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Abstract

Aims/hypothesis—Diabetic peripheral neuropathy (DPN) is one of the major complications of
diabetes, which contributes greatly to morbidity and mortality. There is currently no effective
treatment for this disease. Exosomes are cell-derived nanovesicles and play an important role in
intercellular communications. The present study investigated whether mesenchymal stromal cell
(MSC)-derived exosomes improve neurological outcomes of DPN.

Methods—Exosomes were isolated from the medium of cultured mouse MSCs by
ultracentrifugation. Diabetic mice (BKS.Cg-m+/+Lepr®lJ, ab/db) at the age of 20 weeks were
used as DPN models. Heterozygous mice (ab/m) of the same age were used as the control. MSC-
exosomes were administered weekly via the tail vein for 8 weeks. Neurological function was
evaluated by testing motor and sensory nerve conduction velocities, and thermal and mechanical
sensitivity. Morphometric analysis was performed by myelin sheath staining and
immunohistochemistry. Macrophage markers and circulating cytokines were measured by western
blot and ELISA. MicroRNA (miRNA) array and bioinformatics analyses were performed to
examine the exosomal miRNA profile and miRNA putative target genes involved in DPN.

Results—Treatment of DPN with MSC-exosomes markedly decreased the threshold for thermal
and mechanical stimuli and increased nerve conduction velocity in diabetic mice.
Histopathological analysis showed that MSC-exosomes markedly augmented the density of FITC-
dextran perfused blood vessels and increased the number of intraepidermal nerve fibres (IENFs),
myelin thickness and axonal diameters of sciatic nerves. Western blot analysis revealed that MSC-
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exosome treatment decreased and increased M1 and M2 macrophage phenotype markers,
respectively. Moreover, MSC-exosomes substantially suppressed proinflammatory cytokines.
Bioinformatics analysis revealed that MSC-exosomes contained abundant miRNAs that target the
toll-like receptor (TLR)4/NF-xB signalling pathway.

Conclusions/interpretation—MSC-derived exosomes alleviate neurovascular dysfunction and
improve functional recovery in mice with DPN by suppression of proinflammatory genes.
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mMiRNA

Introduction

Diabetic peripheral neuropathy (DPN) is one of the most prevalent chronic complications of
diabetes mellitus [1]. It is estimated that, by the year 2030, ~50 million people worldwide
will develop this disease [2]. There is a compelling need to develop effective therapies
specifically designed to improve neurological function in the damaged peripheral nervous
system that results from diabetes. The reduction of DPN has previously mainly focused on
blood glucose control; however, clinical studies of type 2 diabetes have revealed that glucose
control has little or no effect in alleviating DPN [3]. Studies in patients and animal models of
DPN suggest a relationship between vasa nervorum endothelium and neuropathy [4, 5].
Perfusion deficit leads to endoneurial hypoxia that compromises nerve function and triggers
the process of neurodegeneration [6, 7]. Accordingly, targeting neurovascular dysfunction
may reduce DPN.

Upregulation of immune molecules is observed during the early stages of DPN and persists
during all stages of the disease [8]. Hyperglycaemia coupled with dislipidaemia triggers the
production of adhesion molecules, cytokines and inflammatory genes from immune cells
and adipocytes and chronic inflammation contributes to neurovascular damage including
axonal degeneration, endothelial dysfunction and metabolic disruption of Schwann cells [6,
9]. Activation of the NF-xB pathway is one of the common downstream mechanisms of
inflammation in diabetic neuropathy, and leads to the recruitment of immune cells and
neuronal dysfunction by triggering a cascade of proinflammatory cytokines and chemokine
production [10, 11].

Mesenchymal stromal cells (MSCs) have been widely considered as a promising cell therapy
for the treatment of neurological disorders [12, 13]. MSCs facilitate peripheral neuropathy
repair primarily via paracrine effects and their secretion of angiogenic and neurotrophic
factors, and anti-inflammatory molecules [14-16]. However, MSC transplantation as a
therapy is compromised by a long induction period and potential tumour formation [17, 18].
Exosomes are endosomal-origin membranous nanovesicles with a diameter ranging from
approximately 50 nm to 100 nm [19]. Exosomes contain functional mMRNAS, microRNAs
(miRNAS), proteins and lipids [20]. Exosomes are produced by most cell types and play a
pivotal role in cell-to-cell communication by acting as biological transporters. They also
have low immunogenicity and the ability to cross the blood-brain barrier [20, 21]. The
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therapeutic effect of MSC-derived exosomes (MSC-exosomes) has been demonstrated in
preclinical studies of cancer and brain and cardiovascular diseases [20, 22]. However,
whether MSC-exosomes have a therapeutic effect on DPN remains unexplored.

In the present study, we tested the hypothesis that MSC-exosomes contribute to anti-
inflammatory effects and improve functional recovery in mice with DPN.

