after 596 
treatment were suspended in 100 mL of 100 mM Tris-Cl, pH 8.0, and 150 mM NaCl with 597 
Protease Inhibitor Cocktail (Pierce, Buffer 1), sonicated to fragment genomic DNA, then 598 
mixed with 30 mL of 4x NuPage LDS sample buffer (Invitrogen). After heating to 90°C for 599 
5 minutes, equal amounts were used for Western blot. 600 
  601 
Western Blot 602 
Cell lysates were resolved using SDS polyacrylamide gel electrophoresis (PAGE) on 4-603 
12% Bis-Tris Plus gel (Invitrogen), transferred to PVDF membrane (Invitrogen), and 604 
followed by immunoblotting for Flag (1:1000 Mouse Anti-Flag M2 monoclonal, Sigma 605 
F3165) and beta-tubulin (1:1000 Anti-beta-tubulin DSHB Clone E7), and visualization by 606 
standard chemiluminescence. 607 
  608 
NMNAT recombinant protein expression and purification 609 
Constructs described above, human reference allele of NMNAT2 and variants V98M or 610 
R232Q, were transfected to 150 mm diameter cell culture dish with ~50% confluence of 611 
HEK293T cells. 15 mg of plasmid was mixed with 45 mg of PEI and transfected into the 612 
cells. Cells were harvested 48 hours after transfection and resuspended in Buffer 1 before 613 
lysis by sonication on ice. After centrifugation at 18,000xg for 10 minutes 3 times to 614 
remove the cell debris, the supernatant was mixed with PureCube HiCap Streptactin 615 
MagBeads (Cube Biotech) for 1 hour. Proteins were eluted with Buffer 1 plus 5 mM 616 
desthiobiotin and stored at -80 °C. Their concentrations were determined by the Bio-Rad 617 
protein assay. Protein purity was assessed by 4-12% SDS-PAGE and Coomassie 618 
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staining. 619 
  620 
NMNAT Activity Assay 621 
NMNAT activity was defined as 1 mmol NAD+ generated per min (one unit, U) per mg of 622 
protein. Typically, the reaction was initiated by mixing purified NMNAT2 protein at 1-2 623 
mg/mL with 100 mM ATP and 100 mM NMN in 10 mM HEPES, pH 7.4, and 5 mM MgCl2 624 
at 37 °C. At various time points, reactions were stopped by removing 100 µL from the 625 
reaction and mixing it with 100 µL 0.5 M perchloric acid (HClO4) on ice for 10 minutes. 626 
After centrifugation at 18,000xg for 10 minutes, the supernatant was mixed with 11 µL 3 627 
M K2CO3 for neutralization. Samples were placed on ice for another 10 minutes and 628 
centrifuged. 45 µL of supernatant containing extracted metabolites was mixed with 5 µL 629 
0.5 M Potassium Phosphate buffer and quantified by HPLC (Nexera X2) on a Kinetex 630 
(100 × 3 mm, 2.6 µm; Phenomenex) column. An NAD+ standard (Sigma) was used to 631 
generate a standard curve for the quantification of NAD+ in the extraction. NAD+ 632 
production at 10 minutes, which is within the steady-state, was used to calculate NMNAT 633 
activity. 634 
  635 
Enzymatic and half-life assay statistics 636 
Data are presented as Mean ± SEM. Fitting of data was performed using Excel (Microsoft) 637 
or Prism 9 (GraphPad). Curve fittings and specific tests used are described in the Figure 638 
legends. A p-value <0.05 was considered significant. 639 
  640 
Generation of Nmnat2V98M/R232Q compound heterozygous mice 641 
All animal experiments were performed under the direction of institutional animal study 642 
guidelines at the Washington University, St. Louis, MO. To generate Nmnat2V98M/R232Q 643 
mice via CRISPR/Cas9, guide RNAs were designed by the Washington University School 644 
of Medicine Genome Engineering & iPSC Center, and individually created gRNAs were 645 
microinjected into B6CBAF2/J pronuclei along with Cas9 protein and donor DNA 646 
oligonucleotides engineered to introduce the desired mutations by homology-directed 647 
repair. Properly mutated transgenic mice with individual mutations were confirmed by 648 
sequencing. Founder mice were initially mated to C57BL/6J mice and heterozygotes for 649 
each allele were subsequently mated together to generate trans-heterozygotes. 650 
  651 
Nerve structural analysis 652 
