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Abstract

Obesity-associated type-2 diabetes mellitus (T2DM) is a multifactorial disease that causes severe co-
morbidities such as non-healing wounds. Non-healing diabetic wounds affect 15-25% of all diabetic

patients and are responsible for nearly 50% of all diabetes-related hospital admissions.

Mesenchymal stem cell (MSC) therapy is a promising therapeutic option, as MSCs can ‘sense’ the
clinical status of the wound and restore the micro-environment through paracrine signalling to
promote regeneration. However, the pathological nature of the niche micro-environment does limit the
use of autologous MSC therapy in diabetic patients, since prolonged exposure of endogenous MSCs
to the diabetic environment in vivo reduces their ability to respond to environmental cues. Thus, the
advancement of autologous cell therapy depends on (a) a better understanding of how the
pathogenesis of T2DM affects the multifunctional properties of MSCs, and (b) the development of new

strategies torestore the function of these impaired MSCs before they are used for transplantation.

This study investigated whether ex vivo antioxidant [N-acetylcysteine (7.5 mM NAC) and ascorbic
acid 2-phosphate (0.6 mM AAP)] treatment could restore the paracrine responsiveness, growth rate,
migration ability and viability of impaired diabetic MSCs, and, if so, whether this restored state could

be maintained in the presence of diabetic wound fluid (DWF).

Bone marrow-derived MSCs were isolated from eight-week-old wild-type C57BL/6J mice (healthy
control: MSCWT) (n = 24) and obese diabetic B6.Cg-Lep°t/J mice (impaired/dysfunctional: MSCob)
(n=24). The ex vivo treatment groups (MSCWT vs MSC°b) were (a) no treatment (baseline
phenotype), (b) DWF-stimulated (baseline response), (c) antioxidant-preconditioned (preconditioned
phenotype), and (d) antioxidant-preconditioned with subsequent DWF stimulation (preconditioned
response). For these ex vivo experiments, DWF was harvested over a period of 28 days from
bilateral, dorsal, full-thickness excisional wounds created on obese diabetic mice (B6.Cg-Lep°®/J)
(n=7). The optimum concentration of antioxidants was determined using a dose-response

experiment in immortalised C3H10/T1/2 cells.

This study demonstrated that the expansion of primary MSCs (MSCWT and MSC¢?) in the presence of
antioxidants improved the ex vivo viability of cells and had a protective effect against the toxicity of
DWF. The paracrine responsiveness of MSCWT and MSCe°P (with and without antioxidant
preconditioning) was furthermore determined at both the molecular level (MRNA expression of 84
cytokines and receptors, gPCR microarray) and protein level (23-plex bead-array Luminex assay). At
baseline, 31 genes were overexpressed (more than twofold) and 39 genes were under-expressed
(more than twofold) in MSCe?versus MSCWT, In conditioned medium, significant baseline differences
(p < 0.05) were detected for two pro-inflammatory cytokines (TNFa and IFNy), four chemokines (KC,
G-CSF, Eotaxin and MCP1) and one anti-inflammatory cytokine (IL10). Following DWF stimulation,
significant differences (p < 0.05) were detected in the secretion of two chemokines (GM-CSF and
Eotaxin), three pro-inflammatory cytokines (TNFa, IFNy and IL9) and four anti-inflammatory cytokines
(IL10, IL4, IL13 and IL3). Antioxidant preconditioning significantly dampened the excessive TNFa
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response observed in MSC°® and improved the secretion of IL10. This suggests that combined ex
vivo treatment of autologous MSCs with NAC and AAP could potentially be an effective strategy to
restore the paracrine function of impaired diabetic MSCs before transplantation. However, despite
improved viability and a restored paracrine response, antioxidant preconditioning could not rescue the

proliferation and migration capacity of severely impaired diabetic MSCs.
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Opsomming

Obesiteitsverwante tipe 2-diabetes mellitus (T2DM) is 'n komplekse siekte wat verskeie ko-
morbiditeite veroorsaak, waaronder wonde wat sukkel om te genees. Sowat 15-25% van alle
diabetespasiénte het las van sulke wonde, en bykans 50% van alle diabetesverwante

hospitaalopnames kan hieraan toegeskryfword.

Mesenchimale stamsel- (MSS-)terapie is 'n belowende behandelingsmoontlikheid omdat MSS’e die
kliniese status van ’'n wond kan ‘aanvoel’ en die mikro-omgewing deur parakriene seine kan herstel
om regenerasie te bevorder. Die patologiese aard van die nis-mikro-omgewing beperk egter die
gebruik van outoloé MSS-terapie by diabetespasiénte omdat verlengde blootstelling van endogene
MSS’e aan die diabetiese omgewing in vivo die selle se vermoé aantas om op omgewingseine te
reageer. Daarom berus die verdere ontwikkeling van outoloé selterapie op (a) 'n beter begrip van hoe
die patogenese van T2DM die multifunksionele eienskappe van MSS’e beinvioed, en (b) die
ontwikkeling van nuwe strategie€ om die funksie van hierdie aangetaste MSS’e te herstel voordat dit
vir oorplanting gebruik word.

Hierdie studie ondersoek of ex vivo-antioksidant- [N-asetielsisteien (7.5 mM NAC) en askorbiensuur-
2-fosfaat-behandeling (0.6 mM AAP)] die parakriene responsiwiteit, groeitempo, migrasievermoé en
lewensvatbaarheid van aangetaste diabetiese MSS’e kan herstel, en, indien wel, of hierdie herstelde
toestand in die teenwoordigheid van diabetiese wondvog (DWYV) gehandhaaf kan word.

Beenmurgafkomstige MSS’e is op die ouderdom van agt weke geisoleer by wildetipe-C57BL/6J-
muise (gesonde kontrole: MSCWT) (n=24) en vetsugtige diabetiese B6.Cg-Lepcb/J-muise
(aangetas/disfunksioneel: MSC°b) (n= 24). Die ex vivo-behandelingsgroepe (MSCWT teenoor MSCeb)
het bestaan uit (a) geen behandeling (basislynfenotipe), (b) DWV-gestimuleer (basislynreaksie), (c)
vooraf met antioksidante gekondisioneer (voorafgekondisioneerde fenotipe), en (d) vooraf met
antioksidante gekondisioneer, met daaropvolgende DWV-stimulering (voorafgekondisioneerde
reaksie). DWV vir hierdie ex vivo-proefnemings is oor ’'n tydperk van 28 dae bekom uit bilaterale,
dorsale eksisiewonde van volle dikte wat op diabetiese muise (B6.Cg-Lep°?/J) (n = 7) aangebring is.
Die optimale konsentrasie antioksidante is met behulp van ’'n dosisreaksieproefneming met

geimmortaliseerde C3H10/T 1/2-selle bepaal.

Hierdie studie toon dat die uitbreiding van primére MSS’e (MSCWT en MSC??) in die teenwoordigheid
van antioksidante die ex vivo-lewensvatbaarheid van selle verbeter en ’'n beskermende uitwerking
teen die toksisiteit van DWV het. Daarbenewens is die parakriene responsiwiteit van MSCWT en
MSCe? (met en sonder voorafkondisionering met antioksidante) op molekulére viak (MRNA-
uitdrukking van 84 sitokiene en reseptors, gPCR-mikrorangskikking) sowel as proteienviak bereken
(Luminex-essai, 23-pleks, kraalrangskikking). Op die basislynis ooruitdrukking van 31 gene (meer as
tweevoudig) en onderuitdrukking van 39 gene (meer as tweevoudig) by MSCe°b teenoor MSCWT
opgemerk. In gekondisioneerde media is beduidende basislynverskille (p < 0.05) opgemerk vir twee

pro-inflammatoriese sitokiene (TNFa en IFNy), vier chemokiene (KC, G-CSF, Eotaxin en MCP1) en

iv
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een anti-inflammatoriese sitokien (IL10). Na DWV-stimulering is beduidende verskille (p < 0.05)
opgemerk in die uitskeiding van twee chemokiene (GM-CSF en Eotaxin), drie pro-inflammatoriese
sitokiene (TNFa, IFNy en IL9) en vier anti-inflammatoriese sitokiene (IL10, IL4, IL13 en IL3).
Voorafkondisionering met antioksidante het die waargenome TNFa-oorreaksie by MSCeb aansienlik
gedemp en die uitskeiding van IL10 verbeter. Dit dui daarop dat gekombineerde ex vivo-behandeling
van outoloé MSS’e met NAC en AAP moontlik ’n doeltreffende strategie kan wees om die parakriene
funksie van aangetaste MSS’e voor oorplanting te herstel. Ondanks beter lewens vatbaarheid en 'n
herstelde parakriene reaksie, kon voorafkondisionering met antioksidante egter nie die proliferasie- en

migrasievermoé van ernstig aangetaste diabetiese MSS’e red nie.
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Csf: Colony stimulating factor
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Hsp90ab1: heat shock protein 90a class B member 1
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TGFg: transforming growth factor beta
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Chapter 1: Introduction

The research presented in this thesis combines the complex aspects of diabetology, regenerative
medicine (wound healing) and mesenchymal stem cell (MSC) biology. Type 2 diabetes mellitus
(T2DM) is the most common type of diabetes, accounting for approximately 90% of all diabetes cases
(World Health Organization, 1999) and is associated with debilitating co-morbidities such as non-
healing wounds (foot ulcers). Diabetic patients have a 25% lifetime risk of developing foot ulcers with
lower-limb amputations occurring in 12% of patients with ulcers (Mulder et al., 2012; Polonsky and
Burant, 2016; Sen et al., 2009; World Health Organization, 1999).

Obesity is the most prominent risk factor for T2DM (Lin et al., 2018b) with disease progression from
obesity to metabolic syndrome and ultimately T2DM being related to the progressive decrease in
insulin secretion and simultaneous rise in insulin resistance (Abdullah et al., 2010; Bhowmik et al.,
2015; Golay and Ybarra, 2005). As consequence, uncontrolled high blood glucose levels
(hyperglycaemia) (Polonsky and Burant, 2016) leads to the formation and accumulation of advanced
glycation end products (AGEs), which in turn activate multiple signalling cascades with widespread
physiological implications (Singh et al., 2014). AGEs are associated with the excessive generation of
reactive oxygen species (ROS) and production of pro-inflammatory factors (Kimet al., 2017; Nowotny
et al., 2015; Okuraet al., 2017). If persistent, the resultant tissue inflammation and oxidative damage
contribute to the development of comorbidities whilst suppressing the body’s natural repair processes

by impairing the function of cellular regenerative mediators (such as MSCs).

The literature review (chapter 2, p.3) gives an integrated overview of the complexity and physiological
interaction between these different aspects and highlight previous work, albeit in other contexts that
have shown the potential protective effects of antioxidants. The purpose of this research project as
described in the aims & objectives (Chapter 3, p.28) was to broaden our insight into the sensitivity of
MSCs to the pathological diabetic environment (systemic and local wound) and to better our
understanding of how to counteract MSC impairment by manipulating their phenotype in vitro (through
the use of antioxidants) to improve the predictability and success of stem cell-based treatments.

The functional alterations evident in diabetic MSCs include impaired viability, reduced multilineage
differentiation capacity and refractory mobility whichis evident despite the removal of these cells to a
more optimal in vitro environment (Frykberg and Banks, 2015; Shin and Peterson, 2012; van de Vyver
et al., 2016). To study the molecular, paracrine and functional responsiveness of these MSCs (with
and without treatments aimed at restoring function) it was thus necessary to create an in vitro

microenvironment that would mimic the chronic wound post-transplantation.

The project, therefore, involved three studies using 3 different models in order to investigate our
hypothesis (Chapter 3, p.28) in a physiologically relevant setting.
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The first challenge was to establish a chronic wound model that mimics the pathological
microenvironment of a non-healing wound in the clinical setting (Chapter 4, p.30). This was necessary
for the harvesting of diabetic wound fluid (DWF) that represents the pathological microenvironment
within a non-healing diabetic wound. Wound fluid is generated by enhanced capillary leakage and
local activity of a variety of resident and migratory cell types and its composition is therefore broadly
assumed to reflect the clinical condition of a wound (Trengove et al., 1996; Yager et al., 2007). The
excisional wound model was established in animals with an obese prediabetic phenotype (B6Cg-
Lep°b/J Male) with known defects in the healing response. The model was further optimised by
injecting a neural endopeptidase (NEP) around the wound edges at concentrations similar to that
previously detected in the ulcer margins of diabetic patients (Antezana et al., 2002). As part of this
first study (Chapter 4, p.30), the inflammatory cytokine profile and total protein content of the
harvested DWF was analysed to ensure that it represented the microenvironment of an inflammatory

diabetic wound (Refer to Addendum A, p.115 for the ethical approval letters).

The second study (Chapter 5, p.43), involved the determination of the safest, non-toxic dosages of
the antioxidants [N-acetylcysteine (NAC) and ascorbic acid 2-phosphate (AAP)] to be used as
potential agents to counteract MSC impairment. As part of the refinement and replacement criteria (to
limit the number of animals used) and due to the limited viability of primary mouse derived MSCs in
vitro, this second study was performed using an embryonic mouse MSC line (C3H10T1/2) (chapter 5,
p.43).

In the final study, a model of primary isolated healthy control (source: wild type, C57BL/6J mice/Male)
and impaired diabetic (source: obese diabetic, B6.Cg-Lep°t/J mice/Male) bone marrow-derived MSC
was used (Chapter 6, p.57). This enabled a direct comparison of the inflammatory/regenerative
phenotype of healthy and impaired diabetic MSCs at baseline under standard culture conditions.
Preconditioning of these cells with the optimum concentrations of antioxidants (as determined in
Chapter 5, p.43) prior to stimulation with DWF (harvested in Chapter 4, p.30) furthermore enabled in-
depth investigations into the responsiveness of MSCs and the efficacy of antioxidants to either restore
the function of impaired MSCs or protect them against the toxicity of DWF (Chapter 6, p.57).

