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Abstract
Neuroinflammation plays a complex and context-dependent role in many neurodegenerative diseases. We 
identified a key pathogenic function of macrophages in a mouse model of a rare human congenital neuropathy 
in which SARM1, the central executioner of axon degeneration, is activated by hypomorphic mutations in the 
axon survival factor NMNAT2. Macrophage depletion blocked and reversed neuropathic phenotypes in this 
sarmopathy model, revealing SARM1-dependent neuroimmune mechanisms as key drivers of disease pathogenesis. 
In this study, we investigated the impact of chronic subacute SARM1 activation on the peripheral nerve milieu 
using single cell/nucleus RNA-sequencing (sc/snRNA-seq). Our analyses reveal an expansion of immune cells 
(macrophages and T lymphocytes) and repair Schwann cells, as well as significant transcriptional alterations to a 
wide range of nerve-resident cell types. Notably, endoneurial fibroblasts show increased expression of chemokines 
(Ccl9, Cxcl5) and complement components (C3, C4b, C6) in response to chronic SARM1 activation, indicating 
enhanced immune cell recruitment and immune response regulation by non-immune nerve-resident cells. Analysis 
of CD45+ immune cells in sciatic nerves revealed an expansion of an Il1b+ macrophage subpopulation with 
increased expression of markers associated with phagocytosis and T cell activation/proliferation. We also found 
a significant increase in T cells in sarmopathic nerves. Remarkably, T cell depletion rescued motor phenotypes 
in the sarmopathy model. These findings delineate the significant changes chronic SARM1 activation induces in 
peripheral nerves and highlights the potential of immunomodulatory therapies for SARM1-dependent peripheral 
neurodegenerative disease.
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Background
Axon degeneration is a hallmark of numerous neurode-
generative diseases, including peripheral neuropathy [1–
4]. The process of axon degeneration is largely governed 
by the balance between the activities of SARM1 (sterile 
alpha and toll/interleukin-1 receptor motif containing 
1), a pro-degenerative enzyme, and NMNAT2 (nicotin-
amide mononucleotide adenylyl-transferase 2), a pro-
survival enzyme [5, 6]. As a labile protein produced in the 
soma and transported down the axon, NMNAT2 loss or 
enzymatic dysfunction leads to a buildup of its substrate 
NMN and depletion of its product NAD+ [7, 8]. This 
leads to conformational change and activation of SARM1 
through competitive allosteric binding [7, 9]. SARM1 
cleaves NAD+, a crucial cellular metabolism molecule 
[10], initiating a cascade that culminates in axon degen-
eration [11, 12]. Hence, SARM1 is the central executioner 
of axon degeneration and its deletion confers dramatic 
resistance to injury-induced axon loss and prevents the 
development of diverse neuropathies, including models 
of chemotherapy-induced peripheral neuropathy (CIPN), 
Charcot-Marie-Tooth (CMT) type 2A, and high fat diet-
induced neuropathy [13–15]. We previously developed 
a mouse model (Nmnat2V98M/R232Q mice) of a human 
congenital neuropathy disorder caused by compound 
heterozygosity of two different Nmnat2 missense vari-
ants [2]. These mice exhibit chronic SARM1 activation 
in axons due to NMNAT2 enzymatic deficiency, termed 
“sarmopathy”, and recapitulate most of the clinical fea-
tures and disease progression observed in the patients, 
including behavioral and electrophysiological deficits, 
axon loss, and muscle wasting [2]. As anticipated, axon 
degeneration in this model is driven by chronic activation 
of SARM1 in the axons, as demonstrated by an increase 
of the SARM1-specific biomarker, cyclic ADP ribose 
(cADPR), and the complete rescue of all phenotypes 
when combined with SARM1 knockout. Disease progres-
sion in this model was attenuated by intrathecal adminis-
tration of adeno-associated virus (AAV) driving neuronal 
expression of a SARM1 dominant-negative (SARM1-DN) 
mutant, indicating these phenotypes require SARM1 
activity in neurons [2].

Neuroinflammation plays a paramount role in many 
neurodegenerative diseases, influencing progression 
and severity [16]. While neuroinflammatory signals can 
stimulate immune cell recruitment and debris clearance 
to promote repair and regrowth [16], they also drive dis-
ease progression in neurodegenerative conditions such as 
Alzheimer’s Disease (AD), amyotrophic lateral sclerosis 
(ALS), and multiple sclerosis (MS) [17]. In AD, microg-
lia initially act to contain disease-associated plaques and 
delay disease progression, but overactivation of microglia 
can exacerbate disease pathology by damaging neurons 
through excessive phagocytosis and pro-inflammatory 

cytokine production [18, 19]. ALS exhibits a similar pat-
tern, with microglia in the spinal cord transitioning from 
a beneficial role to a neurotoxic phenotype as the disease 
progresses [20]. In the peripheral nervous system (PNS), 
macrophages promote nerve regeneration post-injury 
by removing axonal debris [21], but also contribute to 
disease pathogenesis in CIPN and aging-related periph-
eral neuropathy [22–24]. Our previous study identi-
fied heightened macrophage activation in sarmopathic 
peripheral nerves, akin to observations in AD, ALS, and 
other peripheral neuropathy models [2, 17–20, 22–24]. 
Notably, macrophage depletion delayed axon loss and 
reversed motor function deficits in Nmnat2V98M/R232Q 
mice, revealing SARM1-dependent neuroimmune mech-
anisms as key drivers of the disease.

To seek further insight into the changes in cellular com-
position and altered gene expression in this condition, 
we used single cell and single nucleus RNA-sequenc-
ing (sc/snRNA-seq) to examine the transcriptome of 
Nmnat2V98M/R232Q peripheral nerves. Similar analyses 
have reshaped our understanding of the role of disease-
associated microglia (DAM) in AD progression [25]. 
In the PNS, single cell transcriptional characterization 
revealed microglial activation-associated genes expressed 
in peripheral nerve macrophages [26], a novel motor-
selective myelinating Schwann cell (mSC) subtype [27], 
and heterogeneity of the nerve cellular components and 
their response to acute nerve injury [28–30]. From our 
transcriptome analyses, we identified changes that high-
light increased immune-related functions of sarmopathic 
nerve-resident cells, including endoneurial fibroblasts 
and Schwann cells (SCs). Chronic SARM1 activation in 
axons triggers a response from several cell types inducing 
cytokine and complement production that likely enhance 
the recruitment and activation of immune cells. Addi-
tionally, we identified an expanded Il1b+ macrophage 
subpopulation that markedly expresses phagocytic and 
T cell proliferation/activation markers and showed, via 
in vivo depletion, that T cells contribute to sarmopathic 
neuropathy progression. Our study thus provides a com-
prehensive overview of the transcriptional landscape of 
a chronic SARM1 activation disorder, highlighting the 
involvement of multiple nerve cell types in provoking an 
immune response that could be an important target for 
treating such neurodegenerative diseases.

Results
Sc/snRNA-seq reveals immune cell and repair schwann cell 
expansions and transcriptional alterations in non-immune 
nerve-resident cells in Nmnat2V98M/R232Q sarmopathy mice 
To elucidate tissue-wide responses to chronic SARM1 
activation and the mechanisms of SARM1-dependent 
non-cell-autonomous immune responses, we used sc/
snRNA-seq to compare sciatic nerves from wildtype 



Page 3 of 19Choi et al. Journal of Neuroinflammation          (2025) 22:138 

(WT) mice to those from our Nmnat2V98M/R232Q sar-
mopathy model. Combining single cell and single nucleus 
approaches minimized method-dependent differences in 
cell type recovery, an important consideration in periph-
eral nerve containing myelinating glia and immune 
cells [31, 32]. We studied 2-3-month-old mice because, 
at this age, the sarmopathic mice show abundant acti-
vated CD68+ macrophages in their nerves and motor 

behavioral deficits in the absence of significant axon 
degeneration, indicating a state of early neuroimmune 
response before irreparable axonal damage has occurred 
[2]. By focusing on this early stage, we aimed to gain 
insights into the initiating events that could inform strat-
egies to prevent axon degeneration before its onset.