Sciatic, sural, and femoral nerves were processed as previously described14,84. Briefly, 653 
nerves were fixed in 3% glutaraldehyde in 0.1 ml PBS (Polysciences) overnight at 4°C, 654 
washed, then stained with 1% osmium tetroxide (Sigma Aldrich) overnight at 4°C. Nerves 655 
were then washed, and dehydrated in a serial gradient of ethanol from 50 to 100%. After 656 
dehydration, nerves were incubated in 50% propylene oxide/50% ethanol, then 100% 657 
propylene oxide. Subsequently, nerves were incubated in the Araldite resin 658 
solution/propylene oxide solutions overnight in the following ratios: 50:50, 70:30, 90:10, 659 
and embedded in 100% Araldite resin solution (Araldite: DDSA: DMP30; 12:9:1; Electron 660 
Microscopy Sciences) and baked overnight at 60°C. Sciatic nerves were embedded so 661 
that the most distal portion was sectioned. For the light microscope analysis of 400–662 
600 nm semithin sections were cut using Leica EM UC7 Ultramicrotome and placed onto 663 
microscopy slides. Toluidine blue staining and quantification were performed as 664 
previously described84. All quantifications were performed by an individual blinded to 665 
genotype. 666 
 667 
Tissue immunohistochemistry 668 
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Nervous tissue 669 
Six micron-thick sections of sciatic nerves and twenty micron-thick sections of spinal cord 670 
were prepared on a cryostat (Leica CM1860), mounted onto slides, and processed as 671 
described14. For visualization of activated macrophages, the primary antibody used was 672 
1:100 CD68 (rat, Bio-Rad), and the secondary antibody was anti-rat Cy3 (Jackson 673 
Immunoresearch) at a dilution of 1:500. For visualization and quantification of GFP 674 
fluorescence in spinal cords, directly conjugated rabbit anti-GFP Alexa 488 (Invitrogen) 675 
was used 1:200. For visualization of motor neuron cell bodies, the primary antibody used 676 
was 1:100 ChAT (rat, Millipore), and the secondary antibody was 1:250 anti-goat-Cy3 677 
(Jackson Immunoresearch). Sections were cover-slipped with Vectashield with DAPI 678 
(Vector Laboratories) to allow visualization of nuclei. Sciatic nerves were imaged with the 679 
Leica DMI 4000B confocal microscope using a 40× immersion oil. Spinal cords were 680 
imaged at 10x magnification using a scheme covering 100% of the total spinal cord area 681 
with image stitching for quantification. Z-stacks were acquired through the whole sample, 682 
max projected, then exported for quantification. ImageJ was used for quantification of 683 
integrated fluorescence density quantification from three independent sections per 684 
mouse. Motor neuron numbers were manually counted in the ventral horn using ImageJ 685 
(3-4 mice per genotype). 686 
  687 
Tibialis Anterior Muscle 688 
Ten micron-thick sections of the tibialis anterior muscle were processed as described14. 689 
The primary laminin antibody was used at 1:100 (Sigma #L9393). The secondary 690 
antibody was 1:500 anti-rabbit Cy3 (Jackson Immunoresearch). Muscle fiber cross-691 
sectional area was calculated by averaging fiber cross-sectional area from ≥150 muscle 692 
fibers per mouse from three independent 20X images. Three mice were used per 693 
genotype in each age cohort. 694 
  695 
Lumbricals 696 
The mice were transcardially perfused with 20ml of 4% paraformaldehyde (PFA) solution.  697 
Dissected lumbrical muscles were permeabilized with 2% TritonX-100 /1x PBS (PBST) 698 
for 30min and then blocked with 4% bovine serum albumin (BSA) dissolved in 0.3% PBST 699 
30mins at room temperature. Muscles were incubated with primary antibodies of SV2 700 
(1:200, DSHB AB2315387) and 2H3 (1:100, DSHB AB2314897) overnight at 4℃. After 701 
incubation of primary antibody, muscles were incubated with FITC rabbit anti-mouse IgG1 702 
(1:400, Invitrogen A21121) and Alexa fluoro-568 conjugated α-bungarotoxin (1;500, 703 
biotium 00006) for 2hrs at room temperature. Muscles were washed with PBS for 5 min 704 