Exosome isolation and quantification

Animals

Mouse bone marrow-derived MSCs (BM-MSCs) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA) and cultured with DMEM/F-12 medium containing 5%
exosome-depleted FBS (Thermo Fisher Scientific). Every other day, the supernatant of
cultured MSCs was collected and centrifuged at 2000 g for 10 min at 4°C followed by
10,000 g for 30 min at 4°C to discard cells, membranes and debris, and then filtered through
0.22 um filters. Exosome isolation was performed via ultracentrifugation at 100,000 g for 2
h at 4°C [23]. The exosomes in the pellet were verified by transmission electron microscopy
(TEM) and western blot detection of common exosome marker proteins. Quantity and size
distribution of exosomes were measured using the Nanosight system (NS300, Cambridge,
UK).

All experimental procedures were carried out in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee (IACUC) of Henry Ford Hospital. Twenty-week-old male BKS.Cg-#+/
+L.epr®] J (db/ab) mice (Jackson Laboratories, Bar Harbor, ME, USA) were used.
Heterozygous mice (ab/m), a non-penetrant genotype (Jackson Laboratories), of the same
age, were used as the control groups. db/db mice were randomly divided into two groups
according to a randomisation scheme: saline (0.9% NaCl) (ab/db), and MSC-exosomes (db
+exo) (n=8 per group). Blood glucose, HbA1, total cholesterol and triacylglycerol levels
were tested every two weeks. MSC-exosomes (1x10° particles per animal per injection)
were administered via a tail vein weekly for 8 consecutive weeks. Functional tests were
performed every two weeks as indicated in Fig. 2a. All animals were euthanised at week 8
after the initial treatment and tissues were collected for further analysis. Experimenters were
not blind to group assignment and outcome assessment, and no mouse was excluded from
the experiments.

Labelling of exosomes

To track the in vivo distribution, MSC-exosomes were transfected using Texas-red labelled
RNA oligonucleotides using Exo-Fect exosome transfection kit (System Bioscience, Palo
Alto, CA, USA). Two ab/db mice were given a one-time injection of labelled MSC-
exosomes via a tail vein (1x10°9 particles/animal). Twenty-four hours later, sciatic nerve and
footpad tissues were collected, fixed, and cut into 6 pm paraffin sections.
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Neurophysiological measurements

Sciatic nerve conduction velocity was examined every 4 weeks using orthodromic recording
techniques. Mice were anaesthetised with 1.5% isoflurane and electrodes were placed at the
knee and sciatic notch. An isolated pulse stimulator (Model 2100, A-M Systems, Sequim,
WA, USA) delivered triggered single square wave current pulses to those areas.
Simultaneous electromyography was recorded in the dorsum of the foot. Motor nerve
conduction velocity (MCV) and sensory nerve conduction velocity (SCV) were calculated
according to a published study [24].

Measurement of thermal and mechanical sensitivity

To examine the sensitivity of the mice to heat, a plantar test was performed using a thermal
stimulation meter (IITC Life Science, Woodland Hills, CA, USA) according to published
methods [25]. Mice were acclimated on a transparent glass surface for at least 20 min. To
test thermal sensitivity, the stimulator was placed beneath the plantar surface of the hind paw
or tail tip. The withdrawal latency in response to the radiant heat (15% heating intensity)
was recorded. Three readings per animal were taken at 15 min intervals, and the mean
reading per mouse was calculated.

To examine tactile allodynia, von Frey filaments (Stoelting, Wood Dale, IL, USA) with
forces ranging from 0.02 to 1.4 g were used to stimulate paw withdrawal. The withdrawal in
response to each stimulus was recorded and a 50% paw withdrawal threshold was calculated
according to the published formula [26].

Vasa nervorum blood flow

A laser Doppler perfusion imager system (PeriCam PSI System, Perimed, Datavagen,
Sweden) was used to examine blood perfusion in plantar skin and sciatic nerve [25]. Mice
were anaesthetised and both sciatic nerves were exposed. The sensor was placed 10 cm
above the region of interest (ROI). The image-capturing parameters were set up as follows:
the point density was set as high, the frame rate was 21 images per second, and the effective
frame rate was 0.8 images/s. The perfusion colour scale was adjusted as 0-300 for plantar
skin and 0-50 for sciatic nerve. The value of the intensity filter was set as 0.27-10. The
perfusion units (PU) in selected ROIs were recorded; mean perfusion values were calculated
within a period of 1 min. Animal rectal temperature was maintained at 37+1.0°C with a
feedback-controlled water bath during the measurement period.

FITC-dextran (molecular mass 2000 kDa, 500 mg/kg, Sigma-Aldrich, St Louis, MO, USA)
was injected intravenously 15 min before death. Sciatic nerves were removed and fixed in
4% paraformaldehyde for 2 h. Whole nerves were mounted and observed under a x10
microscope objective using a laser scanning confocal microscope (Zeiss LSM 510 NLO,
Carl Zeiss Oberkochen, Germany).

