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Abstract

Diabetic neuropathy has an incidence as high as 50% of diabetic patients and is characterized by
damage to neurons, Schwann cells and blood vessels within the peripheral nervous system. The low-
affinity neurotrophin receptor p75 (p75N™), particularly expressed by the Schwann cells in the
peripheral nerve, has previously been reported to play a role in developmental myelination and cell
survival/death. Increased levels of p75N™R, in the endoneurium and plasma from diabetic patients and
rodent models of disease, have been observed, proposing that this receptor might be involved in the
pathogenesis of diabetic neuropathy. Therefore, in this study, we addressed this hypothesis by
utilizing a mouse model of selective nerve growth factor receptor (Ngfr) deletion in Schwann cells
(SC-p75NTR-KO). Electron microscopy of sciatic nerves from mice with high fat diet induced obesity
demonstrated how loss of Schwann cell-p75N™R aggravated axonal atrophy and loss of C-fibers. RNA
sequencing disclosed several pre-clinical signaling alterations in the diabetic peripheral nerves,
dependent on Schwann cell p75N™® signaling, specially related with lysosome, phagosome and
immune pathways. Morphological and biochemical analyses identified abundant lysosomes and
autophagosomes in the C-fiber axoplasm of the diabetic SC-p75N™R-KO nerves, which together with
increased Cathepsin B protein levels corroborates gene upregulation from the phagolysosomal
pathways. Altogether, this study demonstrates that Schwann cell p75N™R deficiency amplifies diabetic
neuropathy disease by triggering overactivation of immune-related pathways and increased
lysosomal stress.

Keywords: C-fibers, diabetic neuropathy, immune response, lysosomes, p75N™R, Schwann cells.
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Main points

e HFD induces obesity, mechanical allodynia and reduction of NCV in a similar fashion in WT and
SC-p75NTR-KO mice

e Loss of Schwann cell p75N™R accelerates C-fiber degeneration in diabetic neuropathy and
modulates lysosomal and immune-related pathways
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Introduction

The International Diabetes Federation estimates that 1 in 11 adults currently suffers from diabetes,
corresponding to 425 million people worldwide; a number that is expected to rise to 700 million
by 2045 (edition, 2015). This development reflects an increase in associated risk factors, such as
obesity, and an escalation of patients with diabetic complications; ranking diabetes as the biggest
global disease outbreak of the 21% century. Peripheral neuropathy is by far the most prevalent
complication of diabetes, affecting up to 50% of diabetic patients and representing the leading
cause for non-traumatic lower limb amputations (Boyko et al., 2018). Typical diabetic neuropathy
IS characterized by initial damage to the distal longest small caliber sensory axons innervating the
skin, later on expanding proximally, and thus being considered pathologically as a length-dependent
axonopathy with a “stocking and glove” pattern (Feldman et al., 2019). The condition is associated
with significant morbidity, with patients presenting pain, numbness, tingling and ultimately
muscle weakness as some of the classical clinical symptoms.

Primary pathogenic culprits contributing to diabetic neuropathy include hyperglycemia and
dyslipidemia (Grisold et al., 2017), promoting the glycation of numerous structural and functional
proteins to form advanced glycation end-products (AGEs) that modify gene expression towards a
pro-inflammatory state by binding to the AGE receptor (RAGE) (Goncalves et al., 2017). RAGE
signaling contributes to increased glucose metabolism via the polyol and hexosamine pathways,
resulting in the generation of reactive oxygen species, mitochondrial dysfunction and reduced
nerve blood flow, overall leading to sensory neuron degeneration, axon loss and demyelination
(Feldmanetal., 2017; Richner et al., 2018). However, whether damage first targets peripheral axons
or their supportive Schwann cells still remains unclear. Glial cells require relatively low energy
under normal conditions as they derive sufficient ATP from glycolysis and supply excess pyruvate to
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axons (Halim et al., 2010). Schwann cells might not, therefore, be well adapted to metabolize excess
glucose, suggesting that diabetic axonopathy may reflect other primary pathogenic insults such as
loss of Schwann cell support.

Schwann cells are the most abundant cells of the peripheral nervous system (PNS), ensheathing all
axons of peripheral nerves as either myelinating or unmyelinating cells (Jessen and Mirsky, 2005).
Upon nerve damage, Schwann cells are able to dedifferentiate, reverting their phenotype towards an
immature state, crucial for their proliferation, migration and guidance of neuronal regeneration and
remyelination (Gaudet et al., 2011). Schwann cells have a fundamental role in regulating the
molecular organization of the axoplasm, including the axonal microtubular content, nodal
architecture and axon trafficking parameters (Court and Alvarez, 2016; Pan and Chan, 2017).
Additionally, a body of evidence is now contrasting the idea that all axonal proteins are specified by
the neuronal soma at the dorsal root ganglia (DRG), a process that would be extremely challenging
for sensory neurons whose axons extend up to more than one meter in humans. In this context, it is
now accepted that neurons also synthesize proteins locally in axons and dendrites, and that this
process may be assisted by Schwann cells supplying axons with miRNA by way of exosomes (Court
etal., 2008; Jung et al., 2012; Lopez-Verrilli et al., 2013). Thus, Schwann cell damage or malfunction
triggered by toxic molecular events secondary to hyperglycemia and dyslipidemia might ultimately
lead to dysfunctions of the Schwann cell-axon transport unit and compromise the axon-glia
functional syncytium (Mizisin, 2014).

Diabetic Schwann cell failure results in myelin disruption, demyelination, changes in axonal
conduction and compromised production of neurotrophic factors (Dey et al., 2013; Dunnigan et al.,
2013; Gongalves et al., 2017). Critical roles for PNS development and repair are mediated by the
neurotrophins, involved in axonal sprouting and survival, Schwann cell migration and myelination.
Neurotrophin action depends on their binding to distinct classes of receptors: the Trk tyrosine kinase
receptors (TrkA, B, and C) or the p75 neurotrophin receptor (p75N™?), a member of the tumor necrosis
factor superfamily (Chao, 2003). In the PNS, p75NTR is expressed both by subtypes of sensory neurons
and Schwann cells and may mediate cell survival or cell death, promote or inhibit axonal growth and
facilitate or attenuate proliferation, all depending on the cellular context and on binding of co-
receptors (Cragnolini and Friedman, 2008). With respect to diabetic neuropathy, elevated p75N™®
protein levels were observed in myelin sheaths surrounding fibers undergoing axonal degeneration,
suggesting a potential role for this receptor in axonopathy (Scarpini et al., 1996). Supporting this idea,
a study with streptozotocin-induced diabetes in rats found that increased levels of plasma p75N™R may
serve as an early indicator of neuronal dysfunction or damage in diabetic neuropathy (Chilton et al.,
2004). A recent study indicates how miRNA composition of Schwann cell-derived exosomes changes
upon high-glucose stimulation in vitro (Jia et al., 2018), which together with the presence of p75N™®
in Schwann cell secreted exosomes (Lopez-Verrilli et al., 2013) further suggests a role of Schwann
cell p75N™R in axonal regulation. Finally, these observations together with the well-characterized
upregulation of p75N™R in reprogramming Schwann cells in response to nerve damage (Jessen and
Arthur-Farraj, 2019) and its role in regulating nerve conduction velocity (Gongalves et al., 2019),
lead us to hypothesize that Schwann cell p75N™R might play a similar critical role in diabetes-induced
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peripheral nerve damage. Therefore, here, we have investigated the effects of Schwann cell nerve
growth factor receptor (Ngfr) expression on the development and progression of diabetic neuropathy.
We used in vivo analysis by modeling type 2 diabetes in mice with a high fat diet (HFD), and so
avoiding a line based on mutations or genetic manipulations of the leptin signaling system to better
resemble the clinical setting.
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Materials and Methods

Conditional Schwann cell p75N™R null mouse model generation

Conditional Schwann cell p75N™® knockout (KO) mice (referred to as SC-p75N™R-KO throughout the
manuscript) were obtained by crossing transgenic mice containing the myelin protein zero (MPZ)
promoter driving expression of Cre recombinase (Mpz-cre) (sourced from the Jackson Laboratory
strain #017927) (Feltri et al., 1999) with a p75™" (Boskovic et al., 2014). Upon recombination, p75N™R
genomic DNA flanked by the loxP sites in Schwann cells is inverted and replaced by mCherry
expression (Boskovic et al., 2014; Gongalves et al., 2019). All mice were housed under specific
pathogen-free conditions and animal protocols were carried out in accordance with the European
Community Council Directive (2010/63/EU) and approved by The Danish Animal Experiments
Inspectorate (2017-15-0201-01192 C2).

Modeling type 2 diabetic neuropathy

Male SC-p75NTR-KO mice, in the C57BL/6 background, together with male wild-type (WT)
littermates were feed either with a standard diet, consisting of 10% kcal from fat (Research Diets Inc.;
#D12450B, New Brunswick, NJ, USA), or a high fat diet (HFD) with 60% kcal fat from lard
(Research Diets Inc.; #D12492) from 5 weeks of age. A total number of n=10 mice were used per
treatment group.