Our combined approach yielded 101,263 cells/nuclei 
isolated from sciatic nerves of WT and sarmopathic mice 

Fig. 1 (See legend on next page.)
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(42,984 cells and 58,279 nuclei) (Fig.  1A). Data integra-
tion and unsupervised clustering revealed 21 distinct cell 
clusters consistent with previous sc/snRNA-seq stud-
ies of peripheral nerves, including fibroblasts (endoneu-
rial, perineurial, and epineurial), endothelial cells, SCs 
(myelinating, non-myelinating, and repair), and immune 
cells (macrophages, T cells, and mast cells) (Fig. 1B) [27, 
30]. In particular, our analysis captured populations of 
repair Schwann cells (repair SCs) and T cells not typically 
observed in healthy peripheral nerves [27], but consistent 
with scRNA-seq observations of acute nerve injury [30]. 
Cell types were defined using well-established canonical 
cell markers from recent literature (Fig. 1C) [27, 28, 30].

Consistent with our previous flow cytometry study 
which showed an expansion of CD64+ CD11b+ macro-
phages [2], sc/snRNA-seq analysis revealed a notewor-
thy expansion of macrophages in sarmopathic nerves 
(Fig.  1D). Additionally, we observed a considerable 
expansion of T cells (Fig. 1D). We validated the increase 
in total immune cells using flow cytometry analy-
sis of CD45+ cells (Fig.  1E). These results demonstrate 
that chronic SARM1 activation leads to an increase of 
immune cells in the nerve, particularly T lymphocytes 
and macrophages, highlighting the immune cell-enriched 
composition of sarmopathic nerves as early as two 
months of age.

We hypothesized that axon distress caused by chronic 
SARM1 activation could influence gene expression 
across multiple nerve cell populations. To test this, we 
performed pseudo-bulk DESeq2 differential gene expres-
sion analysis comparing gene expression patterns in the 
major cell types between WT and Nmnat2V98M/R232Q 
(Supplementary Datasets 1). This analysis revealed a 
significant number of differentially expressed genes 
(DEGs), with the most prominent changes observed in 
non-myelinating Schwann cells (nmSCs) (440 increased 
and 265 decreased DEGs), and in endoneurial fibroblasts 
present in the extracellular matrix in close proximity to 
SC-ensheathed axons (579 increased and 152 decreased 
DEGs) and (Fig.  1F). While other nerve cell popula-
tions such as mSCs, endothelial cells, and macrophages 

also showed DEGs, endoneurial fibroblasts and nmSCs 
emerged as the cells with the broadest response to com-
promised axons. The overall changes observed were 
confirmed by analysis of our previously published bulk 
RNA-seq of 2-3-month-old sciatic nerves [2]. In addi-
tion, we included bulk RNA-seq of 2-3-month-old 
Nmnat2V98M/R232Q;Sarm1-KO sciatic nerves to examine 
the SARM1-dependent nature of the observed transcrip-
tional changes. When compared to WT sciatic nerve, we 
found negligible differences in the overall transcriptional 
profiles of Nmnat2V98M/R232Q nerves in the absence of 
SARM1, demonstrating that SARM1 activation in axons, 
rather than low NMNAT2 activity in non-neuronal cells, 
is the primary driver of the dramatic changes in gene 
expression observed in the broad range of nerve cell 
types (Fig. 1F; Supplementary Fig. 1).

After nerve injury, SCs undergo a de-differentiation 
process to become repair SCs, a specialized pro-regener-
ative SC population that supports axon growth and neu-
ronal survival [33]. We suspected that the high number of 
DEGs associated with sarmopathic nmSCs could be due 
to inclusion of SCs transitioning into this repair pheno-
type in response to axonal stress from chronic SARM1 
activation. Indeed, we observed a considerable expansion 
of the repair SC subcluster – defined by high Ngfr, Sox2, 
and Gdnf expression – in sarmopathic nerves, similar to 
observations in acute nerve injury models (Fig.  1C and 
D) [30]. Such transitional SCs downregulate the myelin 
genes (Mpz and Mbp) that define mSCs while retaining 
other SC-associated markers [33]. Thus, DEGs of sarmo-
pathic nmSCs also include repair-associated genes such 
as Bdnf, which enhances nerve regeneration through acti-
vation of the JAK/STAT pathway in SCs [34], and Runx2, 
which regulates SC migration and re-myelination dur-
ing peripheral nerve repair (Fig.  1G) [35]. Significantly 
increased genes in sarmopathic nmSCs were associated 
with axon-plasticity, regeneration, and development-
related Gene Ontology (GO) terms (Fig.  1H). This sup-
ports the interpretation that our analysis has captured a 
subset of SCs in a transitional repair-like state in response 
to chronic SARM1 activation and axon distress [36].

(See figure on previous page.)
Fig. 1  sc/snRNA-seq of Nmnat2V98M/R232Q sciatic nerves reveals immune cell expansions and transcriptomic alterations in nerve-resident cells. (A) Sche-
matic of sc/snRNA-seq experimental workflow for 2-3-month-old WT (C57BL/6) and Nmnat2V98M/R232Q mice. (B) Integrated UMAP visualization of cells 
from WT and Nmnat2V98M/R232Q sciatic nerves (n = 101,263; single cell = 42,984; single nucleus = 58,279) and UMAP visualization of WT (n = 48,785) and 
Nmnat2V98M/R232Q (n = 52,478) side-by-side. Colors correspond to different cell clusters. Endoneu, endoneurial fibroblast; Epineu, epineurial fibroblast; 
perineu, perineurial fibroblast; EC, endothelial cell; vSMC/pericyte: vascular smooth muscle cell and pericyte; mSC, myelinating Schwann cell; nmSC, 
non-myelinating Schwann cell; repair SC, repair Schwann cell; Mac, macrophage. (C) Dot plot of scaled average canonical marker gene expression used 
to differentiate and classify cell clusters. (D) Stacked bar plot of normalized cell type proportions in WT and Nmnat2V98M/R232Q. Data was normalized to 
account for the difference in the total cell count (cluster cell count / normalization factor, where normalization factor = total cell count / largest total cell 
count). (E) Flow cytometry quantification of total number of live single CD45+ immune cells in WT and Nmnat2V98M/R232Q sciatic nerves. Data are presented 
as mean ± SEM. Significance was determined using Mann-Whitney test. (F) Number of genes with significantly increased or decreased expression (log2FC 
>|1| and adjusted p-value < 0.05) per major cell type in Nmnat2V98M/R232Q compared to WT nerves. (G) Volcano plot and (H) Gene Ontology (GO) terms of 
differentially expressed genes (DEGs) in non-myelinating SCs in Nmnat2V98M/R232Q compared to WT. (I) Volcano plot and (J) GO terms of DEGs in endoneu-
rial fibroblasts in Nmnat2V98M/R232Q compared to WT. DEGs with log2FC > 1 and adjusted p-value < 0.05 were used for volcano plot visualization and GO 
term analysis
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Fig. 2 (See legend on next page.)
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In peripheral nerves, Pdgfra+ fibroblasts reside within 
the nerve endoneurium, near to the S100b+ SCs that 
ensheathe and myelinate the axons [37]. Fibroblasts 
are well recognized for their role in regulating tissue 
immune responses during injury or disease via induc-
tion of genes encoding cytokines and other immune-
modulating proteins [38–41]. Consistent with this role, 
we observed increased expression of inflammation and 
immune recruitment-related genes in sarmopathic endo-
neurial fibroblasts (Fig.  1I). GO analysis confirmed the 
enrichment of these DEGs for immune response regu-
lation (Fig.  1J), suggesting immune-enhancing capa-
bilities of endoneurial fibroblasts in response to chronic 
SARM1 activation. Interestingly, other nerve fibro-
blasts show a much-reduced transcriptional response 
to these unhealthy axons, suggesting that the proxim-
ity of endoneurial fibroblasts to SC-ensheathed axons 
allows them to respond to axonal stress and contributes 
to their enhanced responsiveness. These DEGs include 
Kng2, which supports inflammation during sepsis [42], 
and the chemokines Ccl9 and Cxcl5, which recruit vari-
ous immune cells [43–45]. Additionally, Adgre5/CD97, a 
leukocyte adhesion marker that acts to enhance immune 
cell infiltration and immune microenvironment changes 
associated with cancer, was also increased [46–48]. Fur-
thermore, the gene encoding FYB/ADAP—critical for T 
cell activation and chemokine signal transduction—was 
increased in sarmopathic endoneurial fibroblasts (Fig. 1I) 
[49]. Similar immune regulation and immune cell signal-
ing related gene expression changes were also observed 
in sarmopathic endothelial cells (Supplementary Fig.  2). 
Taken together, these results demonstrate that chronic 
SARM1 activation in peripheral nerves leads to a sig-
nificant expansion of immune cells (macrophages and T 
lymphocytes) and repair SCs, and a surprisingly broad 
transformation of inflammatory gene regulation in a wide 
range of nerve cell types. This multi-cell type response 
to chronic axonal SARM1 activation, both in terms of 
altered cellular composition and transcription, provides 
new avenues to identify therapeutic strategies.