The results of the molecular and paracrine responsiveness of healthy vs impaired diabetic MSCs (with
and without antioxidant preconditioning) were recently published in the Journal: Stem Cells &
Development (Mehrbani Azar et al., 2018) (Refer to Addendum B, p.117 for published paper) and a
second manuscript containing the results of the functional responses are currently under preparation.
The final chapter of this thesis (Chapter 7, p.90) highlights the future perspectives and limitations of

the research presented.



Stellenbosch University https://scholar.sun.ac.za

Chapter 2: Literature review

2.1 Obesity-associated Type 2 diabetes mellitus

T2DM is the most common type of diabetes, accounting for approximately 90% of all diabetes cases
(World Health Organization, 1999). According to the International Diabetes Federation (IDF), the
global prevalence of diabetes amongst adults (20-79 years) was 425 million in 2017 and it is predicted
to increase to 629 million by 2045 (IDF, 8th edition, 2017). Furthermore, treatment costs of diabetes
are significant and in 2017 was already amounting to $348 billion in the United States alone. Several
risk factors have been associated with T2DM such as family history of diabetes, overweight/obesity,
high blood pressure, unhealthy diet, physical inactivity, ethnicity, age, history of gestational diabetes

or poor nutrition during pregnancy and impaired glucose tolerance (Polonsky and Burant, 2016).

Obesity is, however, the most significant risk factor for T2DM, with body mass index (BMI) being
directly correlated to insulin secretion and metabolic disease progression (Lin et al., 2018b). Disease
progression from obesity to metabolic syndrome and ultimately T2DM is related to the progressive
decrease in insulin secretion and a simultaneous rise in insulin resistance (Abdullah et al., 2010;
Bhowmik et al., 2015; Golay and Ybarra, 2005). Given the nature of this metabolic disease, important
preventative measures for T2DM are focussed on improving glucose metabolism through lifestyle
modifications (Lin et al., 2018b).

Insulin resistance causes higher circulating levels of glucose which in turn triggers the overproduction
of insulin that eventually exhausts the pancreas. This leads to lower insulin production causing even
higher blood glucose levels, termed hyperglycaemia (Polonsky and Burant, 2016). Uncontrolled
hyperglycaemia leads to the formation and accumulation of glycated proteins and lipids also known as
AGEs, which in turn activate multiple signalling cascades with widespread physiological implications
that include but are not limited to cellular dysfunction and/or tissue destruction (Singh et al., 2014).
AGEs are also associated with excessive accumulation of ROS and the production of pro-
inflammatory factors (Kim et al., 2017; Nowotny et al., 2015; Okura et al., 2017). If persistent, the
resultant tissue inflammation and injury eventually leads to comorbidities. T2DM patients therefore
have a shorter life expectancy due to increased risk of microvascular and cardiovascular disease
(ischemic heart disease and stroke), development of chronic wounds leading to lower limb
amputations, non-traumatic blindness (retinopathy), kidney failure, acanthosis nigricans, sexual

dysfunction, and frequent infections (Polonsky and Burant, 2016; World Health Organization, 1999).
2.1.1 Symptoms, diagnosis and predisposition

Common symptoms of diabetes are polydipsia (abnormal thirst), polyuria (excessive production of
dilute urine), polyphagia (excessive appetite) and weight loss. Other symptoms include blurred vision,
itchiness, peripheral neuropathy, recurrent vaginal infections, and fatigue (Polonsky and Burant, 2016;
World Health Organization, 1999).
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The diagnosis of T2DM is based on the measurement of glycaemia (the level of glucose in the blood).
A positive diagnosis is usually made based on fasting plasma glucose = 7.0 mmol/l (126 mg/dl); a
glucose tolerance test with plasma glucose = 11.1 mmol/l (200 mg/dl) at 2 hours following oral
ingestion of a glucose bolus (75g) and/or glycated haemoglobin (HbA1c) of = 48 mmol/mol (= 6.5
DCCT %) (American diabetes association, 2010; M. Nathan, 2009; Polonsky and Burant, 2016; World
Health Organization, 1999).

Despite obesity being the major risk factor, a combination of modifiable (lifestyle) and non-modifiable
(genetic predisposition) factors are involved in the development of T2DM. Genetics, ageing and
gender are the most prominent risk factors that cannot be managed (Polonsky and Burant, 2016). A
family history of T2DM doubles an individual’s risk of becoming obese and has been shown to
increase susceptibility to metabolic impairment (Cederberg et al., 2015; Scott et al., 2014). Meta-
analysis and other studies indicate that whilst BMI-associated genetic variants are significantly
associated with T2DM risk, there are also numerous genetic variants that predispose an individual to
T2DM independent of obesity (Huang et al., 2015b; Xi et al., 2014).

Initially (2007-2011), the number of loci thought to be associated with T2DM were related to 36 genes
(Herder and Roden, 2011). In 2015, Genome-Wide Association Studies (GWAS) had however
already identified more than 250 genetic loci related to T2DM and/or obesity. Investigations into the
overlap between loci for obesity-related traits and T2DM have highlighted the potential mechanisms
that affect T2DM susceptibility (Joost and Schirmann, 2014; Karaderi et al., 2015). For instance, in
European populations six variants are known to be prominently associated with T2DM and include:
TCF7L2 (transcription factor 7 like 2), HHEX (haematopoietically expressed homeobox), PPARG
(peroxisome proliferator-activated receptor gamma), KCNJ11 (potassium inwardly rectifying channel,
subfamily J, member 11), and FTO (fat mass and obesity associated gene). Patterns of cell-type
dependent epigenetic markers (DNA methylation, histone tail modifications, and chromatin
remodeling) are furthermore present in individuals with T2DM and obesity (Martinez et al., 2014). For
example, a differential methylation profile of the HOOK2 (protein hook homolog 2) gene is evident in
individuals with T2DM and obesity compared to healthy controls; a significant correlation between
hypermethylated regions on the gene body and the presence of T2DM have thus been demonstrated
(Rodriguez-Rodero et al., 2017). In animal models (specifically mice), the strong gene candidates
involved in the T2DM phenotype includes Pctp (phosphatidylcholine transfer protein), Thc1dl (TBC1
domain family member 1), Zfp69 (zinc finger protein), and Ifi202b (interferon-achievable protein) for
NZO (New Zealand obese mouse)-derived obesity and Sorcsl (sortilin related VPS10 domain
containing receptor), Lisch-like-2 (immunoglobulin-like domain containing receptor 2), Tomosyn-2
(syntaxin binding protein), App (amyloid precursor protein), Tsc2 (Tuberous sclerosis), and Ube2l6
(Ubiquitin conjugating enzyme) for obesity caused by the ob or db mutation (Joost and Schiirmann,

2014). Refer to Figure 2.1 for an overview of gene regulation in the pathophysiology of diabetes.
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Figure 2.1 Site of action of candidate genes (red) and their relationship with symptoms of T2DM. The
identification of the adipogenic/diabetogenic alleles of Thcldl, Zfp69, and Ifi202b supports the idea that fat
oxidation and fat storage are essential determinants of obesity and diabetes (adapted from Joost and
Schirmann, 2014). Abbreviations: Abcgl: ATP-binding cassette sub-family G member 1, App: amyloid
precursor protein, Ifi202b: interferon-achievable protein gene, Lepr: Leptin receptor, Lisch-like: immunoglobulin
like domain containing receptor, Nmu2R: neuromedin U receptor-2, Nnt: nicotinamide nucleotide
transhydrogenase, Pctp: phosphatidylcholine transfer protein gene, Sorcsl: sortilin related VPS10 domain
containing receptor, Tbcldl: TBC1 domain family member 1, TG: triglyceride, Tomosyn-2: syntaxin-binding
protein gene, Tsc2: Tuberous sclerosis, Ube2l6: Ubiquitin conjugating enzyme, VLDL: very-low-density
lipoprotein, Zfp69: zinc finger protein gene, 11B-Hsd1: 11B-Hydroxysteroid dehydrogenase type 1.

2.1.2 Lifestyle changes

Preventive strategies against T2DM such as physical activity, dietary changes, and insulin-sensitising
agents are beneficial in preventing disease progression and are most cost-effective (Hawet al., 2017;
Lee et al., 2012). Even though the effectiveness of exercise and dietary changes in decreasing the
incidence of T2DM has been confirmed, lifestyle modification on its own cannot completely reduce all-
cause mortality in patients who already have T2DM (J. O’Gorman and Krook, 2011; Schellenberg et
al., 2013). Nonetheless, investigations into the interplay between lifestyle factors and genetic
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predisposition on T2DM risk showed that body weight, diet, and physical activity have a greater

impact on glycaemic traits than genetic predisposition (Walker et al., 2015).

Increased dietary use of oils containing large amounts of trans fatty acids, saturated fats, sugar and
refined carbohydrates combined with low intake of protein and fibre contributes to metabolic disease
(elevated blood glucose levels, serum insulin, lipids, inflammatory markers and hepatic fat) (Gulati
and Misra, 2017). Excessive fatty acids not only influence glucose metabolism but also alters cell
membrane function, enzyme activity and gene expression (Risérus et al., 2009) leading to

dysregulation of cellular metabolism.

Other lifestyle factors such as reducing social networking, seven hours of uninterrupted sleep at night
and taking antioxidant and/or food supplements such as zinc, lipoic acid, carnitine, cinnamon, green
tea, vitamin D3 and vitamin C plus E have shown slight benefits in managing obesity associated
hyperglycaemia (Abdali et al., 2015; Raghavan et al., 2016; Seida et al., 2014; Touma and Pannain,
2011). Despite these cost-effective preventative strategies, T2DM is still a major health challenge

globally and its incidence is continuing to rise (Haw et al., 2017).
2.1.3 Pathophysiology

T2DM is a multifactorial disease involving a complex interplay between tissues on various levels that
lead to dysregulation of molecular signalling pathways, tissue/cellular damage and ultimately the
development of severe co-morbidities. The key aspects underlying the pathogenesis of T2DM is
discussed below:

2.1.3.1 Insulin resistance

The major mechanisms involved in metabolic disease progressioninclude (1) Resistance to the action
of insulin in peripheral tissues (muscle, fat, and liver); (2) Unresponsiveness to glucose stimulus
leading to insufficient insulin secretion (pancreas), and (3) Increased glucose production by the liver.
The cause and dysregulation of these mechanisms do however differ amongst individuals (Polonsky
and Burant, 2016).

The underlying mechanism associated with the excessive caloric intake (obesity) includes an
increased breakdown of lipids within adipose tissue due to impaired insulin signalling (Joost and
Schirmann, 2014; Staiano et al., 2015; Zhang et al., 2014). Simultaneously, the release of glucose
and very-low-density lipoprotein (VLDL) from the liver is triggered, fatty acid oxidation is decreased
and glucose uptake by the skeletal muscle is reduced. To compensate for these excessive products
in circulation due to lack of insulin action, 3-cell hyperplasia occurs in the pancreatic islets in an
attempt to increase insulin production but leads to [B-cell dysfunction and apoptosis instead
(Abderrahmani et al., 2018; Firneisz, 2014). Furthermore, hyperglycaemia-induced glucose toxicity

and hyperinsulinemia are also known to induce an autoimmune response against -cells (Kahn et al.,
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2014; Tfayli and Arslanian, 2009; Zaccardi et al., 2016). Disrupting metabolic homeostasis even
further and contribute to the development of T2DM (Bellan et al., 2014; Zaccardi et al., 2016).

2.1.3.2 Chronic systemic inflammation

Chronic low-grade inflammation and activation of the immune system are prominent in metabolic
syndrome and T2DM (Finegood, 2003; van Greevenbroek et al., 2013; Luft et al., 2013). The
hypertrophic state of adipocytes due to nutrient overload leads to hypoxia and endoplasmic reticulum
(ER) stress (accumulation of unfolded or misfolded proteins) within adipose tissue and induces a pro-
inflammatory response (Esser et al., 2014). The stressed adipocytes produce a wide range of pro-
inflammatory cytokines/chemokines [tumour necrosis factor alpha (TNFa), interleukin (IL-) 6, IL1p,
monocyte chemotactic protein 1 (MCP1 also known as CCL2)] and saturated fatty acids which attract
M1 macrophages (pro-inflammatory) and T cells to infiltrate the tissue (Dahlén et al., 2014; DeFuria et
al., 2013; Fadini et al., 2013a; van Greevenbroek et al., 2013).

This inflammatory signalling occurs via the phosphoinositide 3-kinases (PI3K), c-Jun N-terminal
kinase (JNK) and nuclear factor kappa beta (NFkB) pathways. In response, the suppressor of cytokine
signalling (SOCS1 and SOCS3) pathway is activated and downstream inhibits insulin signalling by
promoting insulin receptor substrate (IRS) degradation (Babon and Nicola, 2012; van Greevenbroek
et al., 2013), resulting in further metabolic deterioration (Paul, 2018; Schuster, 2010). In addition to
these key pathways, the intracellular inflammasome protein complex: NOD-like receptor family pyrin
domain containing 3 (NLRP3), that functions to detect either pathogenic micro-organisms or sterile
stressors, have been proposed as a central regulator of adipose tissue inflammation (Lee, 2013; Paul,
2018).

The excessiverelease of adipokine and pro-inflammatory cytokines together with lower levels of anti-
inflammatory cytokines [such as transforming growth factor beta (TGF£1) and IL10] is a contributing
factor in T2DM complications such as coronary artery disease, retinopathy, cardiovascular disease
and overall reduced quality of life in diabetic patients (Rajkovic et al., 2014; Rodrigues et al., 2015;
Slagter et al., 2015; Strissel et al., 2014; Tomi¢ et al., 2013).

Refer to Figure 2.2 below for an overview of the role of pro-inflammatory cytokines in hypertrophic

adipocytes.
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Figure 2.2 The overexpression of pro-inflammatory cytokines in hypertrophic adipose tissue during
obesity. Pro-inflammatory cytokines such as IL1f, IL6, and TNFa are overexpressed whilst the expression of
anti-inflammatory cytokines such as IL10 is downregulated, inducing a state of chronic inflammation. IL1(3
produced by macrophages is an essential pro-inflammatory cytokine and contributes to the pathogenesis by
activating NFkB signalling which in turn amplifies inflammation through the production of inflammatory mediators,
such as TNFa (adapted from Esser et al., 2014). Abbreviations: CD: cluster of differentiation, IL: interleukin,
NFkB: nuclear factor kappa B, T2DM: type 2 diabetes mellitus, Th: T helper lymphocyte, T reg: Regulatory T-
cell.