Myelin sheath staining

The sciatic nerves were fixed in 2.5% glutaraldehyde and 0.5% sucrose in PBS buffer for 6-8
h, and then immersed in 2% osmium tetroxide for 2 h. The nerve tissue was then dehydrated
through alcohol passages and embedded in paraffin. Transverse sections 2 um thick were cut
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and stained with 1% toluidine blue. Light microscopic images from toluidine blue-stained
sections were acquired via oil immersion objective (X100, BX40; Olympus Optical, Tokyo,
Japan) and morphometric analysis was performed by means of the Microcomputer Imaging
Device imaging system (MCID, Molecular Devices, Sunnyvale, CA, USA). Fibre density,
myelinated fibre diameter, axon diameter, and myelin sheath thickness were measured for
each fibre (>300 fibres in each group). The g-ratio (the quotient axon diameter:fibre
diameter) was calculated to measure the degree of myelination.

Immunohistochemistry

Tissue samples were fixed in 4% paraformaldehyde and embedded in paraffin, then cut into
sections (6 pm thick). One section was chosen from every ten sections for a total of three
cross-sections per animal, which were used for immunostaining. The primary antibodies
used were protein gene product 9.5 (PGP9.5, 1:1,000; AB1761-1, MilliporeSigma,
Burlington, MA, USA), myelin basic protein (MBP, 1:200; ab40390, Abcam, Cambridge,
MA, USA), hypophosphorylated neurofilament H (NF200, 1:100; ab8135, Abcam), normal
rabbit 1gG (1:300, ab172730, Abcam) was used as a negative control. All primary antibodies
were diluted in 3% BSA in PBS. Sections were counterstained with DAPI (1:5000, D1306,
Thermo Fisher Scientific).

For subcutaneous innervations, every PGP9.5-positive nerve fibre in the dermis within a 50
um radius from the epidermal/dermal junction was measured, and the number of PGP9.5-
immunoreactive nerve fibres with a cross-sectional area of < 20 um? was counted. Data are
presented as nerve fibre density calculated based on a published formula [25].

Isolation and treatment of intraperitoneal macrophages

Twenty-week-old db/m and ab/db mice were anaesthetised using 2% isoflurane.
Macrophages were elicited by intraperitoneal injection of PBS containing 5 mmol/l EDTA.
Cells were seeded in 24 well plates at 10° cells/well and cultured in RPMI-1640 (Gibco,
Thermo Fisher Scientific) supplemented with 10% FBS (Gibco) [27]. To test the direct
effect of MSC-exosomes on macrophage polarisation, cells were treated with/without
exosomes at a dose of 108 or 10 particles/well for 48 h. Macrophages were collected for
further analysis.

Measurement of pancreatic insulin content

Pancreases were homogenised in 0.2 mol/l HCL (in 75% ethanol) and incubated overnight at
4°C. Insulin in the supernatant was tested using mouse ELISA kit (Thermo Fisher
Scientific). Total protein content was tested in the same sample using bicinchoninic acid
(BCA) protein assay (Thermo Fisher Scientific). The insulin content was expressed as pg/mg
protein.

Western blotting and ELISA

Samples were lysed with RIPA buffer and centrifuged for 10 min at 12,000 g to remove cell
debris. BCA assay (Thermo Fisher Scientific) was used to determine the protein
concentrations. Equal amounts of proteins were then separated by SDS-PAGE and
transferred to a nitrocellulose membrane, which was probed with the appropriate primary
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antibody and secondary antibodies conjugated to horseradish peroxidase (1:2000, abh97040,
ab6940, Abcam, in PBST). The following antibodies were used: p-actin (1:5,000, ab6276,
Abcam), CD9 (1:500, ab92726, Abcam), CD63 (1:500, ab34045, Abcam), Alix (1:500,
2171, Cell Signaling Technology, Danvers, MA, USA), interleukin-1 receptor-associated
kinase 1 (IRAKZ; 1:1000, SC-7883, Santa Cruz, Dallas, TX, USA), arginase-1 (1:200,
SC-18351, Santa Cruz), TNF-a (1:200, 250844, Abbiotec, San Diego, CA, USA), inducible
nitric oxide synthase (iNOS; 1:500, ABN26, MilliporeSigma), IL-1p (1:500, ab9787,
Abcam), IL-10 (1:1000, ah9969, Abcam), TGF-B (1:500, ab31013, Abcam), TLR4 (1:200,
SC-10741, Santa Cruz), NF-xB p65 (1:1000, ab7970, Abcam), insulin receptor substrate 1
(IRS-1; 1:1,000, 2382, Cell Signaling Technology), phospho-IRS-1 (Ser307; 1:1,000, 2381,
Cell Signaling Technology), Akt (1:1,000, 4691, Cell Signaling Technology), phospho-Akt
(Ser473, 1:1,000, 9271, Cell Signaling Technology), glycogen synthase kinase (GSK)-3
(1:1,000, 9315, Cell Signaling Technology), phospho-GSK-3p (Ser9, 1:1,000, 9323, Cell
Signaling Technology). All primary antibodies were diluted in 3% BSA in PBST. Proteins
were made visible by enhanced chemiluminescence (Thermo Fisher Scientific).

ELISA assays used to quantify mouse insulin, TNF-a and IL-1f concentrations in the sera
were obtained from Thermo Fisher Scientific according to the manufacturer’s protocol.