Mice were cared for in a temperature-controlled pathogen-free environment, under a 12 h light/dark
cycle, with water and food ad libitum. Body weights were registered once a month during the entire
experimental timeline and animals were euthanized with isoflurane, after 24 weeks with the special
feeding.

Behavioral Tests

Von Frey test: Unrestrained mice were acclimatized in a Plexiglas cage atop a wire mesh grid for
approximately 15 min prior to testing. Mechanical withdrawal thresholds were assessed by manually
applying calibrated Semmes-Weinstein monofilaments (Stoelting Co) onto the midplantar surface of
the hind paws using the “ascending stimulus’ method (Dixon, 1980). The stimulus was repeated 5
times with each filament and a positive response in at least three out of five stimuli determined the
withdrawal threshold (expressed in grams). The average of both paws per mouse was used for
statistical analysis.

Hargreaves test: Thermal pain thresholds in the hind paws of mice was evaluated with the Hargreaves
method using an infrared light heat stimulus (radiant heat source at 50%; 190 mW/cmz2; Ugo Basile,
Italy) (Hargreaves et al., 1988). Unrestrained animals were let to acclimatize in acrylic cubicles
placed upon a glass surface for 1 h before the procedure. Three responses were recorded for each hind
paw which were tested alternately with 5 minutes between consecutive measurements. A cut-off of
20 sec stimulus latency was established to avoid potential tissue damage.
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Electrophysiology

Sural sensory and sciatic motor nerve conduction velocities (NCV) were performed under 2%
isoflurane anesthesia, using a Viking Quest apparatus (Natus Neurology Incorporated, United States)
(Hinder et al., 2017). Briefly, for recording sural NCV, stainless steel needle electrodes (Natus
Biomedical, Madison, WI) were placed in the dorsum of the hind paw with supramaximal stimulation
at the ankle and the velocity was calculated by dividing the distance between the recording and
stimulating electrodes (mm) by the take-off latency (ms) of the sensory nerve action potential. For
sciatic-tibial motor NCV, orthodromic stimulation was applied at the ankle, followed by the sciatic
notch, and recorded at the dorsum of the paw. The distance between the two sites of stimulation was
divided by the difference between the two onset latencies of the action potentials (ankle distance and
notch distance) for a final motor NCV (m/s). After the electrophysiological testing, mice were
terminally anaesthetized with an overdose of isoflurane.

Transmission Electron Microscopy (TEM) and Morphometric analysis

Sciatic nerve samples (n=4/5 per group) were fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer,
pH 7.4, washed in the same buffer, post fixed in 2% osmium tetroxide for 1 h and stained with 2%
uranyl acetate in 50% ethanol. Samples were then dehydrated in a series of ascending concentrations
of ethanol and 100% acetone. A three-step infiltration in a mixture of acetone embedding medium
(1:3, 1:1, 3:1) was performed prior to embedding (48 h at 60 °C) in Epoxy Embedding Medium Kit
(Sigma-Aldrich, Sweden AB). The blocks were initially trimmed and sectioned using a Leica UC7
ultra microtome (Leica Microsystems GmbH, Vienna, Austria). Ultrathin sections (60-nm thickness)
were collected onto formvar-coated copper slot grids and counter stained with uranyl acetate and lead
citrate. Images were taken using a 100kV transmission electron microscope (JEM 1230, JEOL Ltd.,
Tokyo, Japan). For each nerve, a panorama picture was created (x1000) for orientation and all
myelinated fibers were counted, with results normalized to the respective nerve area for obtaining
myelinated nerve fiber density. Light microscopic pictures of myelinated fibers were uploaded on
Image J software and the axon and fiber size of 150 myelinated fibers per animal were determined
and averaged for calculating the g-ratio. Axon-free myelin fragments and fibers undergoing
demyelination were counted, with numbers normalized to the respective nerve area and depicted as
density (n/mm?).

For C-fiber counting, 30 non-overlapping photographs (x15,000 amplification) per sciatic nerve were
randomly acquired by starting the analysis at one corner of the fascicle and photographing images of
every third microscopic field. C-fibers, macrophages and bundles of flat sheets of Schwann cell
cytoplasmic processes in the images were counted and their density calculated, normalizing to the
area of each ultrathin section. Number of autophagic structures (lysosomes and autophagosomes) in
c-fibers and in Schwann cell cytoplasmic processes in a unit with common basement membrane were
counted, and the data was normalized against total number of c-fibers or bundle of cytoplasmic
processes, respectively.

RNA sequencing
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RNA sequencing was performed with BGI-Research, Shenzhen, China. Briefly, total RNA was
isolated using the Lipid Tissue Mini Kit (Qiagen) from n=5 mice per treatment group. Magnetic beads
with Oligo(dT) were then used to purify mRNA that was subsequently fragmented into small pieces.
Complement first-strand DNA was generated using random hexamer-primed reverse transcription,
followed by a second-strand cDNA synthesis. Synthesized cDNA was subjected to end reparation
and single nucleotide A (adenine) addition. Adapters were next ligated to the ends of these 3’
adenylated cDNA fragments. The suitable fragments were selected for PCR amplification and
products purified with Ampure XP Beads (AGENCOURT) and dissolved in EB buffer. Library was
validated on the Agilent Technologies 2100 Bioanalyzer. The double stranded PCR products were
heat denatured and circularized by the splint oligo sequence. The single strand circle DNA (ssCir
DNA) were formatted as the final library that was then amplified with phi29 to make DNA nanoball
(DNB) which had more than 300 copies of one molecular. The DNBs were loaded into the patterned
nanoarray and single end 50 bases reads were generated.

Following sequencing, the generated reads were filtered to remove adaptor sequences and low-quality
reads. The clean reads were aligned to the reference genome with Bowtie2 (Langmead et al., 2009)
using the following parameters -q --phred64 --sensitive --dpad 0 —gbar and HISAT (Kim et al., 2015)
using the following parameters -p 8 --phred64 --sensitive -1 1 -X 1000. The gene expression was
calculated as fragments per kilobase of exon per million fragments mapped (FPKM). The FPKM
values were used as input for the NOISeq method (Tarazona et al., 2011) to calculate log2(fold-
change) and determine differently expressed genes (DEGSs). The final list of DEGs include genes with
fold change > 2 and diverge probability > 0.8 as described in the NOIseq method. A probability of
0.8 means that the gene is 4 times more likely to be differentially expressed than non-differentially
expressed. The list of DEGs were imported to STRING (Szklarczyk et al., 2017) in cytoscape
(Shannon et al., 2003) to produce the networks and perform the enrichment analysis.

Immunofluorescence microscopy

Sciatic nerves and L4 DRGs (n=5 per group) were post fixed in 4% paraformaldehyde for
approximately 2 h and then transferred to 20% sucrose overnight at 4°C for cryoprotection. Tissue
was then embedded in Tissue-Tek (Sakura), snap frozen in isopentane on dry ice for storage at —80°C
until cryosectionning. Longitudinal nerve sections were cut at 5 pm and DRG sections were cut at 10
um.

After drying, tissue sections were washed with phosphate buffer saline (PBS) and incubated in citrate
buffer for 15 min at 80°C for antigen retrieval. Slides were then blocked with a buffer containing
10% fetal bovine serum in 0.3% Triton X-100 in PBS for 1 h at room temperature, followed by
overnight incubation with the primary antibodies against Cathepsin b (Ctsb; 1:100, Cell Signaling)
and BllI-tubulin (1:1000, Promega) at 4°C. After proper rinsing with PBS, the sections were
incubated for 2 h at room temperature with Alexa Fluor 488 anti-rabbit (Molecular Probes, 1:500),
Alexa Fluor 568 anti-mouse (Molecular Probes, 1:500) and Hoechst (1:5000) for labelling of the
nuclei. Slides were coverslipped with DAKO mounting medium and Z-stacked images captured by
confocal microscopy (LSM780, Carl Zeiss, Germany).
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Western blotting

Lumbar DRGs (L3-L5) were lysed with a buffer containing 2 mM CaClz, 1 mM MgClz, 10 mM
HEPES, 140 mM NaCl and 1% Triton X-100, pH 7.8, with protease inhibitors from Roche. After a
20 min centrifugation at 10.000 g, the supernatant was used to determine the protein concentration
using the Bicinchoninic Acid protein assay kit (Sigma). Thirty ug of protein were mixed with SDS
gel sample buffer and proteins electrophoresed on 12% SDS-polyacrylamide gels blotted onto a
nitrocellulose membrane and probed with antibodies against p75N™R (1:500, Promega), Ctsb (1:1000,
Cell Signaling) and B-actin (1:5000, Sigma). Secondary 1gG horseradish peroxidase linked antibodies
used were swine anti-rabbit (1:1000, Dako) and rabbit anti-mouse (1:1000, Dako). ECL prime
Western blotting detection system (GE Healthcare) was used to visualize the immunoreactive bands
by chemiluminescence, that were developed on a Fuji film LAS1000 X Ray Imager. Quantitative
densitometric analysis of the relative protein levels were carried out with ImageJ software.