2.1.3.3 Hyperglycaemiaand advanced glycation end products (AGES)

Several metabolic signalling pathways that lead to inflammation are triggered by hyperglycaemia,
leading to diabetic complications. Persistent hyperglycaemia causes the formation and accumulation
of AGEs. AGEs are proteins or lipids that are glycated when exposed to sugars (Okura et al., 2017).
They are assumed to be a major cause of insulin resistance, oxidative stress, $-cellinjury and cellular
dysfunction (Nowotny et al., 2015). AGEs mostly consist of dicarbonyl derivatives such as
carboxymethyl lysine (CML), pentosidine, or derivatives of methylglyoxal (MG) (Singh et al., 2014;
Vlassara and Uribarri, 2014). The accumulation of AGEs, triggers the non-enzymatic modification of
extracellular matrix (ECM) components, plasma proteins (albumin, fibrinogen and globulins) and lipids
through the Maillard reaction (denaturation and functional decline of the target protein and/or lipid). In
addition to altering cellular functions, it generates oxidative and carbonyl stress (Duran-Jimenezet al.,
2009; Nowotny et al., 2015; Singh et al., 2014).

Interaction between AGEs and their cellular receptors (receptor for advanced glycationend products)
(RAGE) activate a cascade of downstream signalling pathways that play an important role in the
pathogenesis of diabetic complications. RAGE signalling is activated due to the intracellular glycation

of mitochondrial respiratory chain proteins that leads to the excessive production of ROS (Litwinoff et
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al., 2015; Volpe et al., 2018). On the cellular level, the negative effect of AGEs has been
demonstrated in B-cells, macrophages, endothelial progenitors and bone marrow MSC (Kume et al.,
2005; Lu et al., 2012; Weinberg et al., 2014; Yang et al., 2010). In B-cells, chronic exposure to AGEs
downregulates the AGE receptor 1 (AGER1) and Sirtuin 1 (SIRT1) that normally function to suppress
AGE signalling and as result, intracellular AGE accumulation triggers oxidative stressand eventually
B-cell dysfunction or destruction (Nowotny et al., 2015). AGEs further impair insulin secretion by
inhibiting cytochrome-c oxidase and reducing adenosine triphosphate (ATP) production (Nowotny et
al., 2015; Vlassara and Uribarri, 2014). In macrophages, RAGE signalling stimulates M1 (pro-
inflammatory) polarization and activates NFkB signalling via mitogen-activated protein kinase
(MAPK). This activationincreases the production of pro-inflammatory cytokines suchas TNFa, which
in turn not only amplifies inflammation but also leads to enhanced ROS production and tissue damage
(Guo et al., 2016; Uribarri et al., 2011). In bone marrow-derived endothelial progenitors and MSCs,
the downstream effects of this combined oxidative stress and excessive inflammatory response (due
to the accumulation of AGEs) result in DNA damage, mitochondrial fragmentation, defects in
membrane repair, cellular senescence, impaired viability, proliferation and migration capacity (van de
Vyver, 2017).

2.1.3.4 Excessive production of reactive oxygen species (ROS)

Continuous high levels of oxidative stress is associated with cell death via either autophagy,
necroptosis or apoptosis (Saisho, 2014). Autophagy involves catabolic and homeostatic processes
responsible for the lysosomal degradation of damaged organelles, whereas apoptosis occurs via
either activation of the mammalian target of rapamycin complex 1 (mTORC1) / protein kinase C (PKC)
pathway or Toll-Like Receptor 4 (TLR4) signalling (Volpe et al., 2018). Even though ROS generation
occurs via enzymatic [nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase] and non-
enzymatic pathways involving the mitochondrial respiratory chain enzymes (Fakhruddin et al., 2017;
Volpe et al., 2018), signalling pathways suchas NFkB and mTORC1 [downstream of serine/threonine
protein kinase (Akt) signalling] play a critical role in ROS-induced apoptosis (Kaneto et al., 2010;
Pieme et al., 2017; Singh et al., 2009).

The physiological consequences of ROS-mediated cellular damage are wide-spread. In peripheral
tissues (skeletal muscle), ROS generation causes a decrease in the expression of glucose
transporters (glucose transporter type 4, GLUT4) on the cellular membrane and together with the
inflammatory response contributes to insulin resistance (Coughlan et al., 2009; Hurrle and Hsu, 2017;
Lin et al., 2018a). This metabolic dysregulation characterized by excessive free fatty acids and pro-
inflammatory cytokines released from adipose tissue triggers the over activation of NADPH -oxidase
which in turn further amplifies the accumulation of ROS (Hurrle and Hsu, 2017; Sindhu et al., 2018).
ROS have also been shown to cause ER stress by producing unfolded protein responses leading to
autophagy (Restaino et al., 2017; Ridzuan et al., 2016; Schiffer and Friederich-Persson, 2017). In the
vascular system, increased ROS in the arterial environment has been shown to decrease adiponectin

secretion from adipose tissue and as result, fatty acid breakdown is impaired and contributes to the
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development of vascular complications (Padilla et al., 2015). Similarly, changes in the bone marrow
microenvironment caused by combination of excessive ROS, inflammatory cytokines and AGEs lead
to microangiopathy and inadequate perfusion of the endosteum within the bone. Thus, the failure of
sinusoidal barrier function due to microangiopathy disrupts bone marrow resident progenitor cell
(haematopoietic, endothelial, MSC) homeostasis (Mangialardi et al., 2014). The impaired progenitor
cell homeostasis has a direct effect on the mobilization and regenerative capacity of these
stem/progenitor cells (Denu and Hematti, 2016; Mangialardi et al., 2014).

Taking together, therapeutic strategies to prevent the development of comorbidities, should therefore
not only focus on glucose control but also on limiting the excessive oxidative stress and inflammation

in order to protect against cellular and tissue damage.

2.2 Chronic non-healing diabetic wounds

2.2.1 Prevalence and approaches in wound management

Diabetic foot ulcers (DFU) affect approximately 25% of all diabetic patients and are responsible for
nearly 50% of all diabetes-related hospital admissions. This is a serious and debilitating condition
leading to >80,000 amputations per year in the United States alone (Ahmad, 2016; Dinh et al., 2012)
and the incidence of these wounds increase even further with ageing (Sen et al., 2009). The
recurrence rate of diabetic wounds is between 20-80% (Ahmad, 2016; Sen et al., 2009) and due to
the current lack of effective treatment strategies places a large financial burden on national health
services (van Acker et al., 2014; Jarbrink et al., 2016).

There are numerous risk factors that increase a diabetic patient’s likelihood to develop a foot ulcer.
These include peripheral neuropathy, microvascular disease, foot deformities, arterial insufficiency,
trauma and/or small injuries to lower limb extremities (Noor et al., 2015). Among these risk factors,
peripheral neuropathy is the most significant, accounting for approximately 66% of DFUs (Noor et al.,
2015; Volmer-Thole and Lobmann, 2016). Peripheral neuropathy develops as a result of persistent
hyperglycaemia (AGE accumulation), abnormalities in fatty acid metabolism and production of
antibodies against neural tissues and can result in foot deformities (Noor et al., 2015; Volmer-Thole
and Lobmann, 2016). Peripheral neuropathy is furthermore associated with impaired nociception
which in turn affects paracrine signalling and inhibits the mobilization of stem/progenitor cells from the
bone marrow (Dang et al., 2015; Fadini et al., 2017). Dang et al. (2015) demonstrated that a reduced
number of nociceptive fibres in the bone marrow of T2DM patients resulted in the defective
mobilization of stem/progenitor cells even in the presence of stimulants such as granulocyte colony
stimulating factor (G-CSF) or ischemia. The authors indicated that this phenomenon was associated
with an altered gradient of the nociceptor, Substance P, between the bone marrow, peripheral
circulation and the ischemic wounded area (Dang et al., 2015). Together with neuropathy, peripheral

microvascular disease (leading to ischemia) is another major risk factor and is responsible for the
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development of DFUs in approximately 50% of patients (Noor et al., 2015; Zhao et al., 2016).

Managing and treatment of these wounds are thus complex and difficult.

Refer to Figure 2.3 below for an illustration of the most common anatomical location that develops
DFUs.

Diabetic Ulcer

Figure 2.3 Representative image illustrating a diabetic foot ulcer ©
https://commons.wikimedia.org/wiki/File:Diabetes Foot Ulcers.png ).

Wound management in diabetes follows a standard wound care/management protocol. Usually, the
procedure starts with debridement, infection control and maintaining a moist wound environment
whilst preserving adequate blood flow. This is achieved through one of the following: moist or wet
gauze/foam dressings, silver dressings, transparent films, hydrocolloid dressings, alginates, hydro
fibres /hydro polymers and/or antimicrobial dressings; each of which has its own advantages and
disadvantages (Andrews et al., 2015; Baltzis et al., 2014). Several new adjunctive treatment options
have emerged during the last few years and mostly involve the application of either bioengineered
skin substitutes, ECM proteins, growth factors, hyperbaric oxygen therapy (HBO), negative pressure
wound dressings or electrical stimulation. Unfortunately, the currently available treatments are
inadequate with very low success rates. Novel treatment strategies are therefore focussed on the
underlying causes and aim to correct the factors that lead to impaired wound healing (Andrews et al.,
2015; Markakis et al., 2016). Some of these future therapeutic perspectives include: gene therapy
(delivery of genes which encoding growth factors), molecular approaches (micro-RNA application)
and topical application of factors promoting angiogenesis (NorLeu3-angiotensin), neuropeptides (to
counteract neuropathy), cytokine inhibition (to counteract persistent inflammation) and stem cell
therapies (utilizing their pro-regenerative paracrine properties) (Baltzis et al., 2014; Frykberg and
Banks, 2015; Jhamb et al., 2016).

In order to optimise therapeutic approaches, it is however essential that the regenerative process is
fully understood and that deficiency that occur during each stage of healing is adequately addressed.
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2.2.2 Phases of wound healing

Wound healing is a highly organised process that involves many cell types and mediators which
interact in a coordinated sequence of events. The phases of wound healing include Haemostasis
(humans) or contraction (animals), inflammation, cellular proliferation/migration and remodelling
(Mutsaers et al., 1997; Sorg et al., 2017). A normal progressionthrough these phases is essential for
regeneration and is governed by paracrine signalling (cytokines, chemokines, growth factors). Any
pathological changes that disrupt this progression (such as cellular microenvironmental changes

during diabetes) are detrimental to the healing process.

Wound healing starts with haemostasis (phase I. blood clotting) and is followed by an acute
inflammatory response (phase II: phagocytic). During phase |, vasoconstriction occurs followed by
platelet aggregation and leukocyte infiltration (Sorg et al., 2017). Following haemostasis, molecular
and/or pathogen-specific patterns function to initiate an immune response. During the inflammatory
response (phase Il), chemoattractant release recruits neutrophils, pro-inflammatory macrophages
(M1) and T-cells to the injured area for phagocytosis of bacteria, dead cells and tissue debris. An
increasing gradient of chemokines MCP2, Macrophage inflammatory protein (MIP)-1a, Regulated on
Activation Normal T Cell Expressed and Secreted (RANTES), Keratinocyte chemoattractant (KC), G-
CSF] promote immune cell migration towards the site of injury and the additional release of pro-
inflammatory cytokines [TNFa, Interferon gamma (IFNy), IL1, IL8, IL6, IL12] by neutrophils and M1
macrophages amplifies the inflammatory response (Behm et al., 2012; Martin and Nunan, 2015;
Ridiandries et al., 2018). Members of the toll-like receptor family (TLR), specifically TLR2 plays an
integral role in initiating the inflammatory response through mediators such as tissue-damage
associated molecular patterns (DAMPSs) and interferons (IFN) (Martin and Nunan, 2015; Sorg et al.,
2017). Although acute inflammation, is essential to the healing process, chronic persistent

inflammation can attenuate healing and is evident in non-healing wounds (Zhao et al., 2016).

Under normal circumstances, M1 macrophages will switch phenotype to become M2 pro-regenerative
and healing will progress to the proliferation phase (phase Ill) through the release of growth factors
[platelet derived growth factor (PDGF), epidermal growth factor (EGF), fibroblast growth factor (FGF),
TGFB, vascular endothelial growth factor (VEGF)] and anti-inflammatory cytokines (IL10, IL4, I1L13)
(Behm et al., 2012; Opal and DePalo, 2000; Qi et al., 2018; Zhao et al., 2016).

The proliferative phase is characterized by fibroblast proliferation, collagen synthesis, ECM
reorganization, angiogenesis, granulation tissue formation, and re-epithelialization (Dreifke et al.,
2015; Mutsaers et al., 1997). During this phase, the vascular network is restored (endothelial cell-
mediated angiogenesis), fibroblasts and myofibroblasts are responsible for ECM production and
keratinocytes repair dermal barriers. Fibroplasia and ECM deposition involve the secretion of locally
produced PDGF, TGFf and granulocyte macrophage-colony stimulating factor (GM-CSF) (Dreifke et
al., 2015; Jhamb et al., 2016; Qi et al., 2018). It is thought that in T2DM, hyperglycaemiainhibits ECM

formation by upregulating matrix metalloproteinases (MMPSs) due to persistently increased levels of
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pro-inflammatory cytokines such as TNFa and IL1B (Zhao et al., 2016). As a consequence, ECM
dysfunction prevents keratinocyte migration and dermal repair. In diabetic wounds, chronic
inflammation furthermore creates an environment that favours proteolysis (increased ROS,
abnormally high level of MMPs and pro-inflammatory cytokines) which negatively influence cellular

proliferation and migration during phase Ill (Jhamb et al., 2016; Zhao et al., 2016).