Chronic SARM1 activation increases expression of 
cytokines and complement in multiple nerve-resident cell 
populations
Cytokines and chemokines play a central role in coordi-
nating immune responses, enabling recruitment, acti-
vation, and differentiation of immune cells [50, 51]. 
Re-analysis of our published bulk RNA-seq revealed 
increased expression of genes encoding cytokines, che-
mokines, and their receptors, such as Ccl2, Ccl8, Cxcl14, 
and Cxcl16, in sarmopathic nerves (Fig. 2A) [2]. We vali-
dated these findings at the protein level using Luminex 
multiplex assays, which showed positive correlations 
between mRNA and protein levels (Supplementary 
Fig.  3A). We then examined our sc/snRNA-seq data to 
determine the cell types expressing the cytokines and 
chemokines induced by chronic SARM1 activation 
(Supplementary Fig.  3B). Notably, Cxcl14 is expressed 
in both WT and sarmopathic epineurial fibroblasts but 
is significantly increased in sarmopathic nmSCs and 
mSCs (DESeq2 pseudo-bulk differential analysis; nmSC: 
log2FC = 6.02, adj p-value = 1.18e-12; mSC: log2FC = 5.91, 
adj. p-value = 4.38e-5) (Figs.  1G and 2B). CXCL14 con-
tributes to the regulation of immune cell migration, as 
demonstrated in a recent glioma study where CXCL14 
recruited tumor-infiltrating CD8+ T cells [52, 53]. To 
mitigate potential gene expression biases from single cell/
nuclei mechanical dissociation and enzymatic digestion 
[54], we validated our findings using RNA fluorescence in 
situ hybridization (FISH), confirming increased expres-
sion of Cxcl14 in SCs (identified by Sox10 expression) in 
sarmopathic sciatic nerves (Fig. 2C). These findings sug-
gest that SCs respond to early axonal distress by de-dif-
ferentiating to a repair phenotype and recruiting immune 
cells, including T cells, to the peripheral nerves.

Activation of the complement system is another crucial 
mechanism guiding recruitment and regulation of the 
immune response and directing cell destruction. Over-
activation of the complement cascade leads to neuroin-
flammation, synaptic dysfunction, and neuronal death, 
contributing to the progression of many neurodegen-
erative diseases including AD, ALS, and MS [55–58]. 
In the PNS, activation of the complement cascade has 

(See figure on previous page.)
Fig. 2  Chronic SARM1 activation induces expression of cytokines and complement in nerve-resident cells of Nmnat2V98M/R232Q mice. (A) Heatmap of 
normalized cytokine and chemokine mRNA value in bulk RNA-seq data from 2-3-month-old WT and Nmnat2V98M/R232Q mice (3 replicates per condition). 
Color scale normalized by the highest and the lowest expressions across each cytokine. (B) UMAP of scaled Cxcl14 mRNA expression in sc/snRNA-seq 
of WT and Nmnat2V98M/R232Q nerves. (C) Representative RNA FISH images and percentage quantification of Sox10 and Cxcl14 in 2-3-month-old WT and 
Nmnat2V98M/R232Q sciatic nerves (n = 3 per genotype). Scale bar: 100 μm. Data presented as mean ± SEM. Significance was determined using Mann-Whitney 
test. (D) Fold change in complement related bulk mRNA expression in 2-month-old and 6-month-old Nmnat2V98M/R232Q sciatic nerves compared to WT 
(n = 3 per condition). (E) Representative images and mean fluorescence intensity (MFI) quantification of CD68 (activated macrophages) and C1q (C1q 
complement components) immunofluorescence in sciatic nerves of 2-3-month-old WT and Nmnat2V98M/R232Q mice. Inset shows DAPI (nuclei) staining 
for same images. Scale bar: 50 μm. Data presented as mean ± SEM. Significance was determined using Mann-Whitney test. (F) UMAP of scaled C3 mRNA 
expression in sc/snRNA-seq of WT and Nmnat2V98M/R232Q. (G) Violin plot of C3 mRNA expression in sc/snRNA-seq of WT and Nmnat2V98M/R232Q endoneurial 
fibroblasts. (H) Representative RNA FISH images and percentage quantification of Pdgfra (green) and C3 (red), merged with DAPI (blue) in 2-3-month-old 
WT and Nmnat2V98M/R232Q sciatic nerves (n = 3 per genotype). Scale bar: 50 μm. Data presented as mean ± SEM. Significance was determined using Mann-
Whitney test
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been observed in myasthenia gravis, where pathological 
destruction of the neuromuscular junction is primar-
ily driven by complement-mediated lysis of the post-
synaptic membrane [59, 60]. Similar observations have 
been made in acute sciatic nerve ligation and CIPN 
models, where complement inhibition suppressed the 
infiltration of inflammatory immune cells and attenu-
ated axon loss, respectively [61, 62]. Analysis of bulk 
RNA-seq of sciatic nerves from 2- and 6-month-old 
Nmnat2V98M/R232Q mice revealed a significant increase in 
expression of complement-related genes such as C3 (the 
central component of the complement cascade essen-
tial for amplifying the complement response), C1qa/b/c 
(parts of the C1 complex responsible for recognizing 
antigen-antibody complexes), and complement receptor 
C3ar1 (which binds complement peptide C3a) (Fig. 2D) 
[2, 63, 64]. We used immunohistochemistry to confirm 
the increased expression of C1q—the recognition sub-
unit of the first complement component that initiates the 
classical complement pathway—and observed its deposi-
tion on SCs ensheathing axons (Fig. 2E) [63]. Consistent 
with previous findings, we confirmed that C1qa/b/c are 
synthesized by macrophages in our dataset (Supplemen-
tary Fig.  4) [65]. Our sc/snRNA-seq data showed high 
basal expression of C3 in epineurial fibroblasts in both 
WT and sarmopathic nerves. Additionally, we found C3 
expression significantly induced in the endoneurial fibro-
blasts in sarmopathic nerves (DESeq2 pseudo-bulk dif-
ferential analysis; endoneurial fibroblast: log2FC = 3.27, 
adj p-value = 0.0001) (Figs. 1I and 2F and G). RNA FISH 
confirmed the increase of C3 expression in sarmopathic 
nerves and demonstrated its co-expression with Pdgfra, a 
marker of fibroblasts (Fig. 2H). The increased C3 expres-
sion in sarmopathic nerves suggests activation of the 
complement system similar to other neurodegenerative 
diseases, particularly driven by an endoneurial fibroblast 
response to chronic SARM1 activation in the axons.

In summary, our findings demonstrate and validate 
the induction of immune-related genes in non-immune 
nerve-resident cells within sarmopathic nerves. Our 
model suggests that SCs and endoneurial fibroblasts 
sense SARM1-induced microenvironment changes in the 
axon and adopt immune-related functions i.e. secretion 
of pro-inflammatory cytokines and complement compo-
nents. These factors recruit and activate immune cells, 
likely amplifying neuroinflammatory responses to persis-
tent SARM1 activation in axons.