TagMan real-time PCR microRNA array

TagMan Rodent MicroRNA Arrays (Thermo Fisher Scientific) were performed according to
the manufacturer's instructions. Briefly, total RNA obtained from MSC-exosomes was
reverse-transcribed using TagMan miRNA Megaplex reverse transcription kit (Thermo
Fisher Scientific). Quantitative real-time PCR was performed on Applied Biosystems ViiA 7
system (Foster City, CA, USA). C; values > 35 were considered to be below the detection
level of the assay. The C; value of an endogenous control gene (U6 snRNA) was subtracted
from the corresponding C; value for the target gene resulting in the AC; value, which was
used for relative quantification of miRNA expression.

Bioinformatics analysis

Ingenuity Pathway Analysis (IPA) software (Qiagen, Hilden, Germany) was used for gene
ontology (GO) analysis. IPA includes a manually annotated database of protein interactions
and metabolic reactions obtained from the scientific literature. Genes that are putatively
targeted by the selected miRNAs were imported into IPA and processed using the core
analysis tool. Using the IPA knowledge base, networks of genes and miRNAs were built and
graphically visualised as hubs (genes and miRNAs) and edges (the relationship between
genes and genes/miRNAS).

Quantitative RT-PCR

To verify the change of miRNAs expression in MSC-exosomes treated mice, total RNA was
isolated from sciatic nerves of all groups using the miRNeasy Mini kit (Qiagen, Valencia,
CA, USA). Reverse transcription was performed using miRNA reverse transcription kit
(Applied Biosystems), the TagMan real-time PCR reactions were performed using TagMan
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Universal PCR Master Mix and TagMan probes (Applied Biosystems). Relative quantities
were calculated using the 2722Ct method with U6 SnRNA as the endogenous control.

Statistical analysis

The data are presented as mean + SEM. Non-parametric one-way ANOVA followed by
Tukey’s post hoc test was performed for multiple groups comparisons. Two-tailed Student’s
ttest was performed for two-group comparisons. A value of p<0.05 was taken as significant.

Results

Characterisation of MSC-derived exosomes

Ultrastructure and nanosize analysis demonstrated that MSC-exosomes had a cup-shaped
canonical exosome morphology (Fig. 1a) with an mean size of 58.9 £15.1 nm (electronic
supplementary material [ESM] Fig. 1). Western blot analysis revealed that these exosomes
expressed classical exosomal markers: CD9, CD63 and Alix (Fig. 1b) [28]. To determine the
tissue distribution of exosomes, MSC-exosomes labelled with Texas Red were intravenously
injected. Immunohistochemistry showed that red fluorescent signals were colocalised to
NF200* axons of sciatic nerves and PGP9.5" nerve fibres in footpad dermis 24 h after
injection (Fig. 1c), while red fluorescent signals were not detected in mice without
administration of the labelled MSC-exosomes (Fig. 1¢), suggesting that MSC-exosomes
were internalised by peripheral nerves.

Treatment of diabetic mice with MSC-exosomes improves neurological outcomes

At the age of 20 weeks, prior to the treatment, MCV and SCV were significantly lower in
sciatic nerves of db/ab mice than those of non-diabetic (a/m) mice of the same age (Fig.
2b, c). The mechanical and thermal sensitivities were evaluated by von Frey test and radial
heat plate test, respectively. ab/db mice exhibited a significant decrease in mechanical and
thermal sensitivities compared with adb/m mice, indicating that db/ab mice at the age of 20
weeks have developed peripheral neuropathy (Fig. 2d, €). However, treatment of db/ab mice
with MSC-exosomes significantly increased MCV by 16.8% and 30.3% and SCV by 17.3%
and 24.9% at weeks 4 and 8 post treatment, respectively (Fig. 2b, ¢). Moreover, MSC-
exosomes reduced mechanical response threshold and thermal response latency at week 4, 6,
and 8 (Fig. 2d, e). Inherently, MSC-exosome treatment did not significantly alter thermal
and mechanical sensitivities, MCV and SCV in db/m mice compared with non-treated ab/im
mice (ESM Fig. 2), suggesting that MSC-exosomes do not affect sciatic nerve function in
non-diabetic mice. These data suggest that MSC-exosomes specifically improve the
neurological outcome of DPN.

MSC-exosome treatment ameliorates vascular dysfunction in peripheral nerve tissues

Microvasculature dysfunction accompanies demyelination and a severe loss of myelinated
axons in peripheral nerves, which are related to the progression of DPN [6]. Therefore, we
measured regional blood flow in sciatic nerve and plantar skin with the laser Doppler image
system. Regional blood flow perfusion in plantar skin and sciatic nerve tissues was
dramatically decreased in ab/db mice compared with db/m mice, whereas administration of
MSC-exosomes significantly retarded the reduced blood flow (Fig. 3a, b, p<0.05). To
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quantify the density of plasma perfused microvessels, FITC-dextran was intravenously
injected into the animals before euthanasia [29]. Consistent with blood flow results,
treatment with MSC-exosomes significantly increased FITC-perfused microvascular density
in sciatic nerves compared with the saline treatment (Fig. 3c, d). Thus, our data suggest that
treatment with MSC-exosomes improves vascular function.