Statistical analysis

Data are expressed as mean £ SEM. Statistical significance was determined using the two-tailed
Student’s t-test or Two-way ANOVA, followed by the Tukey’s post hoc test, with Graph Pad Prism
software, when two or multiple groups/time points were compared, respectively. Significance was
established at p*<0.05, p**<0.01, p***<0.001.
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Results

Metabolic and neuropathy phenotyping of the SC-p75NTR-KO mice under HFD

To study the involvement of Schwann cell p75N™R expression in vivo in the context of diabetic
neuropathy development and progression, we utilized a conditional p75N™ Schwann cell KO model
(SC-p75NTR-KO), obtained by crossing and MPZ-Cre with a p75™" (Figure 1a), previously
characterized (Gongcalves et al., 2019). The HFD-stimulated obesity model of prediabetes is a well-
established paradigm for inducing type 2 diabetic neuropathy as early as 16 weeks after initiation of
special feeding (O'Brien et al., 2018; Rumora et al., 2019). In the present work, metabolic
phenotyping was performed by measuring longitudinal changes in body mass over time while
peripheral neuropathy was assessed only at the endpoint (24 weeks after the special feeding; Figure
1a). Between 8 and 24 weeks, both SC-p75NTR-KO and WT HFD-fed mice were significantly heavier
than mice receiving a standard diet (Figure 1b). Assessment of neuropathy phenotype was made in
accordance with the Animal Models of Diabetic Complications Consortium guidelines (Biessels et
al., 2014), specifically by measuring hind paw withdrawal latencies, and sural sensory and sciatic
motor NCV. Both SC-p75NTR-KO and WT littermates developed neuropathy in a similar fashion after
24 weeks feeding with the HFD, with a perhaps slight trend for decreased mechanical allodynia found
in SC-p75NTR-KO HFD, as compared with WT HFD (Figure 1c), and significantly reduced sensory
and motor NCV observed in a similar fashion across genotypes (Figure 1d and 1e, respectively). No
differences were found concerning sensitivity to a noxious thermal heat stimulus between genotypes
or upon HFD (data not shown).
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HFD-induced loss of C-fibers upon deletion of Schwann cell p75NTR expression

We next performed sciatic nerve morphological and morphometric analysis by light and electron
microscopy to evaluate myelinated axons mediating motor functions and proprioception, and C-fibers
mediating nociception. No differences were found in terms of myelinated fiber density (Figure 2a) or
g Ratio (Figure 2b) between genotypes or upon HFD. C-fiber densities were also unchanged in the
SC-p75NTR-KO relative to WT on control diet, in accordance with previous results (Gongalves et al.,
2019). However, a significant reduction in C-fiber density was observed upon HFD in nerves from
SC-p75NTR-KO as compared to HFD-fed WT controls as well as a trend in comparison with SC-
p75NTR-KO on control diet (Figure 2c and Figure 2d lower panel).

Completely demyelinated axons (Figure 3a), promyelin fibers (Figure 3b) and remyelination (Figure
3c) were observed to the same extent in both genotypes under the HFD. In the present study, nerve
infiltration of macrophages in response to the HFD special feeding was not observed (Figure 3d and
3h). In addition, there were no differences in macrophage density between WT and SC-p75N™R-KO
backgrounds (Figure 3d and 3h). Nevertheless, qualitative and quantitative analysis showed that
nerves from SC-p75N™R-KO HFD mice presented abundant flat sheets of Schwann cell cytoplasmic
processes, relative to WT HFD (Figure 3e and 3i), suggestive of axonal degeneration and
unmyelinated fiber loss. Further corroborating this notion is the fact that the quantification of axon-
free myelin fragments (also called myelin ovoids) (Figure 3f and 3j), despite not statistically
significant, suggested a greater extent in severity of axonal atrophy/degeneration in the SC-p75NTR-
KO HFD mice sciatic nerves, as compared with nerves from WT HFD mice. The degree of
demyelination/myelin abnormality, observed mainly in small caliber myelinated axons, seemed to be
part of the normal nerve turnover (Figure 3g and 3Kk).

Altogether, our results suggest an aggravated diabetic neuropathy phenotype when Schwann cells
lack p75N™R, pointing towards an important role of this receptor in C-fiber survival in the context of
type 2 diabetes.

HFD modulation of the inflammatory environment and actin cytoskeleton in WT mice

To identify differential cellular responses to HFD-induced diabetic neuropathy of SC-p75N™R-KO
relative to WT controls, we next performed transcriptional profiling of sciatic nerves by next-
generation RNA sequencing. Firstly, we assessed gene expression of known markers indicative of
sample integrity and appropriate tissue dissections, as previously described (Hinder et al., 2018). As
expected, peripheral myelin protein 22 (Pmp22) was identified as highly expressed in the nerve tissue
(Figure 4a) while insignificant expression levels of the skeletal muscle-specific transcript myogenic
differentiation 1 (Myodl) were found (Figure 4b), demonstrating that there was no muscle
contamination in the tissue samples.

Using the NoiSeq method, 207 differentially expressed genes (DEGs) were identified in peripheral
nerves of WT mice fed with an HFD compared to control diet, with about 66% of those genes found
to be upregulated (Figure 4c and 4d). As expected, a significant fraction of genes was found to be
involved in lipid metabolism and related to the endocrine and immune systems. Gene Ontology
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Enrichment Analysis with Cytoscape indicated that upregulated genes were mainly associated with
the peroxisome proliferator-activated receptor (PPAR) signaling pathway, glycerolipid metabolism,
regulation of lipolysis and metabolic pathways (Figure 4e, Table 1), validating presence of type 2
diabetes in our HFD model, with downregulated genes mostly related with actin cytoskeleton (Figure
4e, Table 1). Genes related to immune-mediated processes (n=49) represent a major fraction of the
total DEGs, being specially involved in cellular responses to cytokines, regulation of cytokine
production, inflammatory response, defense response and leukocyte migration (Table 2).

The 35 most enriched genes in WT HFD relative to WT controls are listed in Table 3. Interestingly,
one of the most upregulated genes was macrophage metalloelastase 12 (Mmp-12), a gene also
previously linked with type 2 diabetic neuropathy in the db/db mouse model (Hinder et al., 2018).

Schwann cell p75NTR  regulates the neuroinflammatory landscape and promotes
phagolysosomal remodeling in HFD-induced neuropathy

Transcriptional analysis of SC-p75N™R-KO revealed a significant stronger response of HFD in these
mice relative to WT, with 412 identified DEGs of which 316 were upregulated and 96 were
downregulated (Figure 5a and 5b). As illustrated in the Venn diagram (Figure 5c), 146 DEGs are
shared by SC-p75N™R-KO and WT, being annotated to PPAR signaling pathway, glycerolipid
metabolism, fat digestion and absorption, regulation of lipolysis, metabolic pathways, immune
responses and regulation of actin cytoskeleton (data not shown), as described for WT in the previous
section.

STRING network analysis in Cytoscape, together with a search of gene ontology annotations for the
262 DEGs specifically regulated in SC-p75NTR-KO mice relative to WT mice revealed that 26% of
DEGs were related to the immune system (Table 4, Figure 5d) in processes such as antigen processing
and presentation, leukocyte activation and inflammatory response (see Table 4 for details). This
observation therefore suggests an increased inflammatory response in the sciatic nerve upon loss of
Schwann cell p75NTR, We also detected significant activation of cellular pathways that were specific
for HFD special diet in SC-p75NTR-KO relative to WT mice, such as the cholesterol metabolism
related pathway, cell adhesion, peroxisome, lysosome and phagosome KEGG pathways (Table 5,
Figure 5e). Interestingly, 7% of the SC-p75NTR-KO specific HFD-induced DEGs in the sciatic nerve
belong to the lysosome and phagosome pathways (Table 5), with transcriptional activation of several
Cts (Table 6). This result is particularly noteworthy since ultrastructure analysis of sciatic nerves
demonstrate that while C-fibers in Remak bundles from WT HFD mice present a normal
morphological appearance with the expected distribution of mitochondria and lysosomes (Figure 6a
and 6b), nerves from SC-p75N™R-KO HFD mice exhibited a significant increase in autophagic
structures, namely lysosomes and autophagosomes, particularly in C-fibers (Figure 6c-6i), and in flat
sheets of Schwann cell cytoplasmic processes (Figure 6j-6n). In these last structures, increase in the
autophagy profile (Figure 61) was attributed to an increase in the number of lysosomes (Figure 6m),
as autophagosomes were also found in the very few Schwann cell cytoplasmic processes present in
the SC-p75NTR-KO control mice (Figure 6n).
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Based on the combined observations from these sequencing and morphometric analyses, we sought
to investigate if accumulation of lysosomes and autophagosomes would translate into accumulation
of Cathepsin (Cts) protein in the nervous tissue, indicative of increased lysomal and autophagosomal
activity. From our list of upregulated Cts we selected Ctsb, with the highest fold-change observed
since it has been reported to be involved in triggering of apoptosis and cell death (Gan et al., 2004;
Chwieralski et al., 2006). Longitudinal sections of sciatic nerves from WT and SC-p75NTR-KO HFD
mice were immuno-labeled with a Ctsb antibody and Bl11-tubulin as an axonal marker. Ctsb immuno-
positive staining was detected in cell-like structures (Figure 7a, upper panel), most likely being
Schwann cells, with only a few areas in the SC-p75N™R-KO HFD nerves suggesting presence of Ctsb
in the axonal compartment (Figure 7a, upper panel). Since minor Ctsb presence in the axons was
detected, we questioned if it could derive from Schwann cell transfer or from sensory neurons through
anterograde transport. Furthermore, ultrastructural analysis of sciatic nerves demonstrated increased
lysosome and autophagosome structures in C-fibers, further pointing at the importance of analyzing
Ctsb levels in the sensory neuronal somas to better envisage Ctsb regulation. Confocal microscopy
examination of L4 DRG revealed an increased Ctsb immunolabeling in sensory neurons from SC-
p75NTR-KO HFD animals, as compared with the WT HFD counterparts (Figure 7a, lower panel). This
result was further validated with quantitative Western blotting, demonstrating a significant increase
in Ctsb protein levels in lumbar DRGs from SC-p75NTR-KO HFD relative to WT HFD (Figure 7b).
Overall, these results suggest that Ctsb present in the axonal compartment may in principle derive
from sensory neurons, and demonstrate an overactivation of phagolysosomal pathways, with
increased neuronal Ctsb levels resulting from loss of p75N™ in Schwann cells, potentially
contributing for C-fiber loss in diabetic SC-p75NTR-KO mice.