3 times and then were mounted by mounting media (VECTASHIELD). 705 
  706 
To analyze NMJ morphology, z-stack images were obtained. Maximal intensity projection 707 
images were analyzed to determine the volume of endplates using Imaris software. 15-708 
20 NMJs were analyzed per mouse. NMJ occupancy was calculated as a ratio of pre-709 
synaptic axonal area (SV2/2H3) versus post-synaptic area (BTX). As the value 710 
approaches 1.0, it indicates motor endplates are fully occupied by axons.   711 
 712 
Intraepidermal nerve fiber density quantification 713 
Intraepidermal nerve fiber (IENF) staining and quantification were performed as 714 
previously described14,85. Briefly, footpad skin was dissected and then placed in freshly 715 
prepared Zamboni's fixative overnight at 4°C. Samples were then thoroughly washed with 716 
PBS then incubated for 24 hr in 30% sucrose in PBS. Samples were embedded in O.C.T. 717 
then sectioned at 50 μm using a cryostat. Sections were stored −20°C in a cryoprotectant 718 
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comprised of 30% sucrose and 33% ethylene glycol in PBS until ready for 719 
immunohistochemistry. Free floating sections were washed with PBS, blocked with 5% 720 
normal goat serum in PBST, then incubated in PGP9.5 (AB1761, Millipore) diluted 1:1000 721 
in blocking buffer overnight at 4°C. Free floating sections were washed with PBST, 722 
incubated with species appropriate secondary antibody (anti-rabbit-Cy3) 1:500 for 2 hr at 723 
room temperature, washed with PBST, and then mounted in Vectashield with DAPI. 724 

The footpads were identified and imaged on a Leica DMI 4000B confocal microscope 725 
using a 10× objective. Z-stacks were acquired through the whole sample, max projected, 726 
then exported for quantification. IENF density was quantified as the number of PGP9.5+ 727 
axons that crossed the basement membrane normalized to the length of the basement 728 
membrane. IENF densities were averaged in three separate sections for each animal. 729 
Imaging and analysis were performed by an individual blinded to genotype.  730 

Tissue metabolite measurements 731 
On the day of metabolite extraction, sciatic nerve tissues were homogenized in 160 µL of 732 
cold 50% MeOH solution in water using a homogenizer (Branson) and then centrifuged 733 
(15,000 g, 4˚C, 10 min). The clear supernatant was transferred to a new tube containing 734 
50 µL chloroform and vigorously shaken then centrifuged (15,000 g, 4˚C, 10 min). The 735 
chloroform extraction was repeated twice. The clear aqueous phase (100µL) was 736 
transferred to the new tube and then lyophilized and stored at 80˚C until measurement. 737 
Lyophilized samples were reconstituted with 50 µL of 5 mM ammonium formate (Sigma) 738 
and centrifuged at 12,000 x g for 10 min. Cleared supernatant was transferred to the 739 
sample tray. Nervous tissue metabolite measurements were acquired as previously 740 
described84. 741 
  742 
AAV constructs and virus injections 743 
AAV constructs were created as previously described22. Briefly, AAV8-hSYN-SARM1-744 
DN-EGFP was generated by the viral vector core of the Hope Center for Neurological 745 
Disorders at Washington University in St. Louis. Viral particles were purified by iodixanol 746 
gradient ultracentrifugation, and virus titers were measured by dot blot. Under light 747 
anesthesia with Avertin, 6 × 1011 viral genomes were injected intrathecally at L6/S1. Viral 748 
expression was confirmed by detecting EGFP expression via immunohistochemical 749 
analysis of sectioned spinal cords. 750 
  751 
Nerve electrophysiology 752 
Compound muscle action potentials (CMAPs) were acquired as previously described86 753 
using a Viking Quest electromyography device (Nicolet). Mice were anesthetized, then 754 
electrodes (stimulating: ankle or sciatic notch; recording: footpad) were put into place. 755 
Supramaximal stimulation was used for CMAPs. SNAPs were acquired as previously 756 