Il1b+ macrophages with elevated phagocytosis and T 
cell proliferation/activation functions are abundant in 
sarmopathic nerves
The expansion of multiple immune cell types in our sc/
snRNA-seq data, coupled with the increased expression 
of cytokines and complement components, prompted 

us to further refine the immune cell subclusters identi-
fied in the nerves. We previously showed that PNS mac-
rophages share a significant overlap in gene expression 
with CNS microglia in a healthy state, including expres-
sion of microglial activation genes [26]. In AD, a subset of 
microglia known as DAM is prevalent at sites of neuro-
degeneration, exhibiting unique functions and pathways 
associated with pathology [25]. Linking these observa-
tions in the context of peripheral neurodegeneration, 
we hypothesized that a unique subset of macrophages 
is expanded in sarmopathic nerves. While our previous 
study demonstrated the role of macrophages in driv-
ing SARM1-dependent inflammatory neuropathy, our 
understanding of the responsible macrophage subtype 
remains limited. To test this hypothesis, we performed 
fluorescence-activated cell sorted (FACS) scRNA-seq on 
CD45+ immune cells from sciatic nerves of 2-3-month-
old sarmopathic mice. Combining our CD45+ sorted 
single cell data with immune cell subclusters from the 
scRNA-seq dataset (Fig.  1A), we captured and analyzed 
10,140 immune cells: 7,125 from Nmnat2V98M/R232Q and 
3,015 from WT (Fig. 3A). Unsupervised clustering of the 
immune cells revealed five macrophage clusters (Myo5a+, 
Ccl3+, Clta+, Il1b+, Ccl9+), four T cell clusters (T, Cyto-
toxic T/NK, Helper T, Gamma Delta T), monocytes, 
B cells, dendritic cells, mast cells, and neutrophils. Cell 
populations were defined using canonical markers for 
each immune cell type from recent literature (Fig.  3B) 
[27, 30, 66–68]. Consistent with our sc/snRNA-seq analy-
sis, we observed a significant increase in the total number 
of macrophages, as well as T cells, B cells, and dendritic 
cells, in the sarmopathic nerves even at this early stage 
of the disease (Fig. 3C) [2]. Among the five distinct mac-
rophage clusters, the Il1b+ macrophage subpopulation 
alone showed a significant increase in its proportional 
distribution (Fig. 3D; Supplementary Fig. 5).

Macrophages that highly express Il1b amplify inflam-
mation in various diseases such as pancreatic ductal 
adenocarcinoma (PDAC) and inflammatory arthritis (IA) 
[69, 70]. In our model, the macrophage subcluster highly 
expressing Il1b (Fig. 3E) also selectively expressed genes 
related to inflammation (Chil3, Thbs1, Sirpb1c, Tyrobp), 
phagocytosis (Cd300a), and T cell proliferation/acti-
vation (Cd44, Klra2) (Fig.  3F). Many of the increased 
inflammation genes in sarmopathic Il1b+ macrophages 
were also found to be elevated in Il1b+ macrophages 
identified in PDAC, such as Plac8, Thbs1, Vcan, Flt1, 
Trem1, and Arg2 (Supplementary Datasets 2) [69]. Addi-
tionally, genes typically associated with DAMs, includ-
ing Lgals3, Tyrobp, Cebpb, B2m, Lyz2, and H2-D1, were 
increased in these Il1b+ macrophages (Supplementary 
Fig.  6) [25]. Flow cytometry confirmed the significantly 
increased expression of IL1b in sarmopathic macro-
phages (CD45+ CD11b+ F4/80+ Ly6Clow) (Fig.  3G). GO 
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Fig. 3  Analysis of CD45+ immune cells reveals expansion of Il1b+ macrophages in Nmnat2V98M/R232Q nerves. (A) Integrated UMAP visualization of CD45+ 
immune cells from WT and Nmnat2V98M/R232Q sciatic nerves (n = 10,140 cells) and side-by-side UMAP visualization of WT (n = 3,015) and Nmnat2V98M/R232Q 
(n = 7,125). The immune cell subclusters from scRNA-seq are integrated with FACS CD45+ scRNA-seq data. Colors correspond to different cell clusters. Mac, 
macrophage; NK, natural killer cell. (B) Dot plot of scaled average canonical marker gene expression used to differentiate and classify immune cell clusters. 
(C) Bar graph of normalized immune cell count accounting for the number of sciatic nerves in each group (normalized cell count = cluster cell count 
/ number of sciatic nerves pooled for the sample). Data presented as mean ± SEM. Significance was determined using Mann-Whitney test. (D) Cluster 
distribution of macrophage (Mac) subclusters in WT and Nmnat2V98M/R232Q nerves. (E) Violin plot of scaled Il1b mRNA expression in macrophage clusters. 
(F) Dot plot illustrating scaled expression of differentially expressed genes in Il1b+ macrophages including inflammation (Chil3, Thbs1, Sirpb1c, Tyrobp), 
phagocytosis related (Cd300a), and T cell proliferation/activation related (Cd44, Klra2) genes. (G) Flow cytometry MFI analysis of IL1b expression in CD45+ 
CD11b+ F4/80+ Ly6Clow macrophages in nerves from 2-3-month-old WT and Nmnat2V98M/R232Q mice (n = 4 per genotype). Data presented as mean ± SEM. 
Significance was determined using Mann-Whitney test. (H) Enriched Gene Ontology (GO) terms associated with Il1b+ macrophages or (I) Ccl3+ macro-
phages compared to other macrophage populations. DEGs with log2FC > 1 and adjusted p-value < 0.05 were used for GO term analysis
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analysis of the genes increased in sarmopathic Il1b+ mac-
rophages compared to the other macrophage subclusters 
suggested enhanced phagocytosis and T cell prolifera-
tion/activation functions (Fig. 3H). In contrast, the Ccl3+ 
macrophage cluster—which is proportionally reduced 
in sarmopathic nerves—was characterized by increased 
expression of chemotaxis and immune cell migration-
related genes (Fig. 3I).

We identified a unique Il1b+ macrophage population, 
enriched in phagocytosis and T cell proliferation/acti-
vation markers, that is selectively expanded in sarmo-
pathic nerves. This finding suggests that macrophages in 
SARM1-activated nerves shift toward a more pro-inflam-
matory state (Il1b+), dedicated to phagocytic debris 
removal and induction of T cell proliferation and activa-
tion. Conversely, the relative decrease in the proportion 
of Ccl3+ macrophages indicates a shift away from general 
immune cell recruitment, possibly due to this task being 
assumed by non-immune tissue-resident cells, as high-
lighted. The significant expansion of these Il1b+ macro-
phages with strong inflammatory signatures suggests that 
they act as key drivers of neuroinflammation and thus 
disease progression.

Increased numbers of T lymphocytes are present in 
sarmopathic nerves
In addition to microglia/macrophages, T lymphocytes 
are implicated in driving inflammation and contributing 
to neuronal loss in neurodegenerative diseases includ-
ing AD, MS, and Parkinson’s Disease (PD) [71–75]. Infil-
tration of T cells occurs in both the cerebrospinal fluid 
and hippocampus of patients with AD [76, 77]. Simi-
larly, CD8+ and CD4+ T cells contribute to the patho-
genesis of inflammatory neuropathies, such as chronic 
inflammatory demyelinating polyradiculopathy (CIDP) 
and Guillain-Barre syndrome (GBS) [78–80]. Draw-
ing parallels between these inflammatory neuropathies 
and our Nmnat2V98M/R232Q model, we hypothesized that 
T cells participate in the deficits resulting from chronic 
SARM1 activation. Consistent with the observed expan-
sion of T cells in our single cell analysis, immunostaining 
of 2-3-month-old sarmopathic femoral nerves revealed 
increased expression of pan-T cell (CD3), helper T cell 
(CD4), and cytotoxic T cell (CD8) markers (Fig.  4A) 
[71]. Corresponding to the increase in cytotoxic T cells, 
we observed increased granzyme B expression, which is 
released by activated cytotoxic T cells and natural killer 
cells to mediate neurotoxicity (Fig.  4A) [81]. Addition-
ally, we observed an increase in major histocompatibility 
complex class II (MHC-II) expression by antigen-pre-
senting cells (APCs; macrophages and dendritic cells), 
which is important for T cell recruitment and for ini-
tiating helper T cell responses (Fig.  4A; Supplemen-
tary Fig.  7) [82]. The upregulation of MHC-II indicates 

increased presence of APCs and presumably enhanced 
antigen presentation capabilities, potentially facilitating 
sustained T cell activation in sarmopathic nerves and 
promoting axon destruction.

Corroborating our immunostaining results, flow 
cytometry quantification confirmed a significant increase 
in T cells and macrophages in 2-3-month-old sarmo-
pathic sciatic nerves. A trend towards increased dendritic 
cells was observed but was not statistically significant 
(Fig.  4B). Collectively, our findings demonstrate a sig-
nificant expansion of T cells in sarmopathic peripheral 
nerves. This T cell infiltration, coupled with increased 
MHC-II expression and the expansion of sarmopathic 
Il1b+ macrophages enriched in T cell proliferation and 
activation functions, suggests a coordinated adaptive 
and innate immune response driving SARM1-dependent 
neuroinflammation.