Discussion

While decades of research have significantly increased our understanding on diabetic neuropathy,
fundamental questions still remain on the cellular and molecular mechanisms underlying this
condition. Particularly, the question whether diabetic neuropathy represents a primary axonopathy or
rather a Schwannopathy remains controversial. Here, we present data supporting a contribution of
Schwannopathy for the progression of axonal degeneration in an HFD model of type 2 diabetes. Using
a murine model of prediabetes and obesity, we shown that Remak bundle organization relies on the
expression of the multifunctional neurotrophic receptor p75: The specific deletion of Ngfr expression
in Schwann cells intensifies the inflammatory response in type 2 diabetic neuropathy, alongside with
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transcriptional overactivation of genes related to phagolysosomal pathways, ultimately contributing
to cell stress and C-fiber degeneration.

The p75N™R receptor belongs to the tumor necrosis factor receptor superfamily, binding all
neurotrophins with similar nanomolar affinities (Bothwell, 1995). Despite lacking catalytic
intracellular domains, p75NTR is able to signal via several adaptor proteins such as Sortilin, LINGO-
1 or Nogo-66, or following proteolytic cleavage releasing intracellular domain fragments, resulting
in different signaling activation outcomes depending on the cellular context (Nykjaer et al., 2004;
Schwab, 2010; Skeldal et al., 2011). In the PNS, p75N™R is highly expressed in populations of sensory
neurons and glial cells, particularly in pre-myelinating and non-myelinating (Remak) Schwann cells
(Cragnolini and Friedman, 2008). However, the specific role of p75N™R in modulating myelination is
still not completely understood. Studies with full Ngfr’- mice demonstrated developmentally thinner
myelin sheaths in these animals than those of the WT counterparts (Cosgaya et al., 2002), on the
other hand, we have previously characterized how the SC-p75N™R-KO appear to have unperturbed
myelination and undergo axonal remyelination identical to WT mice following sciatic crush injury
(Gongalves et al., 2019). Here, we investigated the involvement of Schwann cell p75N™ in the
pathophysiology of diabetic neuropathy in vivo. For this purpose, we utilized a specific Schwann cell
p75NTR KO mouse model, where Cre expressed under the MPZ promotor triggers the inversion of a
loxP flanked DNA sequence in exon 1 of the Ngfr, replacing p75N™® expression with that of mCherry
in the Schwann cells (Boskovic et al., 2014; Gongalves et al., 2019). Next, we rendered these mice
diabetic by the HFD model of obesity and prediabetes, a model extensively characterized in terms of
PNS neuropathy progression and proven to be a useful tool for studying diabetes-linked pathology
and therapeutic interventions (Groover et al., 2013; O'Brien et al., 2014; 2018). Consistently with
previous studies (Rumora et al., 2019; Saika et al., 2019), 24 weeks after special feeding results in
obesity, decreased nerve conduction velocities and a neuropathic pain paradigm, validating presence
of peripheral neuropathy in both mice strains. We (and others) did not observe any myelin
ultrastructural abnormalities or peripheral axonal loss in WT mice fed with the HFD, challenging our
understanding of why animals in this diabetic model develop sensory phenotypic abnormalities.
Several mechanisms at the cellular level could explain the observed decreased nerve conduction
velocities such as short internodal distances (Wu et al., 2012; Arancibia-Carcamo et al., 2017),
incorrect distribution of sodium channels in the nodes (Cummins et al., 2007; Freeman et al., 2016),
mitochondrial deficient fibers (Miotto et al., 2018), decrease in type | muscle fibers (Bala et al., 2018),
defects in the Na/K ATPase (Yorek et al., 1993) or impaired endoneurial nutritive nerve blood flow
(Cameron and Cotter, 1995; Richner et al., 2018) all of which are hypotheses that are coming
increasingly into focus to explain the pathogenesis of diabetic neuropathy but which still need further
investigations. Nevertheless, the lack of nerve ultrastructural deficits represents a limitation of the
WT HFD mouse model to represent the observed clinical pathologies (Dyck et al., 1986; Malik, 2014;
Osman et al., 2014; Mohseni et al., 2017). Deletion of p75N™® in Schwann cells overcame this
limitation, with animals presenting a decrease in C-fiber density and more frequent signs of
ultrastructural damage such as axonal atrophy and the significant presence of flat sheets of Schwann
cell cytoplasmic processes, as an indication of unmyelinated fiber degeneration. Furthermore, the
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significant loss of C-fibers correlate with the observed trend of decreased mechanical allodynia in the
SC-p75NTR-KO HFD, as compared with the WT counterparts. Genetic deletions are often used in the
attempt to optimize murine disease models to better resemble the human pathology (Goncalves et al.,
2016; Guest and Rahmoune, 2018). The SC-p75N™R-KO HFD mouse model might therefore be a
valuable tool for future diabetic neuropathy research.

In the RNA sequencing analysis, when comparing WT and WT HFD sciatic nerves, the most highly
enriched pathways observed were associated with lipid metabolism and the PPAR-regulated
transcriptional program, as in accordance with others (Pande et al., 2011; Ahmadian et al., 2013; Li
et al., 2016), validating the type 2 diabetic model phenotype. Recent work with the db/db mouse
model showed that the immune system is involved at all stages of diabetic neuropathy (Hinder et al.,
2018), which is also seen in the present study where several immune-related processes were found to
be upregulated in the peripheral nerves of WT mice fed with the HFD. Noticeably, the inflammation-
associated proteinase Mmpl12 was one of the most highly upregulated genes. Like other Mmps,
Mmp12 is classically involved in the breakdown of the extracellular matrix (ECM), promoting ECM
remodelling during ageing and disease (Goncalves DaSilva and Yong, 2009; Liu et al., 2013). Other
pleiotropic roles of Mmp12 include involvement in synaptic remodelling, axonal regeneration (Qin
et al., 2016), astrocyte migration, microglia activation (Hansmann et al., 2019) and oligodendrocyte
myelin formation (Larsen, 2004; 2006). Additional observations suggest that Mmpl12 may also
regulate insulin sensitivity and inducible nitric oxide synthase (iINOS) (Lee et al., 2014), potentially
exacerbating tissue damage in diabetes. Intriguingly, the plasma levels of Mmp12 were demonstrated
to be increased in patients with type 2 diabetes, and further to correlate with atherosclerotic burden
and coronary events (Goncalves et al., 2015). Little is known about Mmp12 in the PNS but our data
expose the need of further studies addressing whether Mmpl12 might be a potential valuable
biomarker for diabetic neuropathy, and whether it is playing a protective or destructive role in the
course of neuropathy.