described14 using a Viking Quest electromyography device (Nicolet). Briefly, mice were 757 
anesthetized, then electrodes were inserted subcutaneously into the tail (recording 758 
electrode at the base, stimulating electrodes 30 mm distal from the negative recording 759 
electrode, and ground between the stimulating and recording electrodes). Supramaximal 760 
stimulation was used for SNAPs. 761 

Behavioral tests 762 
Tail flick assay 763 
The tail flick assay was performed as previously described87. Briefly, mice were restrained 764 
horizontally, and the tip of their tails was submerged in a 55℃ water bath. All mice 765 
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removed their tails from the noxious stimulus by flicking their tails out of the water. The 766 
latency to withdrawal from the water bath was measured using a stopwatch. Five trials 767 
were performed and averaged for each mouse. 768 
  769 
Inverted screen assay 770 
The inverted screen assay was performed as previously described with minor 771 
modifications88. Mice were placed on a wire mesh screen. The latency to fall for each 772 
mouse was recorded, and each mouse underwent three trials with five-minute rest 773 
periods. If a mouse did not fall off the mesh screen within 120 seconds, then that time 774 
was recorded, and the mouse was taken off the screen. 775 
  776 
Hindlimb grip strength 777 
Hindlimb grip strength was measured using a computerized grip strength meter. To 778 
measure hindlimb grip strength, mice were held upright at the base of the neck and the 779 
tail, and the mouse was held over a bar connected to a force transducer. Once the mouse 780 
gripped the bar with its hind paws, the mouse was pulled backward until the grip was 781 
released. The maximum force of each measurement was measured in grams and 782 
recorded by the grip strength meter. Each mouse underwent five trials. If a mouse could 783 
not establish a grip on the bar, then the value for that trial was recorded as zero. 784 
  785 
Flow cytometry 786 
Nerves were collected and kept on ice until dissociation. Cells were then minced and 787 
incubated with gentle shaking for 20 min in digestion media containing 0.3% collagenase 788 
IV, 0.04% hyaluronidase, and 0.04% Dnase in DMEM at 37 °C. Cells were then washed 789 
and filtered through 70μm cell strainers. Single-cell suspensions were stained at 4 °C. 790 
Dead cells were excluded by propidium iodide (PI). Antibodies to the following proteins 791 
were used: CD11b (clone M1/70), CD45 (clone 30-F11), and CD64 (clone X54-5/7.1). 792 
Cells were analyzed on an LSRII flow cytometer (Becton Dickinson) and analyzed with 793 
FlowJo software. 794 
  795 
RNA Sequencing and Analysis 796 
Samples were prepared according to library kit manufacturer’s protocol, indexed, pooled, 797 
and sequenced on an Illumina NovaSeq 6000.  Basecalls and demultiplexing were 798 
performed with Illumina’s bcl2fastq software and a custom python demultiplexing program 799 
with a maximum of one mismatch in the indexing read.  RNA-seq reads were then aligned 800 
to the Ensembl release 76 primary assembly with STAR version 2.5.1a1.  Gene counts 801 
were derived from the number of uniquely aligned unambiguous reads by 802 
Subread:featureCount version 1.4.6-p52. Isoform expression of known Ensembl 803 
transcripts were estimated with Salmon version 0.8.23.  Sequencing performance was 804 
assessed for the total number of aligned reads, total number of uniquely aligned reads, 805 
and features detected.  The ribosomal fraction, known junction saturation, and read 806 
distribution over known gene models were quantified with RSeQC version 2.6.24. 807 
  808 
All gene counts were then imported into the R/Bioconductor package EdgeR5 and TMM 809 
normalization size factors were calculated to adjust for samples for differences in library 810 
size.  Ribosomal genes and genes not expressed in the smallest group size minus one 811 