MSC-exosomes increase |IENF density and axonal myelination

The elevation of vascular perfusion is highly related to axonal regeneration in diabetic
individuals [30]. We evaluated whether increased vascular perfusion was correlated with the
alteration of distal nerve fibres. Measurement of PGP9.5* intraepidermal nerve fibre (IENF)
density is a standard protocol to determine peripheral neuropathy [31]. At week 8 (28-week-
old), we found that db/alb mice displayed a significant reduction in PGP 9.5* nerve fibre
density compared with that of d&/m mice, whereas administration of MSC-exosomes
significantly increased PGP9.5* IENF density compared with the saline treatment (Fig. 3e,

f).

Next, we used toluidine blue myelin sheath staining to measure myelinated sciatic nerve
fibres in diabetic mice [32]. In non-diabetic d6/m mice, the nerve fibres appeared dense and
myelinated, and the myelin sheaths were uniform and arranged as concentric rings (Fig. 4a).
In db/db mice, the density of myelinated nerve fibres (Table 1) and the proportion of axons
with a diameter of 5-6 um were lower than those in db/m mice, and large fibres (>6 um)
were absent (Fig. 4c). MSC-exosomes significantly increased the density and diameter of
nerve fibres, and myelination, which led to reduced g-ratio compared with saline-treated
ab/db mice (Fig. 4b-d). In addition, double immunofluorescence analysis demonstrated a
decrease in the myelin (MBP™) area (—31.1%) and axon (NF200™) area (—34.2%) in sciatic
nerve tissues of db/ab mice compared with gdb/m mice. In contrast, MSC-exosome treatment
increased the MBP™ area by 7.9% and NF200* area by 12.8%, which was in line with the
semi-thin section analysis (Fig. 4e, f).

MSC-derived exosomes do not affect hyperglycaemia and hyperlipidemia

Glucose and oxidised lipoproteins interact with various receptors on neurons and
microvascular endothelial cells, disrupt mitochondrial metabolic pathways, and trigger
inflammation [1]. We found that MSC-exosomes did not significantly affect levels of blood
glucose and HbA1. in diabetic db/db mice compared with saline-treated diabetic mice,
although both levels were significantly elevated compared with non-diabetic mice (Table 2).
Similar results were also observed in lipid levels (Table 2).

Furthermore, we examined the effect of MSC-exosomes on insulin-associated signalling. We
first measured serum and pancreatic insulin levels using ELISA. Serum and pancreatic
insulin content were significantly increased (Table 2) and decreased (ESM Fig. 3),
respectively, in the db/db group compared with the db/m group. Diabetic db/db mice treated
with MSC-exosomes did not exhibit significant alterations of insulin levels (Table. 2, ESM
Fig. 3). Additionally, the expression of molecules associated with insulin signalling,
phosphorylated forms of IRS, Akt, and GSK-3p, were not affected by MSC-exosome
treatment, although they were significantly decreased in the sciatic nerve tissues of db/db
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mice, compared with the d&/m group (ESM Fig. 3). These results suggest that MSC-
exosomes ameliorate DPN through mechanisms other than reducing glucose or lipid levels.

MSC-derived exosomes suppress the inflammatory response of macrophages in
peripheral nerves and circulation

Macrophages exert functions as key neuroinflammatory regulators that affect the
neurovascular function of peripheral nerve tissues and facilitate the development of
peripheral neuropathy [33]. We thus examined the activated macrophage accumulation by
measuring the activated macrophages with an antibody against CD68 as well as the levels of
inflammatory factors in myelinated axons. Immunostaining demonstrated that, in adb/db
mice, activated CD68* macrophage accumulation was significantly increased within the
sciatic nerve (Fig. 5a, b). TNF-a immunoreactivity was negatively associated with NF200
and MBP immunoreactivity (Fig. 5a, c). ELISA data showed that ab/db mice exhibited a
robust increase in serum levels of TNF-a and IL-1p (Fig. 6a, b). In contrast, treatment with
MSC-exosomes significantly reduced the number of CD68* macrophages and TNF-a
expression in sciatic nerve tissues as well as decreased serum levels of TNF-a and IL-1p
(Fig. 5, 6a, b).

In addition, western blot analysis of sciatic nerve tissue demonstrated that db/ab mice had
significantly increased levels of proinflammatory proteins TNF-a, IL-1p and iNOS (markers
of M1 macrophages) and substantial reduction of proteins of arginase-1, IL-10 and TGF-$
(markers of M2 macrophages) (Fig. 6¢-e), compared with db/m mice. In contrast, treatment
of db/ab mice with MSC-exosomes reversed diabetes-increased M1 marker and diabetes-
reduced M2 marker proteins compared with the saline treatment (Fig. 6c-e).

To examine the direct effect of MSC-exosomes on macrophage polarisation, intraperitoneal
macrophages isolated from 20-week-old db/db mice were incubated with MSC-exosomes.
We found that macrophages from ab/db mice expressed higher and lower levels of pro- and
anti-inflammatory genes, respectively, than the macrophages isolated from ab/m mice (Fig.
6f, g). However, MSC-exosomes significantly reversed the expression pattern of these
marker genes in diabetic macrophages (Fig 6f, g), which was in line with our in vivo data.