T cell depletion improves motor function and reduces axon 
loss in Nmnat2V98M/R232Q Mice
The increased number of T cells in sarmopathic nerves 
prompted us to investigate their role in disease pathol-
ogy. To evaluate this, sarmopathic mice were intraperito-
neally injected with a T cell depletion cocktail (anti-CD4 
and anti-CD8 neutralizing antibodies) or isotype control 
(IgG antibody). The injections were administered weekly 
for three months, starting at two months of age—a criti-
cal intervention timepoint when inflammatory responses 
are prevalent but axon degeneration is not yet observed 
(Fig.  5A) [2]. The efficacy of T cell depletion was con-
firmed using flow cytometry, which showed strong deple-
tion of CD8+ and CD4+ T cells in sarmopathic sciatic 
nerves after three months of treatment (Supplementary 
Fig. 8).

Notably, sarmopathic mice treated with the T cell 
depletion strategy showed significant improvements in 
motor function and muscle strength compared to those 
treated with IgG, which continued to exhibit decreased 
motor function (Fig.  5B). Morphological examination 
of the predominantly-motor femoral nerves post-treat-
ment showed significantly reduced axon loss in T cell-
depleted mice compared to IgG-treated controls (Fig. 5C 
and D). These findings of functional and morphological 
improvement upon T cell depletion demonstrate that T 
cells contribute to axon degeneration and dysfunction in 
our sarmopathy model. Upon T cell depletion, we also 
observed a two-fold decrease in the total number of mac-
rophages in the femoral nerve of Nmnat2V98M/R232Q mice 
compared to IgG-treated controls (Fig. 5E). Furthermore, 
the number of activated CD68+ macrophages in the fem-
oral nerves of T cell-depleted Nmnat2V98M/R232Q mice 
was reduced (Fig.  5E). This reduction in activated mac-
rophages likely contributes to the observed neuroprotec-
tion, paralleling the outcomes observed with macrophage 
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depletion via CSF1R-antibody treatment [2], underscor-
ing the complexity of the neuroimmune response and 
the contribution of multiple immune cell types in driving 
neuroinflammation and disease progression in SARM1-
dependent neuropathy.

Discussion
Neuroinflammation, a central component of neurode-
generative disease, arises from the immune response 
to injury that eliminates dead or dying cells and initi-
ates healing [16]. This process includes the produc-
tion of cytokines, chemokines, reactive oxygen species, 
and secondary messengers, predominantly by glial and 
immune cells [83, 84]. We previously observed abun-
dant activated macrophages, a key constituent of the 

Fig. 4  T lymphocytes are increased in peripheral nerves of Nmnat2V98M/R232Q mice. (A) Representative images of CD3, CD4, CD8a, granzyme B, and MHC-II 
immunofluorescence of 2-3-month-old WT and Nmnat2V98M/R232Q femoral nerves using PhenoCycler-Fusion multiplexed imaging. Scale bar: 50 μm. (B) 
Flow cytometry gating strategy and quantification of live adaptive immune cells (T cells and B cells) and antigen presenting cells (macrophages and den-
dritic cells) in 2-3-month-old WT and Nmnat2V98M/R232Q sciatic nerves. Each dot in the graph corresponds to an individual sciatic nerve. Data are presented 
as mean ± SEM. Significance was determined using Mann-Whitney test
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neuroinflammatory response, at an early stage of phe-
notypic progression in our model of sarmopathy. In 
this model, where pathology is driven by persistent 
SARM1 activation in axons, we found that depletion of 
macrophages also significantly delayed motor dysfunc-
tion, implying that a non-cell-autonomous mechanism 
engages macrophages to promote axon degeneration 
downstream of SARM1 [2]. Indeed, our recent study 

identified dysregulation of phosphatidylserine (PS), a 
potent phagocytic “eat me” signal, as an early indica-
tor of axonal stress in sarmopathy [85]. Here, our tran-
scriptional characterization of the sarmopathic nerve 
reveals processes beyond macrophage activation that 
drive the pathogenic neuroimmune response in SARM1-
dependent inflammatory neuropathy. These include the 
recruitment of immune cells other than macrophages, 

Fig. 5  T cell depletion in Nmnat2V98M/R232Q mice prevents motor deficits and femoral axon loss. (A) Schematic of T cell depletion experimental workflow 
in Nmnat2V98M/R232Q mice. Mice were injected with anti-CD4 & anti-CD8 neutralizing antibodies (n = 10) or IgG control (n = 12) weekly from two to five 
months of age. Two months-old was selected as a critical intervention timepoint prior to axon loss but after onset of neuroinflammation. (B) Changes 
in motor function of IgG-treated (n = 10) and T cell-depleted Nmnat2V98M/R232Q mice (n = 12) from three months to five months measured as changes in 
inverted screen latency time to fall compared to the baseline measurement for each mouse prior to treatment at two months. Data are presented as 
mean ± SEM. Significance was determined using mixed-effects analysis with Geisser-Greenhouse correction and Sidak’s multiple comparisons. (C) Repre-
sentative images of femoral nerves from IgG-treated and T cell-depleted Nmnat2V98M/R232Q mice at five months at 20X and 100X magnification. (D) Percent 
axonal area/total nerve area for femoral nerves calculated at five months after three months of T cell depletion (n = 6) or treatment with IgG control (n = 4). 
Data presented as mean ± SEM. Significance was determined using Mann-Whitney test. (E) Representative images and quantification of Iba1+ and CD68+ 
macrophages of femoral nerves in IgG control and T cell-depleted Nmnat2V98M/R232Q nerves at five months (n = 4). Scale bar: 50 μm. Data presented as 
mean ± SEM. Significance was determined using Mann-Whitney test
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such as T cells, and immune regulation by non-immune 
nerve-resident cells near sarmopathic axons, namely SCs 
and endoneurial fibroblasts.

Our sc/snRNA-seq findings revealed significant altera-
tions in both the distribution of nerve cell populations 
and their transcriptional profiles at an early stage of 
pathology. These changes were evident prior to observ-
able axon degeneration, indicating a proactive response 
to chronic SARM1 activation. In addition to immune cell 
(macrophage and T lymphocyte) expansion, we observed 
the emergence of repair SCs, historically studied in acute 
nerve injury models and crucial to peripheral nerve 
regeneration [33]. Their presence in our chronic early-
stage model suggests that a repair signal is present even 
in the absence of overt axonal damage. The concurrent 
emergence of repair SC phenotypes and the increase in 
immune cells early in the disease process likely set the 
stage for subsequent neuroinflammatory and degenera-
tive processes, highlighting potential early intervention 
points for SARM1-dependent neuropathy.

Non-immune nerve-resident cells, particularly SCs 
and endoneurial fibroblasts, appear to act as auxiliary 
immune mediators, secreting pro-inflammatory cyto-
kines/chemokines and complement components in the 
sarmopathy model, which aligns with findings from other 
disease states. For example, tumor-associated fibroblasts 
attract and maintain macrophages by secreting cytokines 
and chemokines such as CCL2 and CCL5 [86, 87], and 
in the CNS, astrocytes produce inflammatory mediators 
such as IL-1, IL-6, and TNFa in response to neuronal 
a-synuclein aggregation associated with PD pathogenesis 
[88]. Furthermore, increased expression of C1q and C3 
suggests activation of the complement system through 
its classical pathway, triggered by recognition of “eat me” 
signals such as phosphatidylserine [89]. In AD models, 
complement and microglia mediate early synapse loss, 
highlighting the potential detrimental effect of comple-
ment activation in SARM1-dependent neuropathy [90].

Our findings emphasize the underappreciated role of 
many nerve cell populations responding to axonal stress. 
In particular, sarmopathic endoneurial fibroblasts appear 
to release cytokines, chemokines, and complement com-
ponents in response to axon stress, shaping the nerve 
microenvironment through immune cell recruitment 
and immune response regulation. Similarly, endoneu-
rial fibroblasts in the CMT1X neuropathy model express 
colony stimulating factor-1 (CSF-1) to locally attract 
disease-associated macrophages [91]. A deeper under-
standing of these endoneurial responses, as well as other 
nerve cell populations, could lead to new therapeutic 
targets for modulating a detrimental neuroinflammatory 
environment.