samples greater than one count-per-million were excluded from further analysis.  The 812 
TMM size factors and the matrix of counts were then imported into the R/Bioconductor 813 
package Limma6. Weighted likelihoods based on the observed mean-variance 814 
relationship of every gene and sample were then calculated for all samples and the count 815 
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matrix was transformed to moderated log 2 counts-per-million with Limma’s 816 
voomWithQualityWeights7.  The performance of all genes was assessed with plots of the 817 
residual standard deviation of every gene to their average log-count with a robustly fitted 818 
trend line of the residuals. Differential expression analysis was then performed to analyze 819 
for differences between conditions and the results were filtered for only those genes with 820 
Benjamini-Hochberg false-discovery rate adjusted p-values less than or equal to 0.05. 821 
  822 
For each contrast extracted with Limma, global perturbations in known Gene Ontology 823 
(GO) terms, MSigDb, and KEGG pathways were detected using the R/Bioconductor 824 
package GAGE8 to test for changes in expression of the reported log 2 fold-changes 825 
reported by Limma in each term versus the background log 2 fold-changes of all genes 826 
found outside the respective term.  The R/Bioconductor package heatmap39 was used to 827 
display heatmaps across groups of samples for each GO or MSigDb term with a 828 
Benjamini-Hochberg false-discovery rate adjusted p-value less than or equal to 0.05.  829 
Perturbed KEGG pathways where the observed log 2 fold-changes of genes within the 830 
term were significantly perturbed in a single-direction versus background or in any 831 
direction compared to other genes within a given term with p-values less than or equal to 832 
0.05 were rendered as annotated KEGG graphs with the R/Bioconductor package 833 
Pathview10. 834 
  835 
To find the most critical genes, the Limma voomWithQualityWeights transformed log 2 836 
counts-per-million expression data was then analyzed via weighted gene correlation 837 
network analysis with the R/Bioconductor package WGCNA11.  Briefly, all genes were 838 
correlated across each other by Pearson correlations and clustered by expression 839 
similarity into unsigned modules using a power threshold empirically determined from the 840 
data.  An eigengene was then created for each de novo cluster and its expression profile 841 
was then correlated across all coefficients of the model matrix.  Because these clusters 842 
of genes were created by expression profile rather than known functional similarity, the 843 
clustered modules were given the names of random colors where grey is the only module 844 
that has any pre-existing definition of containing genes that do not cluster well with others. 845 
These de-novo clustered genes were then tested for functional enrichment of known GO 846 
terms with hypergeometric tests available in the R/Bioconductor package 847 
clusterProfiler12.  Significant terms with Benjamini-Hochberg adjusted p-values less than 848 
0.05 were then collapsed by similarity into clusterProfiler category network plots to display 849 
the most significant terms for each module of hub genes in order to interpolate the function 850 
of each significant module.  The information for all clustered genes for each module was 851 
then combined with their respective statistical significance results from Limma to 852 
determine whether or not those features were also found to be significantly differentially 853 
expressed. 854 
  855 
CSF1R antibody injections 856 
Macrophages were depleted by administering 1.5 mg of anti-mouse CSF1r (clone AFS98, 857 
BioXCell) or Rat IgG (cat #I4131, Sigma) i.p. every three weeks for a total of four 858 
injections. Depletion of macrophages was confirmed by CD68 immunofluorescence in the 859 
sciatic nerve. 860 
  861 
Macrophage activation assay 862 
Peritoneal macrophages were harvested from individual mice by peritoneal lavage using 863 