Under healthy conditions, the healing process is completed during the remodelling phase (phase 1V).
This phase is characterized by the completion of epithelialization, ECM remodelling and increased
tensile strength within the wounded area (Dreifke et al., 2015; Mutsaers et al., 1997). Mechanical
tension and PDGF stimulates dermal fibroblasts at wound margins to turn into myofibroblasts.
Remodelling occurs when MMPs breakdown disorganised collagen (type 1ll) and it is replaced with
fibroblast-derived type | collagen. Apoptosis also occurs within the cell-rich granulation tissue forming

either normal functional tissue or collagen filled scar (Schultz et al., 2011; Sorg et al., 2017).

Refer to Table 2.1 below for an overview of the paracrine factors involved in each stage of wound
healing and how this is altered in diabetic wounds. From table, it is clear that differences exist in the
paracrine secretion of both inflammatory and regenerative mediators within the diabetic wound

microenvironment that can affect the natural progression of healing.
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Table 2.1 Diabetes associated alterations in the levels of cytokines, chemokines and growth factors.

Factor Altered expression Wound Function during wound repair Ref.
in DFUs healing phase

G-CSF 1 Il Chemoattractant, cellular recruitment (Dinh et al., 2012)

MIPla l Il Chemoattractant for inflammatory cells, (Dinh et al., 2012;
recruitment of macrophages, promote Ridiandries et al., 2018)
angiogenesis

MCP1 T 1] Chemoattractant forinflammatory cells, (Dinh et al., 2012;
recruitment of macrophages, promote Ridiandries et al., 2018)
angiogenesis

TNFa 1 Il Pro-inflammatory, mitogen for (Dinh et al., 2012;
fibroblasts Trengove et al., 2000)

IL8 1 Il Attracts macrophages (M1) (Dinh et al., 2012)

IL1a/B 1 I, m, v Pro-inflammatory, angiogenesis, re- (Behm et al., 2012;
epithelialization, tissue remodelling Trengove et al., 2000)

IL6 1 I, m, v Angiogenesis, re-epithelialization, (Behm et al., 2012; Dinh
collagen deposition, tissue remodelling et al., 2012; Trengove et

al., 2000)

1L10 l I, Anti-inflammatory, inhibition of (Opal and DePalo, 2000)
monocyte/macrophage (M1) and
neutrophil cytokine production

1L13 l I, 1 Attenuation of monocyte/macrophage (Opal and DePalo, 2000)
function

IL4 l n, v Anti-inflammatory (promote Th2), (Behm et al., 2012; Opal
Collagen synthesis and DePalo, 2000)

PDGF ! I, 1, v Re-epithelialization, collagen (Behm et al., 2012; Dinh
deposition, tissue remodelling et al., 2012)

TGFB l I, m, v Anti-inflammatory, angiogenesis, (Behm et al., 2012; Dinh
granulation tissue formation, collagen et al., 2012; Opal and
synthesis, tissue remodelling DePalo, 2000)

VEGF 1 I, 1 Angiogenesis, recruitment of (Behm et al., 2012; Dinh
endothelial progenitors et al., 2012)

EGF 1 ln Stimulates fibronectin synthesis, (Dinh et al., 2012; Qing,
angiogenesis, fibroplasia, and 2017)
collagenase activity

FGF T n, v Granulation, tissue formation, re- (Behm et al., 2012; Dinh
epithelialization, detoxification of ROS et al., 2012)

MMP9 1 I, v Breaking down of matrix proteins (Ben David et al., 2008,;

Dinh et al., 2012)

Footnote: This table gives a limited overview of the major growth factors, cytokines and chemokines known to be
altered in DFUs and is not a comprehensive list. Phases of wound healing: Phase (ll): Inflammation, Phase
(In): Proliferation, Phase (IV): Remodelling. 1: Increase, |: Decrease compared to acute wounds. Abbreviations:
DFU: diabetic foot ulcer, EGF: epidermal growth factor, FGF: fibroblast growth factor, G-CSF: granulocyte colony

stimulating factor, IL-:

Interleukin, M1: Pro-inflammatory macrophages, MCP1: monocyte chemoattractant

protein, MIP1a: macrophage inflammatory protein 1 alpha, MMP9: matrix metalloproteinase 9, PDGF: platelet
derived growth factor, Th2: T cell helper 2, TGFB: Transforming growth factor beta, TNFa: tumour necrosis factor
alpha, VEGF: vascular endothelial derived growth factor.
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2.3 Stem cell therapy in diabetic wounds

Given the complex nature of diabetic wounds, various treatment strategies are being investigated.
HBO is an example of one therapeutic strategy that showed potential in initial investigations. It was
hypothesized that HBO will improve the mobilization of endothelial and other stem/progenitor cells
from the bone marrow by establishing hyperoxia in the wound tissue (Heublein et al., 2015).
Unfortunately, HBO was unable to decrease the likelihood of amputation. The ineffectiveness of HBO
could be explained by either the ineffective mobilization of stem/progenitor cells in diabetic patients
and/or the functional impairment of mobilized endogenous stem/progenitor cells. This defect is
thought to be a consequence of long-term exposure of stem cells to the pathological

microenvironment within the bone marrow niche.

Allogeneic MSC therapy has therefore emerged as a very promising treatment strategy over the past
few years, however despite having enormous potential, there are still numerous challenges that have
to be overcome before successful implementation in the clinical setting. There are various safety
concerns associated with allogeneic therapy and the lack of available donors, especially in low-
resource settings. Autologous cell therapy is, therefore, a much more attractive option. In both
instances (allogeneic and autologous), translating the results of in vitro and in vivo (animal) models to
human clinical trials is still in its early days (Glenn and Whartenby, 2014; Horwitz et al., 2006).
Challenges include systematic vs local delivery methods, a poor understanding of MSC biology
(paracrine responses) and long-term safety/follow-up post-transplantation.

MSCs are the preferred candidates for cell therapy since they can “sense” the clinical status of the
wound and respond accordingly (through cell receptors and/or sensors and their downstream
signalling pathways) to restore a pro-regenerative microenvironment through paracrine signalling
(Chen et al., 2008; Hocking and Gibran, 2010; Jiang and Papoutsakis, 2013; Otero-Vifias and
Falanga, 2016). MSCs have homing potential and the capacity to migrate to the wounded area. The
release of a wide array of soluble growth factors, extracellular vesicles, soluble extracellular matrix
glycoproteins, and trophic cytokines regulate cellular responses and promote tissue repair (Si et al.,
2011; Stephen et al., 2016). The multifactorial functions of MSCs within the context of wound healing,
therefore, include anti-inflammatory, pro-angiogenic, anti-fibrotic, and anti-apoptotic signalling
(Hocking and Gibran, 2010; Isakson et al., 2015; Marfia et al., 2015). There are furthermore no ethical
concerns with the use of autologous MSCs (Song et al., 2017; Townsend et al., 2016).

The Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy
(ISCT) has assigned minimal criteria (2006) for characterizing human MSCs suitable for
transplantation: (i) plastic adherent, (ii) express cluster of differentiation (CD)-73, CD90, and CD105
surface markers and lack the expression of the hematopoietic markers CD34-, CD45-, CD14-, CD79-,
and human leukocyte antigen (HLA)-DR-, and (iii) have multi-lineage differentiation potential into
osteoblasts, adipocytes, and chondroblasts (Dominici et al., 2006; Hocking and Gibran, 2010;

Klimczak and Kozlowska, 2016; Si et al., 2011). However, the surface marker expression of
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endogenous MSCs derived from mice are less well defined with recommended expression of CD90,
CD73, CD105, and Sca-1, but they do not express CD11b, CD31, CD34, or CD45 (Huang et al.,
2015a; Qian et al., 2012; Yan et al., 2012).

2.3.1 MSC therapy: Animal models vs Clinical cases

Exogenous application of MSCs in myocardial infarction, connectiv e tissue disorders, liver diseases,
parkinsonism, chronic non-healing ulcers, spinal cord injury, critical leg ischemiaand musculoskeletal
disorders have demonstrated some promise in regenerative medicine during the past decade (Davey
et al., 2014; Glenn and Whartenby, 2014; Horwitz et al., 2006; Mangialardi and Madeddu, 2016).
Initially, the regenerative properties of MSCs was thought to be a function of their multilineage
differentiation capabilities, but it is now known that the migration of MSCs to the sites of injury, and
their humoral and secretory factors play a vital role in repairing damaged tissue by modulating
inflammation and promoting the regenerative function of numerous cell types within tissue (Cao et al.,
2017; Laurent Maranda et al., 2016; Otero-Vifias and Falanga, 2016; Wu et al., 2007a).

In animal models, allogeneic MSC therapy for the treatment of non-healing wounds has been reported
in several studies with promising results (Table 2.2). Despite various methods of applications and the
use of MSCs derived from different sources, the studies summarisedin Table 2.2 all demonstrate an
overall improvement in healing in both the non-pathological (acute) models and pathological (delay ed
healing) models. The successful healing outcomes were mainly related to increased cellularity,
epithelialization, vascularity, angiogenesis and collagen deposition in the wounded area. These

models, unfortunately, do not perfectly replicate chronic non-healing wounds in diabetic patients.

In the clinical setting, the data that shows promise for the use of autologous MSCs are mainly derived
from case studies and little data is available about the metabolic profile of these patients (Table 2.3).
For instance, Badiavas & Falanga (2003) demonstrated that application of autologous bone marrow
derived MSCs in three patients with no responses to other therapies such as bioengineered skin
application and autologous skin grafting could effectively close chronic surgical wounds. However,
none of these patients had a metabolic disease or T2DM as the underlying cause. Falanga et al.
(2007) indicated that in patients with neuropathic DFUs, autologous bone marrow MSC therapy could
only improve healing by 40% and was unable to completely close the wounds (Badiavas and Falanga,
2003; Falanga et al., 2007). Similarly, other studies demonstrated slight improvements (ranging 50-
83%) in diabetic wound closure (Badiavas et al., 2007; Dash et al., 2009; Debin et al., 2008; Jain et
al., 2011) with reductions in the risk for amputation (Amann et al., 2009; Lu et al., 2011) but could not
observe complete healing following autologous MSC therapy. Combination therapies therefore seem
to be required to improve healing outcomes in patients, as is evident in the study by Ravari et al.
(2011). The authors demonstrated that in a handful of patients, complete healing occurred when
autologous MSC therapy was combined with collagen matrices (Ravari et al., 2011) (Table 2.3).
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Despite having promise, the underlying diabetic pathology (as described in sections 2.1.3, p.6)

hampers the advancement of autologous MSC therapy in T2DM patients and strategies are thus

needed to overcome this obstacle.

Table 2.2 Allogenic MSC therapy in animal wound models.

Wound model Delivery method / cell type Observations Healing outcome Ref.
Acute wound models
Rat (Sprague— Systemic or local injection/ Both delivery methods 1 wound healing in (McFarlin
Dawley) incisional allogeneic BM-MSCs increased collagen 14 days et al.,
wounds content 2006)
Rat (Wistar) Intravenous injection/ BrdU MSCs localized in specific 1 wound healing (Li etal.,
excisional wounds labelled human BM-MSCs sites around the wound after 28 days 2006)
Mouse (Balb/C) Topical delivery and Increased numbers of 1 wound closure in (Chen et
excisional splinted subcutaneous injection/ macrophages and 14 days al., 2008)
wounds allogenic BM-MSC-conditioned endothelial progenitors
medium
Mouse (C57BL/6) Systemic delivery/ allogenic Increased cellular 1 wound healing (Sasaki et
excisional wounds BM-derived GFP*MSCs differentiation in the after 8 days al., 2008)
wound bed
Mouse Balb/C Topical delivery in Matrigel and Increased 1 wound closure in (Chen et
(allogeneic) or fourintradermal injections/ epithelialization, cellularity 14 days al., 2009)
C57BL/6 (syngeneic) allogeneic or syngeneic BM and angiogenesis
excisional wounds GFP*MSCs
Rabbit (NZW) Topical delivery grafted with Mature differentiation and 1 wound closure in (Kim et al.,
excisional wounds human amniotic membranes collagen bundle 15 days 2009)
loaded with allogenic BM- deposition
MSCs
Rabbit (NZW) Intradermal injection/ human Increased wound tensile 1 cutaneous wound (Stoff et
incisional wounds BM-MSCs strength and reduced healing in 21 days al., 2009)
scarring
Diabetic wound models with delayed healing
Mouse (db/db) Topical delivery using fibrin Stimulated wound healing 1 wound closure in (Falanga
excisional wound spray / autologous BM in diabetic mice 25 days etal,
GFP*MSCs 2007)
Mouse (db/db) Topical delivery/ allogeneic BM Enhanced Complete wound (Javazon
excisional wound stromal progenitors reepithelialisation, closure in 28 days etal.,
granulated tissue 2007)
formation and
angiogenesis
Mouse (db/db) Topical delivery and four Increased Complete wound (Wu et al.,
excisional splinted intradermal injections in wound epithelialization, closure in 28 days 2007b)
wounds bed/ allogeneic BM GFP*MSCs differentiation and
angiogenesis
STZ induced (type 1 Systemic injection via tail vein Improved the wound- 1 healing in day 7 (Kwon et
diabetes) rat and wound edges/ allogenic tensile strength and al., 2008)
(Sprague-Dawley) BM-MSCs increased the expression
with incisional of growth factors
wounds
STZ induced (type 1 Applied directly to the lesion/ wounds treated with 1 healing in 30 days (Argbdlo
diabetes) mice autologous BM-MSCs plus MSCs alone had a similar Neto et al.,
(C57BL /6) with platelet-rich plasma level of re-epithelialization 2012)
excisional wounds to those treated with MSC
plus platelet-rich plasma
STZ induced (type 1 Solid collagen carrier/ human Increased capillary Complete closurein (Hou etal.,
diabetes) mice BM-MSCs density 14 days of wound 2013)

(C57BL /6) with
ischemic excisional
wounds

treated with
preconditioned
MSC with Cobalt
protoporphyrin

Continued on next page
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STZ induced (type 1
diabetes) Rat (Wistar)
with Ischemic Wound

STZ induced (type 1
diabetes) Rat
(Sprague—Dawley)
with foot ulceration

STZ induced (type 1
diabetes) Non-Obese
diabetic (NOD) mice
with excisional skin
wound

Injected directly into the derma
of wounds/ autologous BM-
Mononuclear Cells (MCs) and
allogenic Cord Blood Serum

(CBS)

Injected around the wound/

allogenic BM-MSCs

Intradermal injection around
wounds/ allogeneic BM-MSCs
and their cellular derivatives

(allo-acd-mMSCs)

Increased vascularity

Increased
reepithelialisation

Increased granulation
tissue formation and
density of collagen fibres

Complete wound
healing in 13 days
with BM-MCs+CBS

Complete wound
healing in 20 days

Administration of
(allo-acd-mMSCs)
is more effective in
wound healing than
allogeneic BM-MSC
and wound closed

in 10 days

(Ulus et
al., 2014)

(Kato et
al., 2014)

(de Mayo
etal,
2017)

Footnote: The table represents studies that used bone marrow derived MSCs to treat wounds in animal models.
Abbreviations: allo-acd-mMSCs: cellular derivatives of allogeneic MSCs, BrdU: Bromodeoxyuridine / 5-bromo-
2'-deoxyuridine, BM: Bone marrow, CBS: cord blood serum, db/db: obese/ type 2 diabetes mouse, EPCs:
endothelial progenitor cells, GFP: green fluorescent protein, MCs: mononuclear cells, MSC: mesenchymal stem
cell, NOD: Non-Obese diabetic, NZW: New Zealand white rabbit, PVA: Polyvinyl Alcohol, SCF: stem cell factor,

STZ: streptozotocin.