Our scRNA-seq analysis of CD45+ cells in sarmopathic 
nerves revealed selective expansion of Il1b+ macrophages 

among the five distinct macrophage subclusters identi-
fied. This subcluster exhibits a unique transcriptional 
profile with a significant enrichment in phagocytosis and 
T cell proliferation/activation functions. The transcrip-
tional profile of Il1b+ macrophages in sarmopathic nerves 
is similar to those found in pancreatic cancer associated 
with inflammatory reprogramming and disease progres-
sion, suggesting an exacerbating pro-inflammatory state 
[69]. Similarly, IL1b release from macrophages has been 
implicated in vincristine-induced peripheral neuropa-
thy (VIPN), highlighting a critical role of macrophages 
expressing Il1b in multiple models of peripheral neuropa-
thy [92]. GO analysis of genes expressed more highly in 
Il1b+ macrophages than in other macrophage subclusters 
indicates increased phagocytosis and orchestration of T 
cell proliferation and activation, suggesting mechanisms 
by which Il1b+ macrophages drive disease. Conversely, 
GO analysis of the remaining macrophages—such as 
the Ccl3+ macrophage subcluster that is proportionally 
reduced in sarmopathic nerves—indicates enrichment 
of immune cell recruitment functions. We speculate 
that the proportional decline in macrophages dedicated 
to immune recruitment may be offset by the upregu-
lation of chemotactic and complement pathways in 
endoneurial fibroblasts and SCs. As these non-immune 
nerve-resident cells take on chemotactic signaling roles, 
macrophages may shift toward a more pro-inflammatory 
Il1b+ state specialized to perform functions like phago-
cytosis and antigen presentation. This demonstrates the 
plasticity of macrophages and other nerve constituents to 
respond to nerve microenvironment changes created by 
subacute SARM1 activation.

While considerable progress has been made in elucidat-
ing the role of T cells in neuroinflammation and neurode-
generative disease [71, 73, 93–95], their contribution to 
SARM1-dependent neuropathy was previously unknown. 
We observed an increase in T cells in sarmopathic 
nerves, potentially due to the enhanced T cell prolifera-
tion function of Il1b+ macrophages. This pattern of mac-
rophage-mediated T cell expansion parallels observations 
in AD tau pathology, where activated microglia recruit 
T cells into the brain parenchyma and both cell types 
contribute to disease progression [71]. Like macrophage 
depletion [2], T cell depletion improved motor func-
tions and reduced axon loss in motor-dominant femoral 
nerves. Interestingly, depletion of T cells also resulted 
in a reduction of CD68+ (activated) macrophages, con-
sistent with the known interplay between innate and 
adaptive immune responses. These findings indicate that 
T cells also contribute to non-cell-autonomous axon 
degeneration in SARM1-induced neuroinflammation, 
broadening our formerly macrophage-centered concep-
tion. Furthermore, this macrophage-T cell synergy is 
also observed in hereditary neuropathies. Macrophage 
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proliferation is a common feature in CMT1 models, 
and targeted macrophage depletion leads to sustained 
axonopathy improvement [96, 97]. Similarly, in CMT1B 
mouse models crossed with recombination-activating 
gene-1 (RAG1)-deficient mutants, reductions in CD4+ 
and CD8+ T cells correlate with fewer macrophages and 
marked improvements in demyelination [98]. Additional 
evidence from other models links T cells to axon degen-
eration through serine-protease granzyme B. In MS and 
other brain inflammatory disorders, the release and accu-
mulation of cytotoxic granzyme B from activated T cells 
induces selective neuronal injury [81, 99]. In demyelin-
ating disorders induced by mutations in PLP1, a major 
myelin protein of the CNS, CD8+ T cells also drive axon 
degeneration via granzyme B, but target myelinating oli-
godendrocytes rather than neurons [100]. Aligned with 
these findings, we observed increased granzyme B depo-
sition in early stage sarmopathic nerves, suggesting that 
granzyme B released by activated T cells may similarly 
promote axon degeneration in sarmopathy and poten-
tially in CMT neuropathy.

Ultimately, our findings support a model in which 
chronic SARM1 activation in axons triggers a cascade 
of events in peripheral nerves leading to a response 
encompassing a broad range of cell types. SARM1 activa-
tion initially leads to low NAD+ and metabolic dysfunc-
tion in axons, resulting in stressed-but-viable axons. In 
response, nerve-resident cells undergo significant tran-
scriptional changes, including the initiation of a repair 
SC program despite the absence of frank axon loss. The 
cumulative alterations in the microenvironment, likely 
driven by axonal dysfunction, dysregulation of PS, and 
the surrounding cell responses, further recruit immune 
cells to the nerves. This recruitment leads to an expan-
sion of macrophages, particularly Il1b+ macrophages 
with enhanced phagocytic and T cell proliferation/activa-
tion functions. T cell numbers also increase, presumably 
due to these Il1b+ macrophages, further driving neuroin-
flammation and axon degeneration, potentially via neu-
rotoxic granzyme B release.

Although our transgenic sarmopathic mouse model 
recapitulates hereditary motor-dominant inflamma-
tory neuropathy, it remains to be determined whether 
the same immune cell types—Il1b+ macrophages and 
T lymphocytes—are increased in the nerves of human 
patients with chronic SARM1 activation. Promisingly, 
prior studies demonstrated T cell and macrophage infil-
tration in CMT1 patient nerves [101], a 25-fold increase 
in CD3+ T cells in sural nerve biopsies of patients with 
diabetic peripheral neuropathy [102], and the presence 
of cytotoxic myelin-reactive CD4+ T cells in the nerves 
of patients with GBS [80]. Confirming our findings in 
human patients with chronic SARM1 activation would 
support the therapeutic targeting of T cells to mitigate 

non-cell-autonomous axon degeneration, offering a 
promising therapeutic strategy, either alone or in combi-
nation with SARM1 inhibitors, for treating neurodegen-
erative disease.

Materials and methods
Experimental animals
Mice were housed and used following the institutional 
animal study guidelines and protocols approved by the 
Institutional Animal Care and Use Committee of Wash-
ington University in St. Louis. Mice were maintained on a 
12-hour light-dark cycle and food/water provided ad libi-
tum. Both female and male mice were used for the exper-
iments described in this study.

Tissue dissociation and single cell/nucleus suspension
Single cells
For single cell RNA-sequencing, sciatic nerves from 2 
mice were pooled. Mice were euthanized and perfused 
with ice cold PBS. Nerves were collected and imme-
diately kept on ice in DMEM with 1% FBS, RNase-In 
RNase inhibitor (Promega N2518), and SUPERase-In 
RNase Inhibitor (Invitrogen AM2696) at 1:1000 ratio. 
The nerves were mechanically dissociated with shears 
and incubated in DMEM with 1% FBS containing collage-
nase II (4  mg/mL; Worthington Biochemical LS004176) 
and Dispase II (2  mg/mL; Sigma-Aldrich D4693-1G) at 
37˚C for 30  min with gentle shaking. The samples were 
pipetted up and down at 15 min. The cells were filtered 
through pre-wet 70-µm cell strainers and washed twice 
with buffer containing DMEM, 1% FBS, RNase-In, 
and SUPERase-In. Myelin was removed using Myelin 
Removal Beads II (Miltenyi Biotec 130-096-731) and LS 
columns (Miltenyi Biotec 130-042-401) per manufac-
turer’s manuals (Miltenyi Biotec IM0001691). Additional 
debris and dead cells from the single cell suspensions 
were excluded by immediate FACS using propidium 
iodide (PI). Cells were collected into PBS with 10% FBS 
prior to library preparation. The purified single cells were 
used to prepare scRNA-seq libraries following the 10X 
Genomics manufacturer’s manuals at the Genome Tech-
nology Access Center (GTAC) @ McDonnell Genome 
Institute (MGI) using 10X Genomics v3.1 chemistry.