Following DEGs related to bioenergetics pathways, our analysis of the SC-p75NTR-KO HFD mouse
model disclosed a significant overactivation of DEGs involved in immune mediated processes
relative to that of WT HFD. Specifically, we observed an upregulation of genes involved in
complement cascades, antigen processing, natural killer mediated toxicity, B cell and chemokine
signaling. It could be speculated that the high endoneurial expression of p75N™R previously identified
in diabetic nerves (Conti et al., 2002; Chilton et al., 2004) may be potentiating the nerve repair
program and controlling the inflammatory environment. Lack of nerve macrophage infiltration as a
consequence of HFD induced obesity together with the similar macrophage density in SC-p75N™R-
KO HFD versus WT HFD further highlights the importance of Schwannopathy for diabetic
neuropathy. It is widely known that Schwann cells express a plethora of pattern recognition receptors,
such as major histocompatibility complex (MHC) and several toll-like receptors (TLRs), and can
secrete cytokines and chemokines upon activation, or function as immune-like cells with phagocytic
and antigen presenting capabilities (Ydens et al., 2013). Thus, it is fair to conclude that most of the
immune-related pathways found with the RNA sequencing derive from Schwann cell stress rather
than from immune cell infiltration.
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Several lines of evidence have supported the importance of neuronal cytoskeleton in the pathogenesis
of a number of neurodegenerative disorders (Kevenaar and Hoogenraad, 2015; van den Berg et al.,
2017). In the present study, several genes belonging to the actin cytoskeleton compartment were
found downregulated in the WT HFD mice sciatic nerves, a response that was more pronounced by
the lack of Schwann cell p75N™R, This down-regulation might explain the delayed and reduced
capacity for nerve regeneration after injury of diabetic mice (Ebenezer et al., 2011), potentially
indicating impaired axonal transport.

Lysosomal dysfunction has been reported in diabetes, aging and age-related degenerative diseases
(Rivera et al., 2010; Tiribuzi et al., 2011; Mattson and Arumugam, 2018; Pasquier et al., 2019). In
diabetes, lysosome abnormalities were found in the hippocampus of db/db mice and shown to
correlated with elevated levels of cholesterol (Sims-Robinson et al., 2015), while in the pancreas,
macro-autophagy was demonstrated to be critical for maintenance of -cell function in response to
cellular stress (Pasquier et al., 2019). In addition to destabilization of lysosomes, diabetes also altered
protein levels of Ctsd in the hippocampus of db/db mice (Sims-Robinson et al., 2015). In diabetic
neuropathy, no major lysosome aberrant function or transcriptional modifications have been
documented to date (McGregor et al., 2018). In our study, activation of lysosomal-related pathways
was not observed in the WT HFD sciatic nerves; however, Ctsd was found to be overexpressed,
suggesting that lysosome stress might become a reality in the periphery over time. Lysosomes are
dynamic organelles involved in numerous functions such as cell death, autophagy, endocytic and
phagocytic membrane-trafficking pathways (Luzio et al., 2007). Transient lysosomal activation has
previously been shown to be essential for p75N™R expression in myelinated Schwann cells during
Wallerian degeneration (Jung et al., 2011). Thus, it is possible that Schwann cells lacking p75N™®
become dysfunctional upon exposure to diabetic stressors, intensifying activation of phagolysosomal
pathways in associated vulnerable axons. This hypothesis may explain why we here observe
significant accumulation of lysosomes in C-fibers as well as the frequent presence of autophagosomes
in nerves from SC-p75NTR-KO diabetic mice. Likewise, expression levels of lysosome-related genes
such as several Cts were found to be significantly enriched in the sciatic nerves of these Schwann-
specific p75NTR mutant mice on HFD. Cts activation (especially of subtypes B, D, L and S) has long
been associated to the onset and progression of kidney disease (Cocchiaro et al., 2017), another major
complication of diabetes. According to our results, activation of these enzymes by diabetes in the
PNS, and particularly of the lysosomal Ctsh, seems to be dependent on expression of Schwann cell
p75NTR, Ctsb is linked to general protein turnover but it may also potentiate inflammation and
neuronal death (Gan et al., 2004; Ni et al., 2015). Increased expression of Ctsb at both gene and
translational levels have been observed in several cancer types and neurodegenerative diseases
(Aggarwal and Sloane, 2014; Lowry and Klegeris, 2018). In this work, we describe an HFD-induced
increase in MRNA and protein levels of Ctsb in axons and neurons from mice lacking p75N™®
expression in Schwann cells, thus strengthening the hypothesis of Schwannopathy predisposing
neuronal damage observed in diabetic neuropathy.

A strength of the HFD model in contrast to the db/db or the ob/ob mouse models of type 2 diabetes,
is the advantage of not involving any genetic disruption of the leptin signaling pathway. This may
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prove to be important since our RNA sequencing data demonstrated a 27-fold increased expression
levels of the leptin gene (Lep) in the sciatic nerve, indicating that Lep gene regulation is highly
involved in type 2 diabetic neuropathy with potential local nerve functions.

Diabetes and complications hereof account for 12% of global health expenditures, with e.g.
healthcare expenses related to diabetic foot care surpassing the combined costs related with cancer
treatments (Kerr et al., 2019). This strongly highlights the urge for the development of preventive
therapeutic strategies and for a better understanding of the molecular mechanisms underlying
development of diabetic neuropathy. In this study, we demonstrate that the deletion of p75N™® in
Schwann cells has a protective role regarding progression of diabetic neuropathy. We identified novel
roles for Schwann cell p75N™R in the regulation of neuroinflammation and lysosome pathways, which
facilitated C-fiber loss consequent to diabetic stress. In this regard, our study supports a hypothesis
of increased Schwann cell stress (loss of p75N™®) affecting axonal homeostasis and predisposing to
neuronal damage under diabetic conditions.
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FIGURE 1 The 60% high fat-rich diet causes neuropathy in prediabetic mice. (a) The Ngfr mutant
gene (p75™™ and the inversion approach used to produce SC-p75N™R-KO mice. In cells expressing
cre recombinase, the loxP-flanked region inverts to generate transgenic animals that express mCherry
rather than p75N ™R from the endogenous Ngfr promoter in Schwann cells. UTR codes for untranslated
region. Transgenic and WT littermates were then put on a control diet (CD) or HFD from the 5 weeks
of age, for 24 weeks. (b) Metabolic phenotyping of mice with body weight measurements over time,
during the 24 weeks of special feeding. Results from neuropathy phenotyping were obtained by using
the Von Frey test (c), sensory (d) and motor nerve conduction velocities () (SNCV and MNCV,
respectively). All data represent mean £ SEM from 10-11 animals per group. Two-way ANOVA
with Tukey's multiple-comparisons test *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 2 Deletion of p75N™® in Schwann cells leads to a significant decrease in C-fiber density,
but is not associated with loss of myelinated fibers, upon HFD special feeding. Histograms obtained
from the morphometrical quantification of (a) myelinated fibers, (b) g Ratio and (c) unmyelinated
fibers. (d) Representative TEM images of unmyelinated axons (C-fibers, yellow mask) in the sciatic
nerves of WT and SC-p75N™R-KO mice fed with a control or HFD. In lower right picture in (d), notice
the presence of unmyelinated axons (yellow mask) together with many flattened Schwann cell
processes that usually are formed after loss of unmyelinated axons. An abnormal myelin-Schwann
cell configuration is marked (white asterisk). Two-way ANOVA with Tukey's multiple-comparisons
test *p < 0.05; n=4-5 mice per genotype; scale bar 2 pm.

FIGURE 3 Morphological ultrastructural abnormalities are more prominent in sciatic nerves from
mice fed with an HFD, in the absence of p75N™R in Schwann cells (SC-p75NTR-KO HFD mice). (a)
Picture showing a completely demyelinating axon (> 1.5 um diameter; blue star) (b) Image showing
several isolated unmyelinated axons and a Remak bundle (yellow mask) with an axon being
myelinated depicted with a black asterisk (scale bar 2 um). (c) Shows a remyelinated axon (black
asterisk; scale bar 2 um). A plasma cell-like structure with rough endoplasmic reticulum can also be
seen. (d) A macrophage engulfing myelin fragments is highlighted with a white arrow. (e) Denotes
an unmyelinated axon with a diameter above 1.5 um (blue star) and flat sheets of Schwann cell
processes (pink stars) enclosed by a common basement membrane (black arrows), formed usually
after degeneration of unmyelinated axons. These structures are highly present in the nerves from SC-
p75NTR-KO HFD mice, as illustrated in the graph chart in (i). A yellow star highlights a small
unmyelinated axon. (f) Exhibit a Schwann cell profile containing axon-free myelin, with the thin
cytoplasmic collar and the basal lamina highlighted with a red mask (in areas where it can be
identified), and (g) shows a transverse section of a small caliber axon with thin and disorganized
myelin. Quantification of (h) macrophage, (i) flat sheets of Schwann cell processes, (j) axon-free
myelin and (k) demyelinating fiber densities, normalized against the nerve area, are illustrated in the
bar charts. Two-way ANOVA with Tukey's multiple-comparisons test *p < 0.05. TEM sciatic nerve
sections from n=4-5 mice per genotype were analyzed.