ice-cold DMEM containing 1% FBS. Cells were then transferred into plates and subjected 864 
to either PBS or LPS treatment at a concentration of 10 ng/mL for 4 hours at 37 °C. 865 
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 866 
Statistical analysis  867 
Unless otherwise stated, data are reported as means ± standard error of the mean 868 
(SEM). Between group comparisons were made with one-way and two-way ANOVA 869 
with post hoc Holm-Sidak multiple comparison test or paired and unpaired t-tests as 870 
appropriate. Two-sided significance tests were used throughout and P<0.05 was 871 
considered statistically significant. All statistics were calculated with the aid of Prism 9 872 
(GraphPad) software. 873 
 874 
  875 
  876 
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 1131 
Figure 1: Identification of compound heterozygous NMNAT2 variants in two 1132 
brothers with relapsing-remitting neuropathy. a, Clinical features of two brothers 1133 
suffering a unique sensorimotor neuropathy syndrome. b, WES showed that both 1134 
brothers carry two extremely rare missense mutations in the NMNAT2 gene (c.292G>A. 1135 
c.695G>A), each inherited from one of their parents. c, Both residues are conserved in 1136 
all three human NMNAT isoforms. d, Schematic of NMNAT structure. The location of the 1137 
patients’ missense variants is noted in red (V98) and blue (R232). W169 (green) is the 1138 
catalytic residue. e, Relative turnover rates for Flag-NMNAT2 (wild-type, V98M, R232Q) 1139 
after cycloheximide (CHX) addition. Changes in Flag-NMNAT intensity were normalized 1140 
to ⍺-tubulin (loading control) and calculated as a proportion of the intensity of the 0h 1141 
untreated band for each variant. One-phase decay curves were fitted to the data using 1142 
non-linear regression. f, NMNAT activity assay was performed on purified NMNAT2 at 1143 
37°C. NAD+ production at steady state (10 min) was used to calculate the NMNAT activity. 1144 
All data are presented as mean +/- SEM from n=5 independent experiments. Statistical 1145 
significance was determined by two-way ANOVA with multiple comparisons. ns: not 1146 
significant, ****p<0.0001. 1147 
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 1149 
Figure 2: Nmnat2V98M/R232Q mice have behavioral and electrophysiologic features 1150 
consistent with a motor neuropathy. a, Average time suspended from an inverted 1151 
screen (max. 120s) for WT or Nmnat2V98M/R232Q mice. b, Hindlimb grip strength for WT or 1152 
Nmnat2V98M/R232Q mice at 2, 6, and 9-12 months of age. c, The average time it takes for 1153 
WT or Nmnat2V98M/R232Q mice to remove their tails from a 55°C hot water bath at 2, 6, and 1154 
9-12 months of age. d-e, CMAP amplitude of WT and Nmnat2V98M/R232Q mice at the ankle 1155 
(d) and sciatic notch (e) at 2, 6, and 9-12 months of age. f, NCV (m/s) of sciatic nerves of 1156 
WT or Nmnat2V98M/R232Q mice at 2, 6, and 9-12 months of age. g, SNAP CV (m/s) of sciatic 1157 
nerves of WT or Nmnat2V98M/R232Q mice at 2, 6, and 9-12 months of age. h, SNAP 1158 
amplitude (μV) of sciatic nerves of WT and Nmnat2V98M/R232Q mice at 2, 6, and 9-12 1159 
months of age. All data are presented as mean +/- SEM. Statistical significance was 1160 
determined by two-way ANOVA with multiple comparisons. ns: not significant, *p<0.05, 1161 
**p<0.01, ***p<0.001, ****p<0.0001.  1162 
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Figure 3: Nmnat2 variants cause progressive axon loss and muscle wasting in 1164 
mice. a-c, Representative images of sciatic (a), femoral (b), and sural (c) nerves in 9-12-1165 
month-old Nmnat2V98M/R232Q or WT mice. Percent axon area as a ratio of total nerve area 1166 
is calculated to the right. Scale bar represents 50μm. d, The appearance of the sciatic 1167 
nerve at two months shows a dense population of large and small myelinated axons with 1168 
little intervening extracellular space. e, Macrophage containing axonal and myelin debris 1169 