Single nuclei
For single nucleus RNA-sequencing, sciatic nerves from 
2 mice were pooled. Mice were euthanized and per-
fused with ice cold PBS. The nerves were collected and 
immediately flash frozen in dry ice. The nerves were 
mechanically dissociated with shears in cold lysis buf-
fer containing 10mM Tris buffer, 5mM CaCl2, 3mM 
Mg(Ac)2, 0.05% CHAPS, 320mM sucrose, 1mM DTT, 
5X EDTA-free protease inhibitor (Millipore Sigma 
11873580001), RNase-In RNase inhibitor (Promega 
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N2518), and SUPERase-In RNase Inhibitor (Invitrogen 
AM2696) at 1:1000 ratio in nuclease-free water. The sam-
ples were transferred into a glass Dounce homogenizer 
on ice and mechanically dounced with 10 loose strokes 
and 20 tight strokes. The samples were filtered through 
a pre-wet 40-µm cell strainer (Fisher Scientific MT4040) 
and washed twice with cold wash buffer containing PBS, 
0.1% BSA, RNase-In, and SUPERase-In. After remov-
ing the supernatant, the nuclear pellet was washed with 
3mL of cold wash buffer. The samples were further puri-
fied using Anti-Nucleus MicroBeads (Miltenyi Biotec 
130-132-997) per manufacturer’s manuals. The purified 
single nuclei were used to prepare snRNA-seq librar-
ies following the 10X Genomics manufacturer’s manu-
als at the Genome Technology Access Center (GTAC) @ 
McDonnell Genome Institute (MGI) using 10x Genomics 
GEM-X v3.4 chemistry.

CD45+ single cells
For CD45+ scRNA-seq, sciatic nerves from 5 to 9 mice 
were pooled per genotype for one replicate. The samples 
were processed using the same procedure described 
above until the myelin removal step. After myelin 
removal, cells were incubated in CD45+ antibody (Invit-
rogen MCD4528; 1:250) for 20 min and FAC sorted using 
highly modified Beckman Coulter MoFlo at the Siteman 
Flow Cytometry core at Siteman Cancer Center. Addi-
tional debris and dead cells from the single cell suspen-
sions were excluded during FAC sorting using propidium 
iodide (PI) as well. Cells were collected into PBS with 
10% FBS prior to library preparation. The purified single 
cells were used to prepare scRNA-seq libraries following 
the 10X Genomics manufacturer’s manuals at the GTAC 
@ MGI using 10X Genomics v3.1 chemistry.

Single cell/nucleus RNA-sequencing and analysis
All libraries were sequenced using Illumina Nova-
Seq 6000/X accordingly to the manufacturer’s manu-
als at the GTAC @ MGI at Washington University in St. 
Louis. The reads were aligned to mouse genome version 
GRCm38/mm10 using CellRanger 8.0.1–7.1.0 from 10X 
Genomics which includes intronic reads in alignment 
by default. For nuclei, CellBender was used for ambient 
RNA removal (v0.3.0) [103], followed by QC filtering to 
remove nuclei with numbers of genes outside the thresh-
old (nFeatures < 500 and > 7500) and high mitochondrial 
percentage (> 1%). Doublets were removed using Scrublet 
(v0.2.3) [104]. For single cell, the low-quality cells were 
removed from down-stream analysis by filtering for 
number of genes over the threshold (nFeatures < 500 
and > 7500) and high mitochondrial percentage (> 10%). 
The single cell and single nuclei libraries were normal-
ized by SCTransform (v2) and integrated using Harmony 
in Seurat (v5.1.0) in R (v2023.03.0) [105]. The CD45+ 

libraries were normalized using SCTransform (v2) and 
integrated using the IntegrateData function in Seurat 
(v4.3.0) in R (v2023.03.0) [106]. The dimensions were 
reduced using principal component analysis (PCA) and 
visualized using UMAP. Standard Seurat pipeline was 
applied throughout the analysis process.

Cell type proportions test
T statistics of significant differences in the cell type pro-
portions between groups were performed using the 
propeller method within the speckle R package (v1.4.0) 
[107]. The t-tests were moderated using an empirical 
Bayes framework.

Pseudo-bulk differentially expressed genes
Pseudo-bulk analysis was completed using DESeq2 
(v1.44.0) which identifies differentially expressed genes 
between two groups of cells using a negative binomial 
distribution [108]. Each gene expression was aggregated 
by cluster and genotype. A standard DESeq pipeline 
was used to analyze differentially expressed genes and 
adjusted p-values. Volcano plots were generated using 
the EnhancedVolcano R package (v1.22.0) [109]. Visual-
ized volcano plots include a log2FC cut-off of >|1| and an 
adjusted p-value cut-off of 0.05.

GO analysis
Gene Ontology (GO) terms associated with upregu-
lated genes from the differential expression analysis were 
determined using clusterProfiler (v4.12.6) [110]. Standard 
clusterProfiler pipeline and visualization tools were used 
to assess and visualize.

Bulk RNA-sequencing analysis
Bulk RNA-sequencing was re-analyzed from previous lit-
erature as described [2]. These data were deposited in the 
Gene Expression Omnibus repository: ID GSE210403.

Spatial immunoassay via Akoya PhenoCycler
Flash frozen nerves from 2-3-month-old WT and 
Nmnat2V98M/R232Q mice were used for spatial immunoas-
say using Akoya Biosciences PhenoCycler-Fusion™ sys-
tem (formerly known as CODEX). Mice were perfused 
with ice cold PBS. Nerves were collected, dried, embed-
ded in OCT compound (PANTek Technologies 23-730-
571), and flash frozen using dry ice. 6 μm-thick sections 
were prepared on a Leica CM1860 cryostat and mounted 
onto positively charged adhesive PERMASLIDE Plus 
(Leica 3800455). The prepared slides were store at -80˚C 
after sectioning prior to immunoassay. Immunoassay was 
performed at the Immunomonitoring (IML) Lab at the 
Bursky Center for Human Immunology & Immunother-
apy Programs (CHiiPs) at Washington University in St. 
Louis. The following antibodies compatible with Akoya 
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PhenoCycler were examined: TUBB3, CD90.2 (30-H12), 
CD31 (MEC13.3), TCRb (H57-597), CD44 (IM7), Gran-
zyme B, CD45 (30-F11), CD45R/B220 (Ra3-6B2), MHC 
II (M5/114.15.2), CD169 (3D6.112), IgD (11-26c.2a), 
NKP46/NCR1, CD19 (6D5), CD3 (17A2), CD24 (M1/69), 
CD21/35 (7E9), FoxP3 (MF-14), CD11b (M1/70), CD4 
(RM4-5), PDL1 (10  F.9G2), CD8a (53 − 6.7), CD11c 
(N418), CX3CR1 (SA011F11), ICOS (C398.4 A), PDCA-1 
(927), iNOS (W16030C), Ly6C (HK1.4), CD40 (3/23), 
Ki67 (B56), GL7, F4/80 (BM8). PhenoCycler images were 
analyzed using QuPath (v0.4.3) [111].

Multiplex cytokine/chemokine assay
A multiplex cytokine assay was used to simultane-
ously measure levels of multiple cytokines and che-
mokines in a single sample. Flash frozen sciatic nerves 
from 2-3-month-old WT, Nmnat2V98M/R232Q, and nerve 
crushed WT mice at 1-, 3-, 5-, and 7-day post injury were 
analyzed using a customized Mouse Luminex Discovery 
Assay™ (R&D Systems LXSAMSM). Mice were eutha-
nized and perfused with ice cold PBS. After the nerves 
were collected, the epineurium layers were removed in 
ice cold PBS with dry ice before flash freezing the nerves 
in liquid nitrogen. The samples were kept in -80˚C until 
further processing. Samples were pulverized using clean 
plastic blue pestles dipped in liquid nitrogen on dry ice 
and lysed using Procartaplex lysis buffer (Thermo Fisher 
EPX-99999-000) for 30  min on ice. A probe sonicator 
(Branson Digital Sonifier SFX 150) was used to sonicate 
the samples for 3  s at 40% amplitude. After sonication, 
samples were centrifuged at 14,000  g for 15  min at 4˚C 
to obtain supernatant. Total protein levels of each sample 
were obtained from a small aliquot and used to normal-
ize all cytokine concentrations. The protein levels were 
measured on Luminex 200™ by the Immunomonitoring 
(IML) Lab at the Bursky Center for Human Immunol-
ogy & Immunotherapy Programs (CHiiPs) at Washing-
ton University in St. Louis. The following cytokines were 
examined: Periostin, Chil3l, ICAM-1, uPAR, CCL8, IGF-
1, CCL2, P-Selectin, CXCL16, IL-6, CXCL1, IL-4, VEGF, 
CCL22, IFNg, GM-CSF, and TNFa.