18



Stellenbosch University https://scholar.sun.ac.za

Table 2.3 Autologous cell therapy for chronic wounds: clinical cases.

Condition Patient Delivery method /cell Observation Healing outcome Ref.
characteristics type
Chronic Surgical abdominal Injected into the edges / Dermal building, Complete wound (Badiava
wounds hernia (n=1); arterial Autologous BM-MSCs reduced scarring closure (100%) s and
disease (n=1); arterial Falanga,
and venous disease 2003)
(n=1); (>1 year)
Chronic Lower extremity chronic Topical delivery using | in wound size Closure in lower (Falanga
wounds wounds due to venous fibrin spray / extremity wounds et al.,
insufficiency or diabetic Autologous BM-MSCs (100%) / 2007)
neuropathy (n=6); (>1 neuropathic ulcers
year) (40%)
Chronic DFU (n=1); Injected to the wounds / 1 wound healing DFU=50% closure; (Badiava
wounds scleroderma ulcer Autologous BM-MSCs scleroderma=10% setal.,
(n=1); ischemic surgical closure; Ischemic 2007)
wound (n=1); pressure surgical wound
ulcer paraplegic (n=1); =100% closure;
(>3 years) pressure
ulcer=81% closure
Chronic Burn wound (n=3); skin Collagen sponge with Wounds mostly 100% closure (Yoshika
wounds ulcers (n=5); DFU artificial dermis / healed in 18 of except burn wa et al.,
(n=1); pressure ulcers Autologous BM-MSCs the 20 patients wounds (skin 2008)
(n=11) grafts)
Lower limb T2DM (n=50) Intramuscular and | ischemic 1 in the ulcer (Debin et
ischemia hypodermic injections / symptoms and healing rate by 83% al.,
Autologous BM-MSC amputation rate 2008)
Severe Diagnosed amputation Intramuscular injections 1 leg perfusion, | | major (Amann
critical limb (n=51) with diabetes / Autologous BM-MSCs analgesics amputations with et al.,
ischemia diagnosis (n=28) consumption, 1 in 71% wound closure 2009)
pain-free walking
distance
Chronic DFU (n=24) (>1 year) in Injected into ulcer | ulcer size at 12 75% closure (Dash et
lower diabetes margins / Autologous weeks, 1 in pain- al.,
extremity BM-MSCs free walking 2009)
wounds distance
Limb foot ulcer (n=96) with Injection into the Facilitated wound 79% limb salvage (Prochaz
ischemia diagnosed diabetes ischemic limb / healing in patients kaet al.,
(n=89) Autologous BM-MSCs 2010)
Chronic Diabetes (n=48) Injected in the wound / 1 perfusion status Wound healing (Jain et
lower limb Autologous BM-MNCs+  and angiogenesis 80% in 20 weeks al.,
wounds peripheral blood cells 2011)
Diabetic T2DM (n=41) Intramuscular injections BM-MSCs Reduced (Lu et
critical limb / Autologous BM-MNCs therapy is more amputation rate al.,
ischemia and BM-MSCs effective than 2011)
and foot BM-MNCs for 1
ulcer lower limb
perfusion
Chronic Diabetes (n=8) Topical injection with 1 healing process Complete wound (Ravari
lower impregnate collagen healing in a few et al.,
extremity matrix / Autologous BM patients and some 2011)
wounds aspirates with improvements
Limb Diabetes (type 1&2) Intramuscular injection / tmicrocirculation, Complete wound (Kirana
ischemia (n=22) Autologous BM-MNCs revascularization healing in most of etal.,
the cases 2012)
Chronic Critical limb ischemia Directly applied to | pain and | wound size (Moham
wounds ulcer (n=7) in diabetes wound / Autologous neurological madzade
BM-MNCs mobilised by signs hetal,
G-CSF 2013)

Footnote: Table represents examples of clinical studies that utilized autologous bone marrow derived MSC for
the treatment of chronic wounds. Abbreviations: BM-MNCs: Bone marrow mononuclear cells, BM-MSCs: Bone
marrow Mesenchymal stem cells, DFU: diabetic foot ulcer, G-CSF: granulocyte colony stimulating factor, T2DM:
type 2 diabetes mellitus.
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2.4 MSCs dysfunction in the diabetic environment

The pathogenesis of T2DM is linked to a poor bone microenvironment, which constitutes the MSCs
niche and disrupts not only the recruitment and mobilization of MSCs but also significantly alters their
secretome (Chang et al., 2015; Kusuma et al., 2017; Li et al., 2007).

2.4.1 MSC niche and bone marrow remodelling

The stem cell niches within the bone marrow are specific areas that provide the microenvironment in
which the stem cells are maintained in an undifferentiated and self-renewable state. The bone marrow
compartment contains two types of stem cell niches: 1) the endosteal niche, where primitive
hematopoietic stem cells (HSCs), MSCs and macrophages reside and 2) the vascular niche that is
located in close proximity to sinusoidal vessels where committed HSCs, endothelial prog enitors and
perivascular cells reside (Moore and Lemischka, 2006; Votteler et al., 2010).

Refer to Figure 2.4 below for an illustration of the stem cell niches within bone marrow.

Sympathetic
/. Osteoblast ECM nerve

-Q,r /
- \ . A Schwann cell

el
Endothelial Cells/ X Granulocyte T cell

Vascular Smooth

. = : Muscle Cells N .
Matrix Vascular Endothelial 27
Cells (EC) , HSC
Stromal
Osteoblastic *Static’ HSC Niche Vascular ‘Dynamic’ HSC Niche  celis monacyte

Figure 2.4 An illustration of the stem cell niches within the bone marrow. (A) Endosteal static niche
containing hematopoietic stem and progenitor cells and MSCs (B) The vascular dynamic niche composed of
vascular cells and specialized ECM structures (Adapted from votteler et al., 2010). Abbreviations: B-cell: B
lymphocyte, EC: endothelial cell, ECM: extracellular matrix, HPC: hematopoietic progenitor cells, HSC:
hematopoietic stem cells, MSC: mesenchymal stem cell, T-cell: lymphocyte T, T reg: Regulatory T-cell.

The bone marrow microenvironment is thus ultimately responsible for the maintenance of MSC
populations, their activation, proliferation, and differentiation (Rojas-Rios and Gonzélez-Reyes, 2014;
Singh, 2012). The niche consists of supporting cells, growth-modulating soluble factors and the ECM
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that provides MSCs with specific signals and physical support. Niche activity is therefore influenced
by local signals, systemic factors, nutritional status, developmental changes, circadian oscillations as
well as physiological and pathological conditions (Metallo et al., 2007; Ra’em and Cohen, 2012).

The ECM is a cell-secreted three-dimensional complex mixture of various molecules and consist of
two groups (1) structural proteins which include collagens, elastin, laminin and fibronectin and (2)
proteoglycans (PGs) such as glycosaminoglycans (GAGs). PGs consist of a core protein and
covalently attached sulphate GAGs, that include chondroitin sulphate (CS) and heparan sulphate
(HS). GAGs together with hyaluronic acid (HA) offer a large water holding and growth factor binding
capacity and have therefore a significant impact on cellular adhesion, migration, differentiation, and
morphogenesis (Votteler et al., 2010).

The pathogenesis of T2DM does however cause remodelling of the bone marrow and has a negative
effect on the niche microenvironment. This remodelling is characterized by an altered bone
architecture (increased lipid accumulation and alveolar bone loss), micro-angiopathy (increased
vascular permeability, sinusoidal rarefaction and hypoperfusion of stem cell niches) and neuropathy
(reduction in the number of terminal nerve endings) (Duran-Jimenez et al., 2009; Spinetti et al., 2013).
As a consequence, the mobilization of stem/progenitor cells is impaired by altered perivascular neural
function and nociception-mediated defects in stromal derived factor 1 alpha (CXCL12/SDF1a)
signalling that occurs viathe dipeptidyl peptidase-4 (DPP-4) axis (Fadini et al., 2017; Rojas-Rios and
Gonzélez-Reyes, 2014; Singh, 2012). This defect is known as mobilopathy, and eventually modulate s
physiologic haematopoiesis and tissue regeneration negatively (Fadini et al., 2017; Lucas, 2017). The
MSCs trapped within the pathological bone marrow compartment are further subjected to the
increased accumulation of AGEs, oxidative stress and persistent inflammation leading to cellular
damage and apoptosis which in turn depletes the stem cell pool (Duran-Jimenez et al., 2009; Moore
and Lemischka, 2006; Pérez et al., 2018).

2.4.2 Mobilopathy and MSCs recruitment

The G protein-coupled receptor, chemokine (c-x-c motif) receptor (CXCR)-4, and its ligand chemokine
(c-x-c motif) ligand 12 (CXCL12)/SDF1la play a crucial role in transducing various signals such as
cellular survival, proliferation, chemotaxis, apoptosis and the homing of progenitor cells to ischemic
tissues (Cheng et al., 2015; Karimabad and Hassanshahi, 2015; Katsumoto and Kume, 2013; Kitaori
et al., 2009; Soghra Bahmanpour, 2016). SDF1la acts as a retention signal for stem cells within the
bone marrow and mobilization is only achieved when a chemotactic SDF1a gradient is established
towards the peripheral blood. This occurs when SDF1a is degraded within the bone marrow by the
protease activity of DPP-4, whilst SDF1a is released from ischemic/injured tissues into the circulation
(Albiero et al., 2013; Fadini et al., 2013b). SDF1a, therefore, recruits CXCR4 positive stem cells into
hypoxic tissue and its activity is also thought to be essential for endothelial cell survival, vascular
branching and pericyte recruitment (Fadini et al., 2017; Yeboah et al., 2017). In addition to the activity
of SDFla, VEGF (a potent pro-angiogenic factor) has also been shown to play a key role in the
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mobilization of stem/progenitor cells through amplification of the paracrine cascade of other
chemokines and by preventing apoptosis (Albiero et al., 2013; Lewellis and Knaut, 2012; Zisa et al.,
2011). Other downstream pathways involved in mobilization include PI3K/Akt signalling (Ling et al.,
2018; Wang and Knaut, 2014) and the signal transducer and activator of transcription (STAT)-5
pathway (Honczarenko et al., 2006). Upon mobilization, cell migration and homing is an essential
process in regeneration and in addition to the chemotactic gradient which is guided by ECM
components (Goetsch and Niesler, 2011; Moissoglu et al., 2014; Venkiteswaran et al., 2013).

In T2DM, this whole process is dysregulated. Hyperglycaemia has been shown to activate glycogen
synthase kinase-3p (GSK3) leading to inhibition of the SDF1a receptor (CXCR4) on stem/progenitor
cells (Zhang et al., 2016a). Furthermore, SDF1a is a dominant chemokine in bone marrow (Kitaori et
al., 2009), but its degradation (required for mobilization to occur) is hampered in T2DM due to a
maladaptive DPP-4/CD26 axis (Fadini et al., 2013c, 2013b) and a reduction in the density of nerve
terminals (Fadini et al., 2017). This together with decreased release of SDF1a from epithelial cells
and myofibroblasts in diabetic wounds (Heublein et al., 2015), prevents the chemotactic gradient from
forming and retains stem cells within the bone marrow.

Stem cell retention is furthermore exacerbated by the imbalance of macrophage polarization within
bone marrow that is skewed to favour a pro-inflammatory (M1) phenotype in diabetes (Albiero et al.,
2013). M1 macrophages release Oncostatin M (OSM) that in turn induces SDF1a expression by
MSCs through a p38 MAPK/ STAT3 dependent pathways and impairs mobilisation (Albiero et al.,
2015). Clinical approaches aimed at reversing mobilopathy are mainly focussed on targeting the
SDF1a/DPP4 axis but this has had limited success (Albiero et al., 2013).

2.4.3 MSC paracrine activity and mechanisms of impairment

The individual components of the T2DM pathological microenvironment are all known to negatively
affect MSC function. In vitro studies have shown that the culture of rat bone marrow MSCs in the
presence of high glucose concentrations (16.5 mM) compared to physiological concentrations (5.5
mM) interfere with the proliferation capacity of these cells by activating GSK3 signalling (Zhang et
al., 2016a). High glucose levels in culture have furthermore been shown to induce cellular
senescence, upregulate autophagy (Chang et al., 2015; Rezabakhsh et al., 2017) and impair the
migration and multilineage differentiation capacity of MSCs (Januszyk et al., 2014; Li et al., 2007; Saki
et al., 2013; Silvaet al., 2015; Zhang et al., 2016a). Similarly, invitro studies indicated that AGEs can
inhibit the growth and migration of MSCs through activation of ROS-mediated p38 signalling (Kume et
al., 2005; Weinberg et al., 2014; Yang et al., 2010) whilst increasing cellular senescence and
favouring adipogenic differentiation (Denu and Hematti, 2016; Kume et al., 2005). In the presence of
excessive inflammation, MSCs have been shown to have refractory mobility and increased rates of
apoptosis (Katagi et al., 2014; Ko et al., 2015). Few studies have shown the interaction between
these individual components. Gallagher et al. (2015) indicated that epigenetic changes and histone
methylation in bone marrow MSCs resulting from exposure to a high glucose environment in a mouse

model of diet-induced obesity can affect the inflammatory phenotype of macrophages by modulating
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the release of IL12 from these immune cells (Gallagher et al., 2015). It is however still unclear how
exactly the paracrine activity of MSCs are affected in T2DM but given the functional alterations
(growth, migration and differentiation impairment) evident, the secretome is likely to also be negatively

affected.