are found in the endoneurial space of two-month-old Nmnat2V98M/R232Q sciatic nerves. f, 1170 
The sciatic nerve at 12 months shows patches of marked axon loss with increased 1171 
collagen and wispy processes of Schwann cells.  Scattered macrophages with axonal 1172 
and myelin debris are identified. g, Presence of large perineurial droplets of neutral fat. 1173 
h, Representative images of ChAT immunostaining in 12-month-old Nmnat2V98M/R232Q or 1174 
WT mouse spinal cord (ventral horn), scale bar represents 50μm. Quantification of 1175 
number of ChAT+ motor neuron cell bodies in the ventral horn to the right. i, 1176 
Representative images of 2- and 12-month-old mouse NMJs stained for synaptic vesicle 1177 
2/neurofilament (green) and bungarotoxin (red). Scale bar represents 20μm. j, 1178 
Quantification of synapse volume for WT and Nmnat2V98M/R232Q NMJs. k, Quantification 1179 
of overlap between presynaptic area vs. postsynaptic area for WT and Nmnat2V98M/R232Q 1180 
NMJs at 2, 6, and 12 months of age. l, Average tibialis anterior weight/body weight for 1181 
WT and Nmnat2V98M/R232Q mice in 2, 6, and 9-12-month-old mice. m, Representative 1182 
images of laminin immunofluorescence in Nmnat2V98M/R232Q mouse tibialis anterior 1183 
muscles at 2, 6, and 9-12 months of age. WT mouse tibialis anterior muscle at 12 months 1184 
of age shown for comparison. The apparent fuzziness shown in the representative image 1185 
of Nmnat2V98M/R232Q 9–12-month muscle was a consistent genotype-dependent finding 1186 
reflecting diffuse laminin staining. Quantification of muscle fiber cross-sectional area to 1187 
the right. Scale bar represents 150μm. All data are presented as mean +/- SEM. Statistical 1188 
significance was determined by Student’s unpaired t-test or two-way ANOVA with multiple 1189 
comparisons. ns: not significant, *p<0.05, ***p<0.001, ****p<0.0001.  1190 
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 1191 
Figure 4: Sarm1 knockout rescues neuropathy caused by Nmnat2 variants in mice. 1192 
a, Relative cADPR levels in sciatic nerves of 2-month-old WT, Nmnat2V98M/R232Q, and 1193 
Nmnat2V98M/R232Q; Sarm1 KO mice. Values normalized to WT cADPR levels (set to 1). 1194 
Statistical significance determined by a Student’s unpaired t-test, **p<0.01. b, Average 1195 
tibialis anterior weight by body weight for WT, Nmnat2V98M/R232Q, and Nmnat2V98M/R232Q; 1196 
Sarm1 KO mice in 2 and 9-12-month-old mice. c, Average time suspended from an 1197 
inverted screen (max. 120s) for WT, Nmnat2V98M/R232Q, and Nmnat2V98M/R232Q; Sarm1 KO 1198 
mice. d-f, Representative images of sciatic (d), femoral (e), and sural (f) nerves in 9-12-1199 
month-old Nmnat2V98M/R232Q; Sarm1 KO mice. Scale bar represents 50μm. Percent axonal 1200 
area as a ratio of total nerve area is calculated below each corresponding nerve. All data 1201 
are presented as mean +/- SEM. Statistical significance was determined by two-way 1202 
ANOVA with multiple comparisons. ns: not significant, *p<0.05, **p<0.01, ***p<0.001, 1203 
****p<0.0001. g, Schematic of AAV-SARM1-DN gene therapy experiment. h, Percent 1204 
initial performance on inverted screen test at 2 months and 6 months of age for EGFP 1205 
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(control) or SARM1 dominant-negative injected Nmnat2V98M/R232Q mice. Statistical 1206 
significance within treatment group was determined by a Student’s paired t-test, ns: not 1207 
significant,  **p<0.01. Statistical significance between treatment groups was determined 1208 
by a Student’s unpaired t-test, ns: not significant, *p<0.05.  1209 
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Figure 5: Activated macrophages accumulate in the peripheral nervous system of 1211 
Nmnat2V98M/R232Q mice. a-e, Representative images of CD68 immunofluorescence and 1212 
DAPI signal in the spinal cord (a-b) and sciatic nerves (c-e) of 2-month-old WT, 1213 
Nmnat2V98M/R232Q, and Nmnat2V98M/R232Q; Sarm1 KO mice. f, Representative scatter plots 1214 