FIGURE 4 HFD feeding in WT mice triggers activation of diabetes-related pathways in the
peripheral nerve, alongside with downregulation of actin cytoskeleton. FPKM values for (a) Pmp22
and (b) Myod1, obtained with RNA sequencing of sciatic nerves from all the mice groups analyzed
were plotted, to show nerve specificity and lack of muscle contamination, respectively. (c) 1og10 gene
expression level graph and a (d) numerical graph demonstrating the upregulated (in orange) and
downregulated (in blue) genes in WT HFD mice relative to the WT group having the control diet. (e)
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STRING network of regulated genes in sciatic nerves from WT HFD mice. The 207 regulated genes
produced a network of 93 genes in the STRING app in Cytoscape. The genes in the ellipse are
upregulated and the genes in rectangular are downregulated in WT HFD. Genes involved with
metabolic pathways are identified with a yellow boarder, those related with the PPAR signaling
pathway have a red fill, glycerolipid metabolism has white writing and regulation of lipolysis is with
a blue border. Genes belonging to actin cytoskeleton are recognized with green filling. n=5 mice per
group. Data was analyzed accordingly to the NOIseq method.

FIGURE 5 Glial p75N™ modulates the inflammatory landscape and activation of lysosome and
phagosome pathways in mice fed with an HFD. (a) log10 gene expression level graph and (b) a
numerical graph demonstrating the upregulated (in orange) and downregulated (in blue) genes in SC-
p75NTR-KO mice fed with HFD relative to the SC-p75N™R-KO group having the control diet. (c) Venn
diagram illustrating WT vs WT HFD (blue) and p75 vs p75 HFD (yellow) with 146 DEG’s in
common. 262 genes are solely differently expressed in mice fed with HFD when Schwann cells lack
p75NTR while 61 genes are solely differently expressed in the WT situation and thus not depending
on Schwann cell p75N™ expression. (d) STRING network for those 262 regulated genes only
activated in sciatic nerves from SC-p75N"™R-KO HFD mice. The 262 regulated genes produced a
network of 162 genes in the STRING app in Cytoscape. The genes in the ellipse are upregulated and
the genes in rectangular are downregulated in SC-p75N™R-KO HFD. Immune-related genes are
depicted with a red boarder while those involved in cell adhesion, cholesterol, lysosome, phagosome
and peroxisome pathways present a blue fill. (e) The heatmap shows FPKM values (normalized with
min-max normalization) for all 4 analyzed groups. The genes are differently regulated only in the p75
vs p75 HFD condition and are annotated to cell adhesion (CAMSs), phagosome, lysosome, cholesterol
and peroxisome-related genes. n=5 mice per group. Statistics was based on the NOIseq method with
fold changes > 2.

FIGURE 6 Activation of lysosome and phagosome gene pathways in SC-p75N™R-KO mice fed with
an HFD correlate with ultrastructural findings in C-fibers and flat sheets of Schwann cell cytoplasmic
processes. (a) and (b) show the normal morphological appearance of Remak bundles in WT HFD,
with some mitochondria highlighted with black arrows and one lysosome pointed with a blue arrow
(scale bar 1 um). (c)-(f) are representative TEM pictures illustrating accumulation of lysosomes and
autophagosomes in C-fibers from SC-p75N™R-KO with HFD. (c) Normal mitochondria in Remak
bundles are pointed with black arrows, while several lysosomes (blue arrows) can be observed in the
C-fiber axoplasm (scale bar 1um). (d) Orange inset zooms in two C-fibers, one containing two
lysosomes (blue arrows) and one containing several autophagosome-like structures (yellow arrow)
(scale bar 500 nm). (e) A single C-fiber containing several lysosomes (blue arrows), suggestive of
cell stress (scale bar 500 nm). (f) Shows two autophagosomes in a C-fiber (yellow arrows) with very
clear double membrane, characteristic of these cellular components (scale bar 500 nm). (g) Graph
chart represents quantification of the number of autophagic structures present in c-fibers, from all the
mice groups analyzed. Average number of lysosomes (h) and autophagosomes (i) per C-fiber are
depicted. (j) Hlustrates a multivesicular body (red arrow) and a lysosome (blue arrow) in C-fibers in
a bundle of Schwann cell cytoplasmic processes (scale bar 500 nm). In (k), Schwann cell cytoplasmic
processes are represented with an axon (blue star) containing multiple vacuole-like bodies (red arrow)
and a vesicle holding many small mitochondria (pink arrow; scale bar 500 nm). (1), (m) and (n) denote
quantification of autophagy related structures, namely lysosomes and autophagosomes, per bundle of
Schwann cell (SC) cytoplasmic processes with common basement membrane, with individual
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quantification represented in separate charts. Statistical analysis was performed with Two-way
ANOVA with Tukey's multiple-comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001; n=4-5 mice
per genotype.

FIGURE 7 Mice lacking p75N™ in Schwann cells display enhanced Ctsb in the PNS after HFD-
induced diabetic neuropathy. (a) Representative confocal microscopy images of a triple staining
between Ctsb (green), Bll1-tubulin (red) and Hoechst (blue) in the sciatic nerve (upper panel) and L4
DRG (bottom panel) from SC-p75N™R-KO mice with HFD and WT HFD littermates (scale bar 50
um). White arrows point to Ctsb immuno-positive labeling in cell-like structures, while the yellow
thicker arrows denote Ctsb co-localization with Bll1-tubulin, indicating Ctsb presence in the axonal
compartment. (b) Representative immunoblot and densitometry analysis for Ctsb, normalized against
[-actin, from lumbar DRGs (unpaired t test, **p < 0.01; n=5 mice per genotype, data is presented as
mean = SEM).
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Cytoskeleton

Upregulated p-value Enriched Genes

PPAR signaling | 4.32E-5 Plin2|Lpl|Adipoq|Fabp5|Agp7|Plin1|Acsl1|Dbi

pathway

Glycerolipid 0.0045 Lpl|Lipf|Agpat2|Dgat2|Pnpla3

metabolism

Regulation of 0.0045 Lipe|Tshr|Agp7|Plin1|Ptger3

lipolysis

Metabolic 0.0341 Ckm|Tph2|Galntl2|Gpt|Aldhla7|Lipf|Cyp2el|

pathways Agpat2|Atp6v0d2|Dgat2|Prps1|Acsl1|[Nnmt|Pnpla3|Fasn|
Gstz1|Pcx|Acsm3]Agxt211|Aoc3

Downregulated | p-value Enriched Genes

Actin 0.006 Actn3|Myh4|Myl1|Mylpf|Actal|Cib2|Myoz1|Tnnc2|Adam8|

Synpo2|Mybpc2

Table 1 Upregulated KEGG pathways in the WT HFD versus WT counterparts.
Most of the downregulated genes belong to the actin cytoskeleton component.
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Immune p-value Enriched Genes
mediated process

Response to 5.6E-4 I17r|Saa3|Serpina3n|Fos|Adipoq|Gpd1|Cxcl13|Acsll|

Cytokine Ubd|Oxtr|Fasn|Zfp36|1fi205|Wdnm1-like[Junb|
Lep|Egrl|Serpina3c]|lilrn

Acute phase 1.79E-5 Saa3|Serpina3n|Orm1| Ptger3|Hp|Cd163]|llI1rn

response

Inflammatory 0.0056 Adipog|Sucnrl|Ptger3|Zfp36|S100a8|Lep|Aoc3|Adam8|Saa3

response Serpina3n|Celal|Cxcl13]Orm1|Hp|Cd163|ll1rn

Leucocyte 0.0026 I7r| Tshr]Fam20c|Cd1d1|Ubd|Fasn|Junb|Lep|Egrl|Lgalsl|

differentiation Adam8

Regulation of 0.0306 Mmp12|Lpl|Adipog|Agpat2|Fcna|Cdldl|

cytokine Errfil|Gpnmb|Zfp36|Lep|Egrl|Adam8

production

Cell chemotaxis 0.0363 Saa3|Cxcl14|Cxcl13]|S100a8|Adam8|Lgals3

Defense response | 0.0102 Saa3|Serpina3n|Celal|Cxcl13|Fcna|Cd1ldl|
Orml|ltgax|Ubd|Ptger3|Cfd|S100a8|
Hp|Aoc3|Adam8|Cd163|Il1rn|Lgals3|Dbi

Regulation of T 0.0114 117r|]Adam8|Tsc22d3|Lgals3

cell apoptotic

process

Leukocyte 0.0391 I17r|Tshr|Sucnrl|Cd1ldl|ltgad|Ubd|Lat2|
activation Lep|Egrl|Lgalsl