The paracrine activity of MSCs play an important role in healing and is the key aspect of their pro-
regenerative properties. The MSC secretome consists of released growth factors, cytokines,
chemokines as well as microvesicles and exosomes containing micro-RNAs and lipids as cargo
(Ferreira et al., 2018; Nawaz et al., 2016). The constituents of the secretome are however variable
and depend on the source of the stem cells (Pawitan, 2014) as well as the microenvironment or

stimuli they are exposed to.

Table 2.4 below gives an overview of the most prominent factors known to be secreted by bone

marrow MSCs that influence regenerative processes.

Table 2.4 Trophic and immunomodulatory factors secreted by bone marrow MSCs.

Factors Action Ref.

VEGF, HGF, TGFB, bFGF, IGF1, Growth factor, Anti-apoptotic, (Cantinieaux et al., 2013; da Silva

PDGF, EGF, PDEGF, NGF immunomodulatory, anti-scarring Meirelles et al., 2009)

IL6, IL10, IL27, IL13, IL1ra Anti-inflammatory (Murphy et al., 2013; Pawitan, 2014)

IL8, IL9, IL1a, IL17E, IL12p70 Pro-inflammatory (Murphy et al., 2013; Pawitan, 2014)

GM-CSF, M-CSF, SDF1la, MCP1, G- Chemoattractant, Promote proliferation (Kusuma et al., 2017; da Silva

CSF and migration Meirelles et al., 2009)

leptin, angiogenin, endostatin, Angiogenic and various trophic actions (Pawitan, 2014)

thrombospondins, TIMP1

Extracellular vesicles (miRNAs, Anti-inflammatory, Anti-fibrosis, tissue (Nawaz et al., 2016; Ozdemir and

exosomes, mMRNA, micro vesicles) regeneration Feinberg, 2019; Phinney and Pittenger,
2017)

Footnote: Abbreviations: bFGF: basic fibroblast growth factor, EGF: epidermal growth factor, G-CSF:
granulocyte colony stimulating factor, GM-CSF: granulocyte macrophage colony stimulating factor, HGF:
hepatocyte growth factor, IGF1: insulin like growth factor 1, IL1ra: Interleukin-1 receptor antagonist, M-CSF:
macrophage colony stimulating factor, MCP1: monocyte chemoattractant protein 1, mRNA: messenger
ribonucleic acid RNA, miRNA: micro RNA, NGF: neural growth factor, PDEGF: platelet derived endothelial cell
growth factor, PDGF: platelet derived growth factor, SDFla: stem cell-derived factor 1 alpha, TGFB:
Transforming growth factor beta, TIMP1: tissue inhibitor of metalloproteinase-1, VEGF: vascular endothelial
derived growth factor.

In the context of wound healing, MSCs combat the newly presented antigens at the site of injury
(Murphy et al., 2013) whilst the secreted anti-inflammatory cytokines supports the wound's ability to
progress beyond the inflammatory phase to the proliferative and remodelling phases avoiding
regression into a chronic inflammatory state (Dash et al., 2013). This occurs in part via integrin
signalling, that enables cells to receive mechanical information and exhibit immunomodulatory effects
on the cellular components of the innate immune system (Kusuma et al., 2017; Le Blanc and Davies,
2015). MSCs furthermore provide support for angiogenesis by secreting factors such as SDFla,
VEGF and basic fibroblast growth factor (bFGF) into the wounded area (da Silva Meirelles et al.,
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2009), and by doing so promotes the expression of angiopoietin-1 (Angl) to reinforce vascular supply
(Zimmerlin et al., 2013). MSCs ability to secrete trophic factors is thus crucial for therapeutic
approaches aimed at promoting growth and regeneration (Sassoli et al., 2012). Disruption of this
paracrine responsiveness to environmental cues could thus be detrimental to the overall regenerative

properties of MSCs.

2.5 Antioxidant treatment as a preventative strategy against stem cell impairment.

The underlying pathogenesis of T2DM that leads to stem cell dysfunction and the development of co-
morbidities involve cellular damage induced through hyperglycaemia mediated oxidative stress and
subsequent persistent inflammation (section 2.1.3.2, p.7 and 2.1.3.4, p.9). A therapeutic approach
focussing on limiting oxidative stress and inflammation should thus have a protective effectand could
possibly even restore the function of impaired diabetic MSCs. Specific antioxidants that have been
shown to have protective effects against cellular damage in a variety of acute in vitro models are
indicated in Table 2.5.

Table 2.5 In vitro studies demonstrating the protective effects of antioxidants on MSCs.

Source Cell type Effects Antioxidant Concentration Ref.
Transgenic mice BM-MSCs 1 smooth muscle cell L-Ascorbic acid/ 2- 30 uM (Arakawa et
TBR-B cells differentiation phosphate al., 2000)
Human bone BM-MSC 1 proliferation and L-Ascorbic acid/ 2- 50 pg/ml (Wang et al.,
marrow osteogenic differentiation phosphate 2006)
Rat/bone BM-MSC 1 osteoblastic Ascorbic acid 50 pg/ml (Wan etal.,
marrow differentiation 2008)
Human bone BM-MSCs Dose-dependent 1 on L-Ascorbic acid 2- 250 uM (Choi etal.,
marrow proliferation and phosphate 2008)

differentiation

Human adipose ADSCs 1 proliferation and Ascorbic acid 250 uM (Potdar and

tissue pluripotency markers: D’souza,
Oct4 and SOX 2 2010)

Human MSCs 1 MSC Sheet Formation Vitamin C 20-50 pg/mi (Wei et al.,

Periodontal and Tissue Regeneration 2012)

tissue, bone

marrow,

umbilical cord

Human umbilical ~ MSCs 1 proliferation L-Ascorbic acid 250 uM (Mekala et

cord blood al., 2013)

Human bone BM-MSCs Reverted the decline in Ascorbic acid 500 uM (Jeong and

marrow differentiation Cho, 2015)

MSC/ WRN Human alleviated aging defects Vitamin C 280-560 UM (Li etal.,

gene knockout MSCs 2016b)

/Werner

syndrome

Human/ Gingiva MSCs 1 proliferation and Ascorbic acid 50 uM (Van Pham
expression of pluripotent et al., 2016)
markers

Continued on next page
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Human adipose
tissue

Zucker diabetic
fatty rat

Wistar rat

Human bone
marrow

Human bone
marrow

Human bone
marrow

Mouse/female
infarcted
myocardium

db/db Mice hind-
limb ischemia

Human
embryonic
MSCs

Rat bone
marrow (type 1
diabetes)

Human bone
marrow /
hyperglycaemia

Mouse adipose
tissue and 3T3-
L1
preadipocytes

Induced diabetic
mouse

Mouse bone
marrow

Human adipose
tissue

Human adipose
tissue

Human adipose
tissue

ADSCs

ADSCs

BM-MSCs

BM-MSCs

BM-MSCs

BM-MSCs

Satellite
cells

BM-MSCs

MSCs

BM
stromal
cells

BM-MSCs

ADSCs

BM-MSCs

BM-MSCs

ADSCs

ADSCs

ADSCs

1 proliferation

1 ECM secretion and
ADSC sheet synthesis

Induced differentiation
along with other
osteogenic factors

1 smooth muscle cell
differentiation

1 proliferation

1 collagen mimetic
peptide content and
relevant gene expression
and protein production

1 cardiac tissue
regeneration capacity

| oxidative stress and
adipogenesis

| oxidative stress and 1
cell adhesion

Prevented apoptosis

Prevented
hyperglycaemia induced
autophagy and
senescence

Protected ADMSC from
oxidative stress and t
cell survival

1 cell viability and
upregulated pro-survival
genes (Akt and Bcl-2)

| DNA damage and 1
proliferation

1 growth and prolong
lifespan

1 proliferation

NAC+AAP protected
mitochondria from
oxidative stress and
rescued MSCs from
apoptosis

Vitamin C

Ascorbic acid

Ascorbic acid and
collagen-
glycosaminoglycan
scaffold

TGFB1 and ascorbic acid

L-Ascorbic acid 2-
phosphate and fibroblast
growth factor-2

Bone morphogenetic
protein-13 (BMP-13) and
L-Ascorbic acid 2-
phosphate

N-acetylcysteine

N-acetylcysteine

N-acetylcysteine

N-acetylcysteine

N-acetylcysteine

N-acetylcysteine

N-acetylcysteine

alpha-phenyl-t-butyl
nitrone and N-
acetylcysteine

L-Ascorbic acid 2-
phosphate + N-
acetylcysteine

L-Ascorbic acid 2-
phosphate + N-
acetylcysteine/ fibroblast
growth factor 2

L-Ascorbic acid 2-
phosphate + N-
acetylcysteine

30 mg/ml

16.4 pg/mi

50 pg/mi

30 uM AA

250 pM

50 pg/ml AA

10 mM

2mM

2 mM

5mM

60 uM

30mM

5 mM NAC

2 mM NAC+
0.2 mM AAP

2 mM NAC+
0.2 mM AAP

3 mM NAC+
0.2mM AAP &
7mM NAC or
0.8mM AAP

(Zhang et
al., 2016b)

(Kato etal.,
2017)

(Farrell et
al., 2006)

(Narita et al.,
2008)

(Bae et al.,
2015)

(Rehmann
et al., 2016)

(Drowley et
al., 2010)

(Yan et al.,
2012)

(Wang et al.,
2013a)

(Weinberg et
al., 2014)

(Chang et
al., 2015)

(Gillis et al.,
2015)

(Ali et al.,
2016)

(Fan et al.,
2011)

(Lin et al.,
2005)

(Sun et al.,
2013)

(Li etal.,
2015)

Footnote: Abbreviations: 3T3: 3-day transfer, inoculum 3x105 cells, AAP: ascorbic acid 2-phosphate, ADSCs:
adipose tissue-derived stem cell, Akt: serine/threonine protein kinase, Bcl: B-cell ymphoma, ECM: extracellular
matrix, NAC: N-acetylcysteine, SOX: Sry-related HMG box, Oct: octamer-binding transcription factor, TBR: T-
box brain transcription factor, TGF: Transforming growth factor, WRN: Werner syndrome.
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The physiological function of intracellular ROS is crucial in maintaining biological processes through
redox signalling (André-Lévigne et al., 2017; Mangialardi et al., 2014), however excessive
accumulation thereof causes damage to DNA, proteins, and lipids which in turn leads to gene
expression malfunction, mitochondrial dysfunction, tissue inflammation, and premature cellular aging
(Ali et al., 2016; Jeong and Cho, 2015). The mechanisms behind the natural anti-oxidation defence of
cells involve several key pathways, which enables the efficient removal of excessive oxidants and
therefore protects cellular organelles from ROS-induced damage. This regulation is mediated by
antioxidant enzymes (such as superoxide dismutase, catalase, and glutathione peroxidase) and other
non-enzymatic molecules (ergothioneine, vitamin C) or microelements, which altogether prevent

cellular senescence and apoptosis (Chen et al., 2017).

Sustained oxidative stress overrides the natural antioxidant defence mechanisms and consequently
decreases cellular proliferation, promotes senescence, apoptosis and even tumour formation by
regulating the expression of apoptosis related genes and proteins such as Bcl-2, Bax, p53 (Chen et
al., 2017; D’'Aniello et al., 2017). From the table, it is clear that antioxidants such as ascorbic acid
(vitamin C) and NAC have beneficial effects in promoting cellular proliferation/differentiation and
preventing cell death. This protective effect is mainly a result of the combined antioxidant and anti-
inflammatory actions that contribute to the maintenance of mitochondrial function as indicated in

Figure 2.5 below.
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Figure 2.5 An illustration of NAC and AAP mitochondrial protection, against oxidative damage.
Both NAC and AAP protect cells from oxidative stress-induced cell death via inhibiting mitoptosis (mitochondrial
programmed cell death) by decreasing the activation of BAX, Drpl and increasing the expression of BCL2. Thus,
stabilized mitochondria will also prevent AIF induced necroptosis via H2AX pathway. As result, the caspase
(cysteine-aspartic proteases) dependent or independent formation of necrosomes are inhibited and the secretion
of apoptotic factors within the mitochondria prevented (adapted from Li et al., 2015). Abbreviations: AAP:
ascorbic acid 2-phosphate, AlIF: apoptosis inducing factor, Apafl: Apoptotic protease activating factor 1, BAX:
BCL2 associated X protein, BCL2: B-cell lymphoma 2 protein, caspase: cysteine-aspartic proteases, DNA:
deoxyribonucleic acid, Drpl: Dynamin-related protein-1, H2AX: histone family member X, Mito.: mitochondria,
MLKL: Mixed lineage kinase domain like pseudo-kinase, mRNA: messenger ribonucleic acid, NAC: N-
acetylcysteine, PARP: poly ADP ribose polymerase, RIPK: Receptor-interacting serine/threonine-protein kinase.

It is therefore hypothesized that these protective antioxidant agents could potentially restore the
function of impaired diabetic MSCs following prolonged exposure to hyperglycaemia-induced
oxidative stress.
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Chapter 3: Aims & Objectives

The main purpose of this research was to broaden our insight into the sensitivity of MSCs to
pathological environments and to better our understanding of how to counteract stem cellimpairment
and manipulate their phenotype in vitroin order to improve the predictability and success of stem cell-

based treatments.