MSC-exosome miRNAs are related to reduction of proinflammatory proteins in sciatic
nerve tissue of db/db mice

We examined the miRNA profile within MSC-exosomes. Using the TagMan MicroRNA
array, a total of 215 miRNAs were detected in MSC-exosomes. The most highly enriched
miRNAs include: let-7a, miR-23a, miR-125b, miR-92a, let-7e, miR-17, miR-16, miR-142,
miR-425, let-7d, miR-221, miR-19b, miR-24, miR-34a, miR-99b, miR-320, among others
(Fig.7a). Using quantitative (q)RT-PCR, we analysed exosomal enriched miRNAs in the
sciatic nerve tissue and found that, compared with the saline treatment, the MSC-exosome
treatment significantly increased levels of these selected miRNAs in the sciatic nerve tissue
of db/db mice (Fig. 7c). Bioinformatics analysis showed that MSC-exosome enriched
miRNAs were highly involved in inflammation, cell cycle progression, non-insulin-
dependent diabetes mellitus, apoptosis and diabetes (Fig. 7b). Intriguingly, network analysis
with IPA showed that, among exosomal enriched miRNAs, miR-17, miR-23a and miR-125b
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targeted genes involved in the TLR4/NF-xB and receptor for advanced glycation end
product (RAGE) signalling, which is well-known to activate the inflammatory cascade and
regulates macrophage phenotypes related to DPN (Fig. 7d) [34, 35]. Western blot analysis
showed that protein levels of TLR4, IRAK1 and NF-xB p65 were significantly reduced in
the sciatic nerve tissues of db/db mice treated with MSC-exosomes compared with those in
ab/db mice treated with saline (Fig. 7e-f). Together, these data suggest that MSC-exosomal
miRNAs contribute to the downregulation of the TLR4/NF-xB signalling pathway.

Discussion

In the present study, we for the first time demonstrated that the treatment of diabetic mice
with MSC-exosomes alleviates neurovascular dysfunction and axonal demyelination and
improves neurological outcomes. Additionally, our data suggest that MSC-exosomal
miRNAs may contribute to the observed therapeutic effect on DPN.

In DPN, microvascular disturbances were observed as basement membrane thickening and
luminal size reduction [36]. Although the mechanism underlying microvascular disturbance
has not been fully explored, it has been reported that chronic inflammation-induced local
disruption of insulin signalling leads to micro- and macrovascular complications in diabetes
[37, 38]. The breakdown of the endoneurial capillary—nerve barrier may impair endoneurial
homeostasis, which allows toxic substances and immunoglobulins to enter the endoneurium,
further deteriorating nerve fibres. Our data demonstrated that MSC-derived exosomes
restored the blood flow in peripheral tissues. MSCs have been shown to secrete neurotrophic
and angiogenic factors such as fibroblast growth factor (FGF), vascular endothelial growth
factor A (VEGF-A), and nerve growth factor (NGF) to augment microcirculation support
and to ameliorate DPN [16]. MSC-derived exosomes have been shown to regulate the
biology of endothelial cells [39]. It is likely that MSC-derived exosomes carrying angiogenic
and/or neurotrophic factors originating from parent cells underlie the function of exosomes.
Whether MSC-exosomes have direct or specific effects on the biology of endothelial cells
and Schwann cells remain to be determined.

Inflammation plays a pivotal role in DPN, and the inflammatory reaction and cytokines are
key facilitators of this process. Our data demonstrated multiple structural and functional
abnormalities in axons, vasculature and immune cells in diabetic mice. These abnormalities
are highly correlated with increased levels of proinflammatory cytokines released by active
resident and infiltrating macrophages in peripheral nerve tissues and the circulation [40]. We
found that MSC-exosomes significantly decreased levels of proinflammatory cytokines and
inhibited the inflammatory response by converting inflammatory macrophages to M2
phenotype in sciatic nerves of diabetic mice. To examine the potential candidate molecules,
we tested the miRNA cargo within MSC-exosomes. Our study reveals that MSC-exosomes
are enriched with miRNAs, including let-7a, miR-23a and miR-125b, among others, that
synergistically target the TLR4/NF-xB signalling pathway. Growing evidence shows the
involvement of TLR/NF-xB signalling activation in the pathogenesis of DPN [25, 41, 42].
Moreover, MSC-exosomes robustly reduced diabetes-augmented TLR4, IRAK1 and
phospho-NF-xB p65 in the sciatic nerve. The reduction of inflammation by MSC-exosomes
improves neurovascular function [25]. Others have shown that MSC-exosomes inhibit
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macrophage activation by suppressing TLR signalling [43]. We and other groups have
demonstrated that exosomal miRNAs mediate recipient cell function [23, 44]. Thus, the
present finding that the inverse relationship between enrichment of exosomal miRNAs and
reduction of proteins involved in the TLR signalling pathway in the recipient sciatic nerve
tissue suggest that MSC-exosomal miRNAs contribute to the improvement of neurovascular
function. Engineered exosomes carrying miRNAs or proteins have been reported to increase
the efficacy of exosomes in the treatment of many diseases [45-48]. Future studies are
warranted to investigate whether MSC-exosomes carrying elevated miRNAs that target
genes that mediate inflammation and immuno-modulation may lead to therapies that further
enhance neurological function in DPN.