Toll-like receptor | 0.0392 Saa3|S100a8

4 binding

Leukocyte 0.0423 S100a8 |Cxcl13|Aoc3|Adam8|Lgals3|Lep
migration

Regulation of 0.0474 Adipog|Errfil|Gpnmb|Zfp36|Lep

tumor necrosis
factor production

Table 2 Immune system related processes differentially regulated in the WT HFD, as compared to
WT mice feed with the control diet.
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Upregulated Protein name Fold Log2Ratio
Gene change
Tph2 Tryptophan 5-hydroxylase 2 530.95 9.052
Mmp12 Matrix metalloproteinase 12 101.51 6.67
Ubd Ubiquitin D 86.74 6.44
Gpr50 Melatonin-related receptor 70.9 6.15
Itgad Integrin alpha-D 70.02 6.13
Prr32 Proline-rich protein 32 64.88 6.02
Lipf Gastric triacylglycerol lipase 64.78 6.02
Kcnj14 ATP-sensitive inward rectifier 59.97 5.91
potassium channel 14
Slcha7 High affinity choline transporter 52.39 571
1
Oxtr Oxytocin receptor 34.17 5.09
1rn Interleukin-1 receptor 32.82 5.04
antagonist
Lep Leptin 27.20 4.77
Adh6b Alcohol dehydrogenase 6B 21.42 4.42
Itgax Integrin alpha-X 17.95 4.17
Cdsn Corneodesmosin 16.81 4.07
Pagr9 Membrane progesterone 13.39 3.74
receptor epsilon
Pnpla3 1-acylglycerol-3-phosphate O- 13.09 3.71
acyltransferase
Hp Haptoblobin precursor 11.55 3.53
Saa3 Serum amyloid A-3 protein 10.16 3.34
Dgat2 Diacylglycerol O- 10.34 3.37
acyltransferase 2
Mest Mesoderm-specific transcript 9.83 3.30
protein
Rgsl Regulator of G-protein 9.77 3.30
signaling 1
Wfdc21 Protein Wfdc21 9.46 3.24
Fgfl3 Fibroblast growth factor 13 9.25 3.21
Atp6v0d2 V-type proton ATPase subunit 7.96 3.00
d2
Tenm4 Teneurin-4 7.25 2.86
"7r Interleukin-7 receptor subunit 7.16 2.84
alpha
S100a8 S100 calcium-binding protein 6.92 2.79
A8
Downregulated Protein name Fold Log2Ratio
Gene change
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Mup2 Major urinary protein 2 608 -9.25
Mupl11l Major urinary protein 11 75.04 -6.23
Acsm3 Acyl-coenzyme A synthetase 33.09 -5.05
Mrgprg Mas-related G-protein coupled 17.30 -4.10

receptor member G

Mupl4 Major urinary protein 14 11.12 -3.48
Cxcl13 C-X-C motif chemokine 13 10.94 -3.45

Fosb Protein fosB 7.79 -2.96

Table 3 The 35 most enriched genes in WT HFD relative to WT controls.
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Immune p-value Enriched Genes

mediated

KEGG

Pathways

Antigen 6.5E-4 Ctsb|Ctsl|H2-K1|H2-Ab1|H2-Aa|H2-Eb1|Cd74

processing and

presentation

B cell receptor 0.0303 Rac2|Pik3apl|BInk|Lilrb3

signaling

pathway

Chemokine 0.044 Ccl8|Ccl6|Ccl9]|Rac2|Ccr5|Adcy5

signalling

pathway

Natural killer cell | 0.0295 Itgb2|H2-K1|Tyrobp|Rac2|Fcerlg

mediated

cytotoxicity

Complement and | 0.016 Itgh2|Cfb|C1qc|Serpinel|Clqb

coagulation

cascades

Immune p-value Enriched Genes

mediated

Process

Leukocyte 8.53E-6 Itgb2|Sfpil|Lbp|Mfng|Cd180|Dock8|Hprt|Slcllal

activation Clec4a2|Tyrobp|H2-Abl|BInk|Lilrb3|Fcerlg|Myolf
Cd74|Selplg|Lcpl|Fcgr3

Phagocytosis 6.1E-4 Itgb2|Lbp|Trem2|Slc1lal|Fcerlg|lglc2|Arhgap25|Fcgr3

Defense response | 3.16E-8 Itgh2|Ccl8|Lbp|Cyba|Ccl6|Ccl9|Evl|Ly86|Cd180|Trem2
|H2-K1|Cfb|Slc11al|Tfr2|Clec4a2|Cotl1|Clqc|Serpinel
Clgb|H2-Abl|H2-Aa|Ffar2|LipalPtafr|Alox5ap|Fcerlg
Myolf|Hfe|Lyz2|Cd74|Cd37]|lglc2|Ccr5|Unc93bl|Fcgr3

Regulation of 1.6E-5 Lbp|Cyba|Dies1|Ankrd2|Slc1lal|Clec4a2|Nckapll|Tspo

cytokine Serpinel|Inhbb|Cd300ld|Ffar2|Ptafr|Postn|Fcerlg|Hfe

production AF251705|Cd74|Ccr5|Unc93b1|Fcgr3

Inflammatory 2.38E-5 Itgh2|Ccl8|Lbp|Cyba|Ccl6|Ccl9|Ly86|Cd180|SIcllal

response Tfr2|Ffar2|Lipa|Ptafr|Alox5ap|Fcerlg|Hfe|Ccr5|Fcgr3

B cell mediated 4.94E-5 Clqc|Clgb|H2-Ab1|Lilrb3|Fcerlg|Cd74|lglc2|Fcgr3

immunity

Chemotaxis 0.0015 Itgb2|Ccl8|Lbp|Ccl6|Ccl9|Evl|Alcam|Nckapll|Rac2

Ffar2|Ptafr|Fcerlg|Ccr5|Fcgr3

Table 4 KEGG pathways and processes with enriched immune-related genes found to be
differentially expressed in sciatic nerves from SC-p75N™R-KO HFD mice but not in those from WT

HFD animals.
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KEGG p-value Enriched Genes

Pathway

Lysosome 3.45E-5 Ctsb|Ctsk|Npc2|Ctsl|Gusb|Slc11al|Man2bl|Lipa|Cd68|Laptm5

Phagosome 8.1E-4 Itgb2|Cyba|Ctsl|H2-K1|H2-Abl|H2-Aa|
H2-Eb1|Mrc2|Fcgr3

Cholesterol 0.002 Angptl4|Npc2|Tspo|Lipa|Pltp

metabolism

Peroxisome 0.0025 Acaalb|Hsd17b4|Prdx5|Pex16|Acox1|Abcd2

Cell adhesion | 0.0092 Itgb2|Alcam|H2-K1|H2-Abl|H2-Aa|H2-Eb1|Selplg

molecules

(CAMs)

Table 5 Differential enriched KEGG pathways in the SC-p75NTR-KO with HFD (non-immune
related) versus SC-p75N™R-KO counterparts. These pathways were not found to be activated by HFD

in WT mice.
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Gene Protein name Probability | Fold change
Ctsb Cathepsin B 0.85 2.63
Ctsk Cathepsin K 0.81 2.08
Ctsl Cathepsin L 0.83 2.18
Ctss Cathepsin S 0.88 3.88
Npc2 Intracellular cholesterol 0.83 2.22
transporter 2
Gusb Beta-Glucuronidase 0.82 2.52
Sicllal Natural resistance-associated 0.81 2.74
macrophage protein 1
Man2bl Lysosomal alpha-mannosidase 0.82 2.51
Lipa Lysosomal acid lipase 0.83 2.36
Cd68 Macrosialin 0.88 3.83
Laptm5 Lysosomal-associated 0.83 2.46
transmembrane protein 5

Table 6 Enriched genes related to the Lysosome KEGG Pathway, upregulated only in nerves from
SC-p75NTR-KO mice with HFD, as compared with WT HFD.
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Upregulated p-value Enriched Genes

PPAR signaling | 4.32E-5 Plin2|Lpl|Adipoq|Fabp5|Agp7|Plin1|Acsl1|Dbi

pathway

Glycerolipid 0.0045 Lpl|Lipf|Agpat2|Dgat2|Pnpla3

metabolism

Regulation of 0.0045 Lipe|Tshr|Agp7|Plin1|Ptger3

lipolysis

Metabolic 0.0341 Ckm|Tph2|Galntl2|Gpt|Aldhla7|Lipf|Cyp2el|

pathways Agpat2|Atp6v0d2|Dgat2|Prps1|Acsl1|[Nnmt|Pnpla3|Fasn|
Gstz1|Pcx|Acsm3]Agxt211|Aoc3

Downregulated | p-value Enriched Genes

Actin 0.006 Actn3|Myh4|Myl1|Mylpf|Actal|Cib2|Myoz1|Tnnc2|Adam8|

Cytoskeleton

Synpo2|Mybpc2

Table 1 Upregulated KEGG pathways in the WT HFD versus WT counterparts.
Most of the downregulated genes belong to the actin cytoskeleton component.
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tumor necrosis
factor production