It is hypothesized that prolonged exposure of bone marrow MSCs to a pathological diabetic
microenvironment in vivo reduces the ability of these cells to respond to environmental cues in order
to promote healing. MSC dysfunction is thought to be related to disrupted paracrine signalling that is

skewed towards a pro-inflammatory and destructive instead of a pro-regenerative phenotype.

The overall aim of this research was furthermore to assess the efficacy of ex vivo antioxidant AAP
and NAC preconditioning to restore the paracrine and functional responses of severely impaired
diabetic MSCs prior to transplantation and asses its protective effect against the hostile wound micro -

environment.
In order to test our hypothesis, the research study was divided into the following aims and objectives:

Aim 1: Establish and optimise a full-thickness excisional wound model for collection of diabetic wound

fluid to represent the pathological micro-environment of a diabetic wound in vitro.

v" Objective 1.1: Optimise and establish the standard operating procedure for
induction of bilateral full-thickness excisional wounds on obese prediabetic
mice (B6Cg-Lep°/J).

v' Objective 1.2: Inject NEP, an inhibitor of substance P, around the wound
edges to prevent wound contraction and further delay healing.

v" Objective 1.3: Collect and store DWF over a period of 27 days post wounding.

v' Objective 1.4: Determine the protein concentration within diabetic wound fluid

and assess its cytokine profile.

Aim 2: Determination of the safest, non-toxic dose of NAC and AAP as potential antioxidants to

counteract MSC impairment.

v" Objective 2.1: Using an immortalized mouse stem cell line (C3H10T1/2) identify the
optimum individual dose of either AAP or NAC that will maintain cell viability whilst
promoting cellular proliferation under standard culture conditions.

v"  Objective 2.2: Determine the synergistic effect of the optimum combined doses of
AAP+NAC on MSC viability and proliferation under standard culture conditions.

v' Objective 2.3: Determine the optimum combined dose of AAP+NAC to be used in

subsequent experiments.
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Aim 3: Investigate the efficacy of antioxidant (AAP+NAC) preconditioning to restore the

molecular/paracrine and functional responses of bone marrow MSCs upon stimulation with DWF.

v" Objective 3.1: Isolation of primary bone marrow-derived MSCs from healthy control
(source: wild type, C57BL/6J) and obese prediabetic (source: obese pre-diabetic, B6Cg-
Lepeb/J) (ob/ob) mice and confirm their identity by flowcytometry.

v"  Objective 3.2: Determine the ex vivo growth rate and viability (with and without
antioxidant preconditioning) of healthy control MSCs and impaired diabetic MSCs over a
period of 16 days after isolation.

v' Objective 3.3: Assess the molecular (MRNA expression) and paracrine (secretome)
responses of healthy and impaired diabetic MSCs at baseline and with antioxidant
preconditioning upon stimulation with diabetic wound fluid.

v' Objective 3.4: Assess the efficacy of antioxidant preconditioning to improve the survival
(viability) and functional responsiveness (proliferation, migration) of healthy and

impaired diabetic MSCs at baseline and in the presence of DWF.
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Chapter 4: Diabetic wound model: Induction of full-thickness excisional
wounds, collection, and characterization of diabetic wound fluid.

4.1 Introduction

The pathogenesis of chronic diabetic wounds is complex and involve numerous tissues (skin, muscle,
nerves, micro-vascular system) and cell types, which following injury have failed to initiate and
progress through the regular tissue repair processes to restore structural and functional integrity to
the damaged area (Chapter 2.2, p.10). The most predictive models for studying wound healing in
vivo, are animal models that mimic the healing environment and represent similar cell types, micro-

environmental cues, and paracrine interactions.

The full-thickness mouse excisional skin wounding technique is well-established in the literature
(Wong et al., 2011) and is used to gain a better understanding of regenerative mechanisms. This
technique is beneficial for researchers because of its simplicity and reproducibility. It furthermore
provides, easy access to the wound bed to (a) apply topical therapeutic agents, and (b) harvest
diabetic wound fluid (DWF) and tissue samples for histological analysis. This model is thus an
essential tool for research into cutaneous wound healing disorders (Reid et al., 2004; Wong et al.,
2011). Although mouse skin is similar to that of humans and consists of the same three main layers
(epidermis, dermis, and hypodermis), it differs in the initial response to injury. Human skin heals via
scab formation, re-epithelialization, and granulation, whereas mouse skin produces rapid wound
contraction via the Panniculus carnosus layer immediately after injury prior to re-epithelialization
(Chen et al., 2013). Therefore, wound diameter is a representative factor of wound contraction and
healing. Despite this difference in the initial response to injury, normal healing (wild-type mice and
humans) occurs within 7-10 days (Seitz et al., 2010). These wounds do however not mimic non-
healing/chronic wounds; researchers, therefore, developed various transgenic murine disease models
with metabolic phenotypes similar to that observed in obese diabetic patients in which this excisional

skinwound technique would generate a wound with impaired healing characteristics.

One such model uses B.6.Cg-Lep°t/J (ob/ob) mice (JAX® #000632, USA). The obese prediabetic
phenotype exhibited in ob/ob mice is a consequence of a spontaneous mutation in the Lep°® gene
that encodes a 16-kDa protein Leptin, which plays an essential role in energy homeostasis. These
mice develop a complex metabolic syndrome that includes hyperphagia, hyperglycemia and glucose
intolerance leading to severe healing disorders (Goren et al., 2003; Ring et al., 2000; Stallmeyer et
al., 2001). The ob/ob mouse model is therefore commonly used to investigate impaired healing
associated with metabolic dysfunction (Goren et al., 2003; Seitz et al., 2010). In the current study, the
ob/ob wound model was further optimized to limit wound contraction and delay healing to a greater
extent by applying a zinc metalloprotease (neural endopeptidase, NEP) to the wound edges at similar

concentrations detected in the ulcer margins of diabetic wound patients (Antezana et al., 2002). NEP
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functions to degrade, the pro-regeneration factor, substance P, and by doing so exacerbates the
abnormal healing responses (Delgado et al., 2005; Spenny et al., 2002).

This optimized diabetic wound model was used in this study to collect diabetic wound fluid for
subsequent application in in-vitro experiments (Chapter 6, p.57) focussed on the paracrine and
functional responsiveness of mesenchymal stem cells (MSCs) to a pathological wound
microenvironment. This approach enables molecular investigations in an ex vivo setting that simulates
wound conditions.

4.2 Material and Methods

4.2.1 Ethics approval statement

This study was approved by the animal research ethics committee at Stellenbosch University (#SU-
ACUD17-00016/ 23 June 2017) and complied with the South African Animal Protection Act (Act no
71, 1962). All experimental procedures were conducted according to the ethical guidelines and

principles of the declaration of Helsinki (Refer to Addendum A, p.115 for the ethical approval letters).

As provided for in the Veterinary and Para-Veterinary Professions Act, 1982, all researchers that were
involved in the animal work were registered with or have been authorized by the South African
Veterinary Council (SAVC) to perform the procedures on animals. All procedures were under the
directand continuous supervision of a SAVC-registered veterinary professional who was acting within
the scope of practice for their profession.

4.2.2 Animal housing and husbandry

A specific pathogen-free (SPF) B6.Cg-Lep°t/J (Fig. 4.1) strain of mice (weight 40-60g), that is
homozygous for the obese spontaneous mutation (the gene responsible for the production of leptin),
was used in this study. Homozygous mutant mice were first recognizable at about four weeks of age;
these animals gain weight rapidly and at 6-8 weeks (40-60g) may reach three times the normal weight
of wild-type controls (C57BL/6J) (17-25g). In addition to obesity, mutant mice exhibit hyperphagia, a

diabetes-like syndrome of hyperglycemia, glucose intolerance and, elevated plasma insulin levels.

Mice were housed under standard conditions (12h light/ 12h dark cycle at a controlled temperature of
21°C) and had free access to drinking water and chow (Rat and Mouse Breeder Feed, Animal
Specialties, Pty, Ltd., Klapmuts, SA).
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Figure 4.1 Representative images of the wild type (left) C57BL/6J and ob/ob (right) B6.Cg-Lep°t/J mice (©
https://www.jax.org/strain/000632).

4.2.3 Overview of Study design and experimental procedures

Refer to Figure 4.2 below for an overview of the study design. At the end of the study, on day 27, all
mice were euthanized via cervical dislocation. Euthanasia was, performed by a well-trained SAVC-
registered para-veterinary professional according to the American Veterinary Medical Association
(AVMA) Guidelines on Euthanasia (Leary et al., 2013).
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Figure 4.2 Overview of study design. Two bilateral full-thickness dorsal skin excisions were made on male
B6.Cg-Lep°t/J (n=7) mice on day 0. Mouse CD10 / Neprilysin (NEP, 0.330 pg/mL) was injected around the
wound edges on days 0, 7 and 14. Animal wellness was monitored daily and the animals weighed twice weekly.
Diabetic wound fluid was harvested from the wounds by needle puncture on days 7, 14, 21 and 27. Legend: X :
collection of diabetic wound fluid, : weight assessment, I: daily animal wellness monitoring and @ : NEP
injection.

4.2.3.1 Induction of full-thickness excisional wounds

Mice (n=7, 6-8 weeks old) were weighed (43+2g) and anesthetized via an open system inhalation
anesthesia (Fig. 4.3B) using Isoflurane chamber (3% for induction and 2% for maintenance) (Safeline
Pharmaceuticals (Pty), Ltd, SA). Dorsal hair was shaved, and the skin cleaned with povidone-iodine
(Mundipharma (Pty) Ltd, South Africa) prior to making two identical contra-lateral full-thickness skin
excisions (Fig. 4.3A). Excisional wounds were made by applying outward retraction of the skin using

sterile forceps and a scissor-sharp cut (Chen et al., 2013), 1cm below the base of the skull and 1cm

32


https://www.jax.org/strain/000632

Stellenbosch University https://scholar.sun.ac.za

on either side of the midline (Fig. 4.3C). The underlying layers (including the panniculus carnosus)
were removed in a similar manner to achieve a full-thickness wound. The diameter of each wound
was approximately 6mm. Immediately after wounding, local anesthetic, 7 mg/kg lignocaine 2%
(Bodene Pty, Ltd, SA) was injected around the wound edges and the sedation maintained for a period
of 3 days by administrating oral 300 mg/kg Acetaminophen (Paracetamol 120mg, GSK, SA) in
drinking water. Both the excisional wounds were covered (Fig. 4.3D) by a vapor-permeable
polyurethane film (Hydro-film, Paul Hartmann AG, Germany). After recovery from the anesthesia,
mice were individually housed for a period of 27 days. Wounded mice were monitored closely and

marked daily for signs of distress and pain to ensure the welfare of animals.

To prevent wound contraction, 75ul (0.330 pg/mL) recombinant CD10 / Neprilysin (also known as
NEP) (SRP 6450, SIGMA, USA) was injected (dosage was determined based on enzyme activity: 50
pmol/hour/pg) around the wound edges at days 0, 7 and, 14. In the case of NEP inefficacy and re-
epithelization, the wounds were physically reopened by removing the epithelial layer and widening the

edges on day 14 to maintain exudate collection. During re-wounding, the same sedation procedure

was maintained, and animal wellness monitored closely.

i
Figure 4.3 Representative images illustrating the experimental procedures: A- Male B6.Cg-Lep°?/J mouse
with hair shaved and skin cleaned. B- open system inhalation anesthesia to restrain mice during the procedure.

C- two identical contra-lateral full-thickness skin excisions. D- wounds covered with a vapor-permeable
polyurethane film.

4.2.3.2 Wound size calculation

The percentage of wound closure (based on the wound contraction) over time was used as an
indication of healing. Wound images were captured directly from above on days 0, 7, 14, 21 and 27
post-wounding. A ruler (1cm) was placed at the wound edge prior to taking each image as a point of
reference for size calculations. The surface area of each wound (mm?2) was measured by tracing
along the border of the wound using Image J software (version 1.46, NIH.gov, USA).

Image J analysis: 1) After opening and selecting the appropriate image, the Straight-line tool was
used to measure the number of pixels on the 1cm point of reference. 2) This information was then
used to set the image scale (distance in pixels = length measured in Straight line tool; known distance
=1, unit of length =cm). 3) Finally, using the freehand tool the outer wound edges were traced, and
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the surface area of each wound automatically calculated. The percentage of wound closure over time

was calculated according to the following formula:

% wound closure = [wound area (d0) - wound area (dx)|
wound area (d0)

X100

The comparison with the initial wound area, on day 0, eliminates any discrepancies created by small
differences in initial wound size (Goetsch and Niesler, 2011).

4.2.3.3 Collection of diabetic wound fluid

Accumulated exudate was harvested from the wounds by needle (25-30G, BD Micro-Fine™ Plus,
USA) puncture at days 7, 14, 21 and 27 post-wounding. First, the exudate accumulated under the
vapor-permeable polyurethane film was collected using a needle and syringe. Secondly, 100ul saline
solution was injected under the vapor-permeable polyurethane film onto the wounded area (the
volume of saline injected was consistent for each wound) and recollected after 30 seconds. After each

collection, the DWF was immediately stored at -80°C.