DPN is a progressive disease, and the symptoms worsen over time. In parallel, compared
with functional outcomes of diabetic mice measured at the age of 20 weeks, diabetic mice at
28 weeks exhibited significantly worse outcomes. Administration of MSC-exosomes
ameliorated the neurovascular dysfunction and improved neurological outcomes at 28 weeks
when the experiments were terminated. Interestingly, compared with functional outcomes at
age 20 weeks of non-treated diabetic mice, we did not observe a significant improvement in
neurological function measured at 28 weeks of diabetic mice treated with MSC-exosomes.
These data suggest that MSC-exosomes probably protect early stages and the development
of DPN. However, since we did not directly compare histopathological changes in diabetic
mice before and after the MSC-exosome treatment, the possibility that MSC-exosomes
reverse diabetes-induced neurovascular damage cannot be excluded.

In conclusion, our data demonstrate that the delivery of MSC-exosomes reduces the
inflammatory response and promotes neurovascular remodelling and functional recovery of
DPN in diabetic mice. Our observations provide new prospects for the use of MSC-
exosomes as a potential treatment for patients with DPN.
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Research in context
What is already known about this subject?

. The development and progression of diabetic peripheral neuropathy (DPN)
correlates closely with neuroinflammation and marked neurovascular
abnormalities in the distal nerves

. Mesenchymal stromal cells (MSCs) have been reported to ameliorate DPN
What is the key question?

. Do MSC-derived exosomes have therapeutic effects on DPN?
What are the new findings?

. MSC-exosomes alleviate neurovascular dysfunction and axonal
demyelination and improve neurological outcomes

. MSC-exosomes reduce the inflammatory response in the circulation and
peripheral nerves

How might this impact on clinical practice in the foreseeable future?

. Our findings provide new evidence supporting the further investigation of
MSC-exosomes as a possible treatment for patients with DPN
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Fig. 1.
Exosome characterisation. (a) Transmission electron micrograph of MSC-exosomes. Round-

shaped structures, 30—100 nm in size, were identified as exosomes. Scale bar, 200 nm. (b)
Representative western blot analysis for the exosome markers CD9, CD63 and Alix in MSC-
exosomes. (c) The distribution of Exo-Fect labelled MSC-exosomes (MSC-exo; red),
together with NF200 and PGP9.5 (green). Scale bars, 20 um
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MSC-exosomes improve neurological outcomes. (a) Schematic representation showing the
treatment regimen of mice. (b, c) Before treatment (week 0), both MCV (b) and SCV (c) in
the diabetic group were significantly decreased compared with the non-diabetic group of the
same age. However, 8 weeks of treatment with MSC-exosomes significantly improved both
MCV and SCV. Threshold to mechanical stimuli (d) and thermal response latency (e) in
diabetic mice were decreased after MSC-exosome treatment. Data are mean + SEM and
were analysed by a one-way ANOVA with Tukey’s post hoc test (/=8/group). Tp<0.05,

1 p<0.01, 11 p<0.001 ab/db vs dbim; *p<0.05, **p<0.01 db/abvs db+exo. db/ab, diabetic
group treated with saline; db+exo, diabetic group treated with MSC-exosomes; db/m, non-

diabetic group
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Fig. 3.

MSC-exosome treatment increases blood flow perfusion in diabetic mice. (a) Representative
laser Doppler images of the plantar skin (footpad; upper mages) and sciatic nerve (lower
images) of mice. Flux within tissues was measured and perfusion signals are shown as
different colours: blood flow from low to high is shown as blue—green—yellow—orange-red.
All of the mice were evaluated under the same experimental conditions. (b) Quantification
of blood flow measurement results in (a), expressed in PU/ROI. 7=8/group. (c, d) FITC-
dextran perfused vessels from whole mounted sciatic nerves (c), and quantification of FITC-
dextran perfused vessel density (d). 7=3/group. Scale bar, 100 pm. (e, f) PGP9.5 staining of
IENFs in hind paw plantar skin of all groups () and quantification of PGP9.5" nerve fibre
density (). The epidermis showed a profound loss of PGP9.5* IENF density in the db/db
group. Treatment with MSC-exosomes reversed the diabetes-induced loss of IENFs. /7=8/
group. Scale bar, 50 um. Data are mean = SEM and were analysed by one-way ANOVA with
Tukey’s post hoc test. T1p<0.01, TTTp<0.001 ab/ab vs adbim; *p<0.05 ab/db vs db+exo.
ab/db, diabetic group treated with saline; db+exo, diabetic group treated with MSC-
exosomes; db/m, non-diabetic group
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Protective effect of MSC-exosomes on the myelinated axon fibres in the sciatic nerve of
diabetic mice. (a) Semi-thin toluidine blue-stained cross-sections of sciatic nerves; scale bar,
20 um. (b) Scatter plot shows g-ratios of individual fibres as a function of the respective
axon diameter. MSC-exosomes reduced the hypomyelination state of diabetic mice across all
axon diameters but predominantly of the small and medium diameter axons. (c, d)
Histograms showing the frequency distribution of the diameters of axons (c) and myelinated
fibres (d). /=8 per group; >300 axons per animal. Representative immunofluorescence
images (e) and quantification (f) of sciatic nerves labelled with NF200 (red) for visualising
nerve fibres and MBP (green) for myelin sheath. Diabetic mice exhibited axonal and myelin
damage. Administration of MSC-exosomes reversed the nerve fibre demyelination. 7=5/
group. Scale bar, 50 um. Data are mean + SEM and were analysed by one-way ANOVA with
Tukey’s post hoc test (/=5/group). TTTp<0.001 ab/db vs abim; **p<0.01 db/dbvs dbrexo.
ab/db, diabetic group treated with saline; db+exo, diabetic group treated with MSC-
exosomes; db/m, non-diabetic group
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MSC-exosomes suppress inflammatory response in peripheral nerves (a) Representative
immunofluorescence images of active macrophages (CD68* cells), TNF-a, NF200 and
MBP in sciatic nerves. (b) Quantitative data of CD68" cells, as in (a). (c) Quantitative data
showing colocalisation (yellow) of TNF-a with NF200 and MBP, as in (a). Nuclei are