Immune p-value Enriched Genes

mediated process

Response to 5.6E-4 I17r|Saa3|Serpina3n|Fos|Adipoq|Gpd1|Cxcl13|Acsll|

Cytokine Ubd|Oxtr|Fasn|Zfp36|1fi205|Wdnm1-like|Junb|
Lep|Egrl|Serpina3c]|lilrn

Acute phase 1.79E-5 Saa3|Serpina3n|Orm1| Ptger3|Hp|Cd163]|llI1rn

response

Inflammatory 0.0056 Adipog|Sucnrl|Ptger3|Zfp36|S100a8|Lep|Aoc3|Adam8|Saa3

response Serpina3n|Celal|Cxcl13|Orm1|Hp|Cd163|ll1rn

Leucocyte 0.0026 I7r|Tshr]Fam20c|Cd1d1|Ubd|Fasn|Junb|Lep|Egrl|Lgalsl|

differentiation Adam8

Regulation of 0.0306 Mmp12|Lpl|Adipog|Agpat2|Fcna|Cdldl|

cytokine Errfil|Gpnmb|Zfp36|Lep|Egrl|Adam8

production

Cell chemotaxis 0.0363 Saa3|Cxcl14|Cxcl13]|S100a8|Adam8|Lgals3

Defense response | 0.0102 Saa3|Serpina3n|Celal|Cxcl13|Fcna|Cd1ldl|
Orml|Itgax|Ubd|Ptger3|Cfd|S100a8|
Hp|]Aoc3|Adam8|Cd163|Il1rn|Lgals3|Dbi

Regulation of T 0.0114 117r|Adam8|Tsc22d3|Lgals3

cell apoptotic

process

Leukocyte 0.0391 I7r|Tshr|Sucnrl|Cd1ldl|ltgad|Ubd|Lat2|

activation Lep|Egrl|Lgalsl

Toll-like receptor | 0.0392 Saa3|S100a8

4 binding

Leukocyte 0.0423 S100a8 |Cxcl13|Aoc3|Adam8|Lgals3|Lep

migration

Regulation of 0.0474 Adipog|Errfil|Gpnmb|Zfp36|Lep

Table 2 Immune system related processes differentially regulated in the WT HFD, as compared to

WT mice feed with the control diet.
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Upregulated Protein name Fold Log2Ratio
Gene change
Tph2 Tryptophan 5-hydroxylase 2 530.95 9.052
Mmp12 Matrix metalloproteinase 12 101.51 6.67
Ubd Ubiquitin D 86.74 6.44
Gpr50 Melatonin-related receptor 70.9 6.15
Itgad Integrin alpha-D 70.02 6.13
Prr32 Proline-rich protein 32 64.88 6.02
Lipf Gastric triacylglycerol lipase 64.78 6.02
Kcnjl4 ATP-sensitive inward rectifier 59.97 5.91
potassium channel 14
Slcha7 High affinity choline transporter 52.39 571
1
Oxtr Oxytocin receptor 34.17 5.09
1rn Interleukin-1 receptor 32.82 5.04
antagonist
Lep Leptin 27.20 4.77
Adh6b Alcohol dehydrogenase 6B 21.42 4.42
Itgax Integrin alpha-X 17.95 4.17
Cdsn Corneodesmosin 16.81 4.07
Paqgr9 Membrane progesterone 13.39 3.74
receptor epsilon
Pnpla3 1-acylglycerol-3-phosphate O- 13.09 3.71
acyltransferase
Hp Haptoblobin precursor 11.55 3.53
Saa3 Serum amyloid A-3 protein 10.16 3.34
Dgat2 Diacylglycerol O- 10.34 3.37
acyltransferase 2
Mest Mesoderm-specific transcript 9.83 3.30
protein
Rgsl Regulator of G-protein 9.77 3.30
signaling 1
Wfdc21 Protein Wfdc21 9.46 3.24
Fgfl3 Fibroblast growth factor 13 9.25 3.21
Atp6v0d2 V-type proton ATPase subunit 7.96 3.00
d2
Tenm4 Teneurin-4 7.25 2.86
"7r Interleukin-7 receptor subunit 7.16 2.84
alpha
S100a8 S100 calcium-binding protein 6.92 2.79
A8
Downregulated Protein name Fold Log2Ratio
Gene change
Mup2 Major urinary protein 2 608 -9.25
Mupl11l Major urinary protein 11 75.04 -6.23
Acsm3 Acyl-coenzyme A synthetase 33.09 -5.05
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Mrgprg Mas-related G-protein coupled 17.30 -4.10
receptor member G

Mupl4 Major urinary protein 14 11.12 -3.48

Cxcl13 C-X-C motif chemokine 13 10.94 -3.45

Fosb Protein fosB 7.79 -2.96

Table 3 The 35 most enriched genes in WT HFD relative to WT controls.
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Immune p-value Enriched Genes

mediated

KEGG

Pathways

Antigen 6.5E-4 Ctsb|Ctsl|H2-K1|H2-Ab1|H2-Aa|H2-Eb1|Cd74

processing and

presentation

B cell receptor 0.0303 Rac2|Pik3apl|BInk|Lilrb3

signaling

pathway

Chemokine 0.044 Ccl8|Ccl6|Ccl9]|Rac2|Ccr5|Adcys

signalling

pathway

Natural killer cell | 0.0295 Itgb2|H2-K1|Tyrobp|Rac2|Fcerlg

mediated

cytotoxicity

Complement and | 0.016 Itgh2|Cfb|C1qc|Serpinel|Clqb

coagulation

cascades

Immune p-value Enriched Genes

mediated

Process

Leukocyte 8.53E-6 Itgb2|Sfpil|Lbp|Mfng|Cd180|Dock8|Hprt|Slcllal

activation Clec4a2|Tyrobp|H2-Abl|BInk|Lilrb3|Fcerlg|Myolf
Cd74|Selplg|Lcpl|Fcgr3

Phagocytosis 6.1E-4 Itgb2|Lbp|Trem2|Slc1lal|Fcerlg|lglc2|Arhgap25|Fcgr3

Defense response | 3.16E-8 Itgh2|Ccl8|Lbp|Cyba|Ccl6|Ccl9|Evl|Ly86|Cd180|Trem2
|H2-K1|Cfb|Slc11al|Tfr2|Clec4a2|Cotl1|Clqc|Serpinel
Clgb|H2-Abl|H2-Aa|Ffar2|LipalPtafr|Alox5ap|Fcerlg
Myolf|Hfe|Lyz2|Cd74|Cd37]|lglc2|Ccr5|Unc93bl|Fcgr3

Regulation of 1.6E-5 Lbp|Cyba|Dies1|Ankrd2|Slc11al|Clec4a2|Nckapll|Tspo

cytokine Serpinel|Inhbb|Cd300ld|Ffar2|Ptafr|Postn|Fcerlg|Hfe

production AF251705|Cd74|Ccr5|Unc93b1|Fcgr3

Inflammatory 2.38E-5 Itgb2|Ccl8|Lbp|Cyba|Ccl6|Ccl9|Ly86|Cd180|SIcllal

response Tfr2|Ffar2|Lipa|Ptafr|Alox5ap|Fcerlg|Hfe|Ccr5|Fcgr3

B cell mediated 4.94E-5 Clqc|Clgb|H2-Ab1|Lilrb3|Fcerlg|Cd74|lglc2|Fcgr3

immunity

Chemotaxis 0.0015 Itgb2|Ccl8|Lbp|Ccl6|Ccl9|EvI|Alcam|Nckapll|Rac2

Ffar2|Ptafr|Fcerlg|Ccr5|Fcgr3

Table 4 KEGG pathways and processes with enriched immune-related genes found to be

differentially expressed in sciatic nerves from SC-p75N™R-KO HFD mice but not in those from WT

HFD animals.
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KEGG p-value Enriched Genes

Pathway

Lysosome 3.45E-5 Ctsb|Ctsk|Npc2|Ctsl|Gusb|Slc11al|Man2bl|Lipa|Cd68|Laptm5

Phagosome 8.1E-4 Itgb2|Cyba|Ctsl|H2-K1|H2-Ab1|H2-Aa|
H2-Eb1|Mrc2|Fcgr3

Cholesterol 0.002 Angptl4|Npc2|Tspo|Lipa|Pltp

metabolism

Peroxisome 0.0025 Acaalb|Hsd17b4|Prdx5|Pex16|Acox1|Abcd2

Cell adhesion | 0.0092 Itgb2|Alcam|H2-K1|H2-Abl|H2-Aa|H2-Eb1|Selplg

molecules

(CAMs)

Table 5 Differential enriched KEGG pathways in the SC-p75N™R-KO with HFD (non-immune
related) versus SC-p75N™R-KO counterparts. These pathways were not found to be activated by HFD
in WT mice.
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Gene Protein name Probability | Fold change
Ctsb Cathepsin B 0.85 2.63
Ctsk Cathepsin K 0.81 2.08
Ctsl Cathepsin L 0.83 2.18
Ctss Cathepsin S 0.88 3.88
Npc2 Intracellular cholesterol 0.83 2.22
transporter 2
Gusb Beta-Glucuronidase 0.82 2.52
Sicllal Natural resistance-associated 0.81 2.74
macrophage protein 1
Man2bl Lysosomal alpha-mannosidase 0.82 2.51
Lipa Lysosomal acid lipase 0.83 2.36
Cd68 Macrosialin 0.88 3.83
Laptm5 Lysosomal-associated 0.83 2.46
transmembrane protein 5

Table 6 Enriched genes related to the Lysosome KEGG Pathway, upregulated only in nerves from
SC-p75NTR-KO mice with HFD, as compared with WT HFD.
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