and quantification of fluorescence-activated cell sorting of total sciatic nerve 1215 
macrophages (CD64+ CD11b+) in 2-month-old WT, Nmnat2V98M/R232Q, and 1216 
Nmnat2V98M/R232Q; Sarm1 KO mice. g, Sample correlation plot showing global 1217 
transcriptomic analysis and hierarchical clustering of sciatic nerve macrophages from WT 1218 
and Nmnat2V98M/R232Q mice. Each box represents one replicate. h, Volcano plot of 1219 
significant co-differentially expressed genes (DEGs) in 2-month and 6-month 1220 
Nmnat2V98M/R232Q sciatic nerves highlighting activated macrophage markers and repair 1221 
Schwann cell signatures. i, GO analysis of genes enriched in 6-month Nmnat2V98M/R232Q 1222 
sciatic nerves. 1223 
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 1225 

Figure 6: Macrophage depletion rescues motor defects and axon loss in 1226 
Nmnat2V98M/R232Q mice. a, Schematic of CSF1R antibody-mediated macrophage 1227 
depletion in young (1 month) Nmnat2V98M/R232Q mice. b, Average time suspended from an 1228 
inverted screen (max. 120s) for IgG control and CSF1R-treated Nmnat2V98M/R232Q mice. 1229 
Statistical significance was determined by two-way ANOVA with multiple comparisons. c, 1230 
Representative images of femoral nerve from IgG (control), CSF1R, or Sarm1 KO 1231 
Nmnat2V98M/R232Q mice at 4 months. Scale bar represents 150μm. Percent axonal area as 1232 
a ratio of total nerve area for femoral nerve calculated to the right. d, Schematic of CSF1R 1233 
antibody-mediated macrophage depletion in aged (4 months) Nmnat2V98M/R232Q mice. e, 1234 
Change in inverted screen time (s) from pre-treatment (4 months) measured at 5, 6, and 1235 
7 months of age comparing CSF1R treatment or IgG (control). Statistical significance was 1236 
determined by two-way ANOVA with multiple comparisons. f, CMAP amplitude of 1237 
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Nmnat2V98M/R232Q mice at the ankle before and after 1 month of CSF1R treatment or IgG 1238 
treatment. g, Percent axonal area as a ratio of total nerve area for femoral nerve and 1239 
sciatic nerve calculated at 7 months of age (3 months of macrophage depletion or 1240 
treatment with isotype control IgG). f-g, Statistical significance was determined by 1241 
Student’s unpaired t-test. All data are presented as mean +/- SEM. ns: not significant, 1242 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  1243 
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 1244 
Supplemental Figure 1: Intraepidermal nerve fiber density is unaffected in 1245 
Nmnat2V98M/R232Q mice. Intraepidermal nerve fiber density of footpad skin of 12-month-1246 
old Nmnat2V98M/R232Q; Sarm1 KO and Nmnat2V98M/R232Q mice.  1247 
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 1248 
Supplemental Figure 2: Myelin thickness is preserved in Nmnat2V98M/R232Q mice. 1249 
Average g-ratio in sciatic, femoral, and sural nerves at 2, 6, and 9-12 months of age, 1250 
comparing Nmnat2V98M/R232Q mice to WT mice. All data are presented as mean +/- SEM.  1251 
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 1252 
Supplemental Figure 3: Macrophage activation assay. a-b, Representative scatter 1253 
plots (a) and quantification (b) of CD68+ TNF-alpha+ Nmnat2V98M/R232Q or WT peritoneal 1254 
macrophages in the presence or absence of LPS (10ng/mL) stimulation for 4hrs.  c, Mean 1255 
fluorescence intensity (MFI) of TNF-alpha cell surface expression on CD68+TNFalpha+ 1256 
peritoneal macrophages in the presence or absence of LPS (10ng/mL) stimulation for 1257 
4hrs.   1258 
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 1259 
Supplemental Figure 4: Macrophage depletion quantification. a-b, Representative 1260 
images of CD68+ cells in sciatic nerves after 3 months of CSF1R (a) or IgG (b) injections. 1261 
c, Quantification of CD68+ cells per mm2 nerve area relative to IgG control nerves 1262 
(reported as a percentage of control).  1263 
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