To ensure that sufficient fluid is collected for subsequent experiments, the exudates collected from all
animals and all the time points were pooled together. It was centrifuged (1000, 2000 and 3000 RPM
for 10 min, x3 repeats) to eliminate all cellular debris and sterile filtered (GVS 0.2um, USA). The

sterile DWF was aliquoted and storedin eppies at -80°C. Repeat freeze-thaw cycles were avoided.
4.2.4 Characterization of collected diabetic wound fluid

The purpose for characterizing the collected DWF was to (a) confirm that the exudate is
representative of a chronic wound microenvironment (cytokine profile), and (b) to determine the

concentration of DWF to be used in subsequent experiments.
4.2.4.1 Protein concentration

The total protein concentration in the collected DWF was determined using a standardized Bradford
protein assay. Bovine serum albumin (1%) (Hyclone BSA, Thermo, USA) was used as a standard for
calibration. BSA concentrations of 1, 5, 10, 15, 20, 25, 30, 35 and 40 pg/ul were used as standard
protein dilutions and one pl of each sample analyzed to determine the protein concentration (ng/pl).
Depending on the protein content within samples, color changes occurred in Bradford reagent (1x)
and the absorption shifts (96 well plate, standard clear flat bottom) were read at 595 nm using Multi-
scan spectrophotometer (GO®, Thermo Fisher, Finland). Total protein concentration (ug/upl) within
each sample was calculated based on optical density (OD) /ul measurement:

34



Stellenbosch University https://scholar.sun.ac.za

Calculation is based on OD/pl of the BSA-dilution (1pg/ul) serics:

(0D(5ul)) | (0D(10ul)) =~ (OD(15ul)) B
Z( 500 T 1oml T 15m T /”) = 0D/ut
0D (protein) X (Diluti tor) = Protei l
(z(onm BSA Dilutions) = L(Hl ofsample)) (Dilution factor) = Protein conc. ug/u

To determine the optimal concentration of DWF to be used in subsequent in vitro experiments, the
total protein concentration was compared to that of foetal bovine serum (FBS, growth supplement for
MSC cultures) (Biochrom GmbH, Germany) and CST (serum-free media growth supplement)
(StemPro® MSC SFM, Gibco Life Technologies, USA).

4.2.4.2 SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) assay was used to denature
the proteins and estimate protein size in the harvested exudate. A total of 20 or 30ug protein from
each sample (DWF, FBS and CST) was denatured and loaded in pre-casted SDS-PAGE gels (Mini-
protean® 4-15% Stain-free, BIO-RAD, USA). Electrophoresis started at 80V (10 min) and continued at
120V (50 min). Proteins were transferred (30min) from the gel to a nitrocellulose blotting membrane
(Mini Trans-Blot® Turbo Transfer pack, BIO-RAD, USA) using a semi-dry transfer system (Trans-Blot®
Turbo, BIO-RAD, USA). To visualize the proteins, the membrane was stained for 2 min using
Ponceau S solution (Sigma, Germany). Pre-stained protein ladder (Pageruler™, Fermentas, USA) was

used as an indication of protein size.
4.2.4.3 Cytokine profile in diabetic wound fluid

The cytokine profile of the collected DWF was assessed as an indication of the inflammatory stage of
the wounds. DWF was analyzed using the Bio-Plex Pro™ Mouse 23-plex bead-array assay (BIO-RAD,
USA) and quantified using the Multiplex reader and Bio-Plex Manager™ MP software (Bio-Plex®
MAGPIX™ BIO-RAD, USA) according to the manufacturer’s instruction. The Bio-Plex assay systemis
based on sandwich immunoassay, formatted on magnetic beads (Fluorescently dyed microspheres)
with a distinct color code to permit discrimination and are coated with a specific panel of antibodies.
This assay simultaneously measures multiple analytics in a single sample that included the following
cytokines: IL1a, IL1B, 1L2, IL3, IL4, IL5, IL6, IL9, IFNy, KC, MCP1, MIP1a, MIP13, RANTES, TNFa,
IL10, 1L12(p40), IL12(p70), IL13, IL17A, Eotaxin, G-CSF, GM-CSF CSF indicating inflammatory stage

of the wound.
4.2.5 Statistical Analysis

Values are presented as mean * standard error (mean+SE). All data analysis was performed using
Statistica program (V. 13, StatSoft). Repeated measures ANOVA with Bonferroni post hoc test was
used to assess animal weight and wound closure over time. Level of significance was accepted at
p<0.05.
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4.3 Results
4.3.1 Mice recovery and weight loss

Most of the mice recovered in a good condition after wounding with only 1 animal dying in the 27 days
from initial wounding. (Fig. 4.4A). No sign of pain, anxiety or deviation (wellness score = 0) was
observed in most cases during this period (Fig. 4.4B). No significant weight loss was apparent in the
wounded animals (start weight: 43+2g; end weight: 40+3g) for the duration of the study (Fig. 4.4C),
however due to the effect of the anaesthesia no weight gain was observed either. Only a moderate

decline in weight was observed in the first 3 days post wounding.
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Figure 4.4 Animal wellness and recovery during the 27 days post-wounding. A- Kaplan-Meier survival curve
indicating the percentage (%) survival. B- Animal wellness scores: (0) within normal limits and no signs of
distress, (1) Appearance and behaviour shows slight or intermittently deviation from normal, (2) Appearance and
behaviour shows a moderate deviation from normal, (3) Appearance and behaviour has significantly deviated
from normal or animal is clearly distressed. C- Animal weight (mean+SD) over the 27-day period. Statistical
analysis: Repeated measures ANOVA with Bonferroni post hoc test; no significant effect was observed over
time (p<0.05).
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4.3.2 Wound closure

Refer to Figure 4.5 for representative images of the wounds at each time point for each animal. From
the seven animals wounded, one animal (#6) was not re-wounded on day 14 due to signs of distress
and one animal (#7) died under anaesthesia on day 14. In this model for all the animals wounded
(n=7), macroscopic wound closure was 33+7% on day 7 and 77+4% on day 14. In the subsequent
period after re-wounding (from day 14 onwards), wound closure was 48+7% at day 21 (n=5, excluding
mouse #6 & 7) (Fig. 4.6). Although healing was delayed, a significant effect of time (p<0.05) was
evident between days 7 to 14 (initial wound) and days 14 to 27 (re-wounding). (Fig. 4.5).

Time

A\

Re-wound

Figure 4.5 Representative images of full-thickness bilateral wounds over time. (X): Animal #6 was not re-
wounded due to signs of distress. (D): Animal #7 died under analgesia on day 14. For these two animals diabetic
wound fluid was collected until day 14.
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Figure 4.6 Percentage of wound closure. Wound surface area at each time point was determined using
ImageJ software (version 1.46, nih.gov) and the percentage wound closure calculated using the following
formula: [(wound area dO — wound area dn)/ (wound area d0) x 100]. Statistical analysis: Repeated measures

ANOVA with Bonferroni post hoc test. * p< 0.05 indicates a significant difference between time points.

4.3.3 Protein concentration of exudate and Electrophoresis

Results from Bradford assay (Fig. 4.7) revealed a total protein concentration of 9.6 pg/ul in collected
DWF, whereas the protein content in FBS and CST were 27.9 ug/pl and 35 pg/ul respectively.
Standard cell culture growth media, therefore, has a total protein content that is x3 fold higher than
that observed in DWF. Stained Nitrocellulose membrane visualized exudate proteins at the same

range of FBS or CST cell culture protein supplement.

40 1
35 1 -
30 A
25 A
20 A
15 A

Protein (ug/pl)

DWF FBS CST

Figure 4.7 Protein concentration in 1ul of either pooled diabetic wound fluid, FBS or CST. DWF: diabetic

wound Fluid, FBS: Foetal Bovine Serum and CST: StemPro® supplement.
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4.3.4 Cytokine profile

The concentrations (pg/mL) of 23 cytokines detected in the DWF are presented in Table 4.1. Pro-
inflammatory cytokines (IL1a, IL1B, IL6, IL12(p40), 1L12(p70), IL17A and TNFa) and chemokines
(Eotaxin, G-CSF, GM-CSF, KC, MCP1, MIP1a, and MIP1B) were present in high concentrations;
whereas anti-inflammatory cytokines (IL2, IL3, IL4, IL5, IL13 and IL10) had much lower levels within
the DWF despite re-opening wound at day 14. Suggesting that the microenvironment within wounds
had a persistent pro-inflammatory profile even after re-wounding.

Table 4.1 Cytokine concentrations (pg/ml) in collected diabetic wound fluid.

Pro-inflammatory DWF Chemokines DWF Anti-inflammatory DWF
cytokines cytokines

IL1a 6992.7 MIP1a OOR>7288 (S1) IL10 262.8
IL18 3360.8 MIP1B 1186.6 IL13 328.7
IL6 1004.2 Eotaxin 571.8 IL2 22.8
L9 127.2 G-CSF OOR>47590 (S1) IL3 26.8
1L12(p40) 4961.6 GM-CSF 671.6 IL4 90.5
IL12(p70) 598.2 KC OOR>21315 (S1) IL5 26.7
IL17A 360.5 MCP1 18568.2

RANTES 128.2

TNFa 932.1

IFNy 435

Footnote: DWF were collected from #7 mice in 4 time points and pooled together and its cytokines were
analyzed by Bio-Plex assay system, OOR: out of measurable range (very high), pg: picogram, S1: standard one
(Highest concentration of standard curve — upper detection limit).

4.4 Discussion

Despite advances in technology, clinical outcomes in managing chronic wounds are not promising.
Studies suggest that MSCs may promote tissue regeneration, however further in vitro studies are
required to clarify and understand their mechanisms of action in response to a chronic wound
environment (Otero-Vifias and Falanga, 2016; Satija et al., 2009). To enable more insight into
underlying mechanisms related to MSC response to the pathological microenvironment, an in vivo
delayed-healing wound was created to mimic the diabetic wound conditions more closely; DWF was
subsequently collected over a period of 27 days. Despite the NEP application, our model did not
perfectly mimic a non-healing wound since re-epithelialization was evident after day 14; this
necessitated the reopening of wounds. Nonetheless, analysis of DWEF indicated a chronic
inflammatory profile that is characteristic of diabetic wounds.

In cutaneous injuries, the epidermis produces neuropeptides such as Substance P from C-fibres,
which induces pro-inflammatory effects and improves mitogenesis and migration of the surrounding
keratinocytes, fibroblasts and endothelial cells (Antezana et al., 2002; Spenny et al., 2002). SP
stimulates (a) nitric oxide release, vasodilatation and microvascular permeability, (b) expression of
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adhesion molecules on endothelial cells and (c) monocyte chemotaxis leading to cell proliferation and
repair (Antezana et al., 2002; Delgado et al., 2005; Leal et al., 2015). Substance P action is mediated
primarily through a neurokinin receptor, NK-1R, a G-protein coupled receptor with a regulatory
mechanism in enzymatic degradation; NK-1R is expressedin nervous and peripheral tissues (Turner
et al., 2001).

NEP, a zinc metalloprotease, is present in the cell membrane of the same cells that express NK-1R.
NEP competes with NK-1R and its hydroxylation of peptide bonds on the amino-terminal end of
hydrophobic substrates such as Substance P and causes a disruption in neural signaling pathways.
Studies indicate that there is an abnormality in neural signaling pathway in diabetes and a higher NEP
activity in diabetic wounds (Antezana et al., 2002; Leal et al., 2015; Spenny et al., 2002). There is
furthermore a correlation between Substance P degradation and abnormal healing responses in
diabetes, whilst inhibiting NEP causes inflammation and regeneration (Delgado et al., 2005; Spenny
et al., 2002).

In previous studies, NEP enzyme activity of 20.6 +4.5 pmol/hour/ug was identified in diabetic
unwounded mouse skin (Spenny et al., 2002), and an activity of 47.5 pmol /hour/ pg in the margins of
DFUs in patients (Antezana et al., 2002). This is significantly higher than the baseline NEP enzyme
activity (3.65 pmol/hr/ug) in non-diabetic patients (Antezana et al., 2002). Based on this information, a
NEP concentration (0.330 pg/ml) equal to 50 pmol/hour/pg enzyme activity was injected at the wound
edges on day 0, 7 and 14 post-wounding in the current study.

Diabetic wound fluid is considered an exudate with a high protein concentration (total protein: 26-51
pg/ul) in which albumin is the major protein consisting of 14-28 pg/ul of the total protein content
(Trengoveet al., 1996). This fluid is generated by enhanced capillary leakage and activity of a variety
of resident and/or migratory cell types. Diabetic wound fluid, therefore, has a biochemical composition
equivalent to extracellular fluid, reflects the clinical condition of the wound and is not significantly
altered by the collection process (Schmohl et al., 2012). In the current study, the protein concentration
of collected DWF (9.6 pg/ul), was 3-fold less than that of FBS (27.9 ug/ul) that is usually used as a
growth supplement for cells in culture. Thus, to standardize the culture conditions for subsequent in
vitro experiments, this study suggests that the 10% FBS in standard culture media be replaced with
30% DWF to mimic in the extrinsic wound environment in a cell culture dish. A limitation of the current
model is the limited volume of wound fluid that could be collected from each animal that necessitated
pooling of the DWF (following the initial injury and after re-wounding). This did not allow the

assessment of individual variations or variation over time.

Delayed wound healing is a result of several contributing factors such as vascular disease, infection,
pressure, cellular senescence, hyperglycemia and obesity (Mulder et al., 2012). Persistent
inflammation is a key characteristic of chronic wounds (Lee, 2013; Paul, 2018; Qing, 2017,
Ridiandries et al., 2018; Trengoveet al., 2000). Therefore, fluid from these wounds contains elevated
levels of pro-inflammatory cytokines, MMPs, and neutrophil collagenase (Loffler et al., 2013; Yager et

al., 2007). The collected exudate from the ob/ob mice in this study had a cytokine profile that

41



Stellenbosch University https://scholar.sun.ac.za

mimicked these pro-inflammatory clinical characteristics of a non-healing diabetic wound. The
observed overexpression of pro-inflammatory cytokines such as IL1, 1L12, and TNFa as well as
chemokines (KC, G-CSF and MIP1a) in collected DWF indicates a state of chronic inflammation
(Esser et al., 2014; Fivenson et al., 1997; Loffler et al., 2011; Yager et al., 2007). IL1B produced by
macrophages is an essential pro-inflammatory cytokine and contributes to T2DM pathogenesis by
activating NFkB pathway and the subsequent production of other inflammatory mediators, such as
TNFa (Esser et al., 2014; Loffler et al., 2011; Qing, 2017; Zhao et al., 2016). Moreover, proteolytic
activity of ROS in the wound environment degrades and/or denatures some of the growth factors
(such as EGF) released by the ECM and by doing so impairs regeneration (Hardwicke et al., 2011;
Schirmann et al., 2014; Stern et al., 2009). The regulatory effect of ECM is therefore altered in non-
healing wounds via changes in the secretome and protein profile, which together with persistent
inflammation, downregulate proliferation and could negatively affect the regenerative potential of
transplanted MSCs (