counterstained with DAPI (blue); scale bars, 20 pm. Data are mean + SEM and were
analysed by one-way ANOVA with Tukey’s post hoc test. 71T p<0.001 ab/db vs dbim;

*p<0.05, **p<0.01 adb/dbvs db+exo. db/db, diabetic group treated with saline; db+exo,
diabetic group treated with MSC-exosomes; db/m, non-diabetic group
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Fig. 6.

MSC-exosomes reduce inflammatory response via regulating target gene expression. (a, b)
MSC-exosome treatment reduced serum TNF-a (a) and IL-1p (b). (c) Representative
images of western blot to assess levels of markers of M1 and M2 macrophages in sciatic
nerves of mice treated with MSC-exosomes or saline in vivo. 7=8/group. (d, e)
Quantification of relative expression levels of markers of M1 and M2 macrophages,
respectively, in sciatic nerves from all groups. /=5/group. (f, g) Representative images of
western blot and the relative expression levels of M1 and M2 markers in intraperitoneal
macrophages isolated from db/ab mice that were treated with MSC-exosomes at a dose of
108/well, 10%/well or PBS for 48 h in vitro. 7=3/group. Data are mean + SEM and were
analysed by one-way ANOVA with Tukey’s post hoc test. Tp<0.01, T11<0.001 dtvabvs
ablm; *p<0.05, ** p<0.01 adb/dbvs db+exo. db/ab, diabetic group treated with saline (or
PBS in f, g); db+exo, diabetic group treated with MSC-exosomes; db/m, non-diabetic group
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Fig. 7.
miRNAs are involved in MSC-exosome-mediated macrophage polarisation. (a) Highly

enriched miRNA content in MSC-exosomes. (b) Enriched biological processes for targeted
genes of highly expressed miRNAs. (c) Relative miRNA expression in sciatic nerves from
the ab/db and db+exo groups, relative to the db/m group, set as 1. (d) miRNA-gene
interactions were built into a bipartite network. Red lines indicate an inhibitory effect; the
blue lines indicate a stimulatory effect; solid lines represent direct effects; dashed lines
represent indirect effects. Western blot analysis (e) and quantitative data (f) of relative
expression levels of TLR4, IRAK1 and NF-xB p65 in sciatic nerves of mice. Data are mean
+ SEM and were analysed by one-way ANOVA with Tukey’s post hoc test (/7=3/group).
Tp<0.05, 11p<0.01 db/abvs dbim; **p<0.01, ***p<0.001 db/abvs db+exo. db/ab, diabetic
group treated with saline; db+exo, diabetic group treated with MSC-exosomes; db/m, non-
diabetic group
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Table 1

Effect of MSC-exosomes on morphometric changes of myelinated sciatic nerves

Property db/m db/db db+exo
Fibre density (/mm?) 13060£1363  gas1 011777 110584975
Density of myelinated fibres (/mm?2) 10420+792 6829+364 Tt 71404477

Density of non-myelinated fibres (fmm?) ~ 2905%630 o\ 1oa 77 9224550

Fibre diameter (um) 8.60+0.3 7254013 T 8.08+0.13*"
Axon diameter (um) 5.00+0.11 4.44+0.08 T 4.662005*"
Myelin thickness (um) 1.71+0.05 1.40+0.03 "t 162+0.06%
gratio 059£0.01  geaig017  0.60+0.017F

Values are mean + SEM; 7=5/group

7 0.0,

o0,

fﬁp<0.001 vs dbim group;
*
<0.05,
Ak
<0.01,

*:

A
p<0.001 vs ab/db group

The pvalues are calculated from two-tailed Student’s #test
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