RNA fluorescence in situ hybridization
Sciatic nerves from 2-3-month-old WT and 
Nmnat2V98M/R232Q were harvested and fixed in 4% PFA 
for 1  h at room temperature and kept in 30% sucrose 
overnight at 4˚C. Nerve samples were dried and embed-
ded in OCT compound, then frozen on dry ice and kept 
at -80˚C. 6 μm-thick sections were prepared on a Leica 
CM1860 cryostat, mounted onto positively charged 
slides, and stored at -80˚C. An ACDBio RNAscope™ 
Multiplex Fluorescent Reagent Kit v2 with the following 
RNA FISH probes was used: Mm-C3 (ACDBio 417841), 
Mm-Pdgfra-C2 (ACDBio 480661-C2), Mm-Cxcl14-C3 

(ACDBio 459741-C3), Mm-Sox10-C4 (ACDBio 435931-
C4). All steps were performed according to the manu-
facturer’s manuals with a minor reduction in sample 
incubation time for Protease III application from 30 min 
to 15 min. A Leica Thunder Imaging System was used for 
fluorescent imaging at 20X and 40X magnification.

In situ images (20X section per mouse) were analyzed 
using ImageJ (v2.14.0/1.54f ). Endoneurial cell masks were 
generated by thresholding the Pdgfra fluorescence chan-
nel, while Schwann cell masks were created by threshold-
ing the Sox10 fluorescence channel. Positive cells were 
identified using the ‘Analyze Particles’ function. Fluores-
cence intensity for C3 and Cxc14 was measured within 
Pdgfra+ cells or Sox10+ cells, respectively, and a threshold 
was selected to define positive cells. The percentage of 
positive cells within each corresponding mask was then 
calculated.

Tissue immunohistochemistry (IHC) staining
Sciatic nerves were harvested and fixed in 4% PFA for 1 h 
at room temperature and kept in 30% sucrose overnight 
at 4˚C. Nerve samples were dried and embedded in OCT 
compound, then frozen on dry ice. 6  μm-thick sections 
were prepared on a Leica CM1860 cryostat, mounted 
onto positively charged slides, and stored at -20˚C. The 
slides were washed in acetone for 10  min at -20˚C and 
dried completely. The slides were washed in PBS twice, 
then in PBS + 0.03% Triton™ X-100 (PBS-T) for 5  min. 
Slides were put into a staining tray with 10% normal 
goat serum (NGS) in PBS-T for an hour at RT. Slides 
were then incubated with primary antibodies diluted in 
10% NGS and covered with parafilm in a 4˚C cold room 
overnight. The next day, slides were washed 3 times with 
PBS-T for 5  min at room temperature. Secondary anti-
bodies were also diluted in 10% NGS and applied for 
an hour incubation. Slides were washed twice in PBS-T 
for 5 min at RT and once in PBS for the same duration. 
VECTASHIELD Hardset Antifade Mounting Medium 
with DAPI (Vector H-1500-10) was applied to the slides 
after drying the slides and a coverslip was put on. Final 
slides were stored in 4˚C. A Leica Thunder Imaging Sys-
tem was used to capture fluorescent images. The follow-
ing primary antibodies were used: primary antibody Iba1 
(1:500, Wako Chemicals, 019-19741), CD68 (1:100, Bio-
Rad, MCA1957), and C1q (1:500, Abcam, Ab182451) and 
secondary antibody anti-rat Cy3 (1:500, Jackson Immu-
noresearch, 112-165-143) and anti-rabbit Alexa Fluor 
488 (1:500, Invitrogen, A11034).

For C1q-stained samples, ImageJ (v2.14.0/1.54f ) was 
used to quantify signal intensity from unprocessed 
whole-nerve images using ‘Mean Gray Value’ measure-
ment function, with values normalized to the total nerve 
area. For Iba1- and CD68-stained samples, DAPI+ cells 
displaying positive fluorescence for Iba1 and CD68 were 
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manually quantified using ImageJ. Quantification was 
performed on three nerve sections (20X) per mouse, with 
values normalized to the analyzed nerve area.

Flow cytometry
For flow cytometry analysis, mice were euthanized and 
perfused with PBS. Sciatic nerves were collected and 
kept on ice in DMEM with 1% FBS. Nerves were minced 
and incubated in the previously described digestion buf-
fer at 37˚C for 30 min with gentle shaking. The samples 
were filtered through pre-wet 70-µm cell strainers and 
washed twice with DMEM with 1% FBS. Then myelin 
was removed using myelin removal beads II and LS col-
umns following the Miltenyi Biotec protocol for myelin 
removal, as described above. Then the single cell suspen-
sions were incubated with Zombie NIR fixable viabil-
ity dye (BioLegend 423105) for 20  min in the dark and 
washed. Cells were resuspended in sorting buffer with 
CD16/32 FC block at a final concentration of 10 µg/mL 
(BioLegend 101301) for 5  min on ice in the dark and 
washed. Cells were incubated with fluorescently con-
jugated antibodies with Brilliant Stain Buffer Plus (BD 
Biosciences 566385) for 20  min at 4˚C in the dark and 
washed. Supernatant was decanted and cells were resus-
pended in fresh sorting buffer. Flow cytometry was per-
formed on a Cytek Aurora Spectral CS at the Siteman 
Flow Cytometry core at the Siteman Cancer Center. The 
flow cytometry results were analyzed using BD Biosci-
ences FlowJo (v10.10.0) software [112]. The following 
antibodies were used: CD4 (BD Biosciences 740208), 
CD11c (BD Biosciences 749039), TCRb (BD Biosciences 
748405), CD19 (BD Biosciences 566107), IA/IE (BioLeg-
end 107635), CD45 (BD Biosciences 746947), Ly6C (Bio-
Legend 128022), CD8a (eBioscience 58-0081-80), CD64 
(BioLegend 139304), CD117 (BioLegend 135108), F4/80 
(BioLegend 123130). For IL1b (Invitrogen 12-7114-82) 
intracellular staining, a similar protocol was used with an 
addition of inhibitor cocktail adapted from Lasse Diss-
ing-Olesen et al. [113] during enzymatic dissociation. 
Cells were washed and fixed in 4% PFA, and staining was 
completed using the BD Cytofix/Cytoperm kit (BD Bio-
sciences 554714) per the manufacturer’s manuals.

T cell depletion
Injection
Starting at two months of age, Nmnat2V98M/R232Q mice by 
intraperitoneally injected with 500  µg anti-mouse CD4 
neutralizing antibody (InVivoPlus Bio X Cell BP0003-1) 
and 500 µg anti-mouse CD8a neutralizing antibody (InVi-
voPlus Bio X Cell BP0061) concurrently, or with 500 µg 
rat IgG2b (InVivoPlus Bio X Cell BP0090) once a week 
for three months. The inverted screen assay was admin-
istered prior to the first injection to measure the baseline 
motor function of each mouse at two months of age.

Inverted screen assay
The inverted screen assay was performed monthly 
according to the previously described method with 
minor modifications [2]. Mice were placed on a wire 
mesh screen, and after inverting the screen, the latency 
time to fall was recorded. Each mouse was assayed 4 
times with a 5-minute rest in-between. The latency was 
averaged for each mouse after removing the lowest assay 
time to account for outliers. If a mouse did not fall off the 
screen within 120 s, then 120 s was recorded.

Axon area analysis
Femoral nerves were processed as previously described 
[2]. For light microscope analysis, sections were cut 
using a Leica EM UC7 Ultramicrotome and placed onto 
microscopy slides. Slides were then stained with 1% 
toluidine blue solution (1% toluidine blue, 2% borax), 
and washed with water, acetone, and xylene, and then 
mounted in Cytoseal XTL (Thermo Fisher Scientific 
22-050-262) as previously described [2]. Whole nerves 
were imaged at 40X magnification using a Leica Thun-
der Imaging System, and 3 random fields were obtained 
using a 100X oil-immersion lens using a Nikon Eclipse 
80i microscope. Axonal nerve area was measured and 
calculated based on 3 random fields of 100X images using 
MyelTracer (v1.3) [114].

Statistical analysis / illustrations
All statistics outside of the single cell analyses were per-
formed using GraphPad Prism (v10.2.1). All illustrations 
created with BioRender.com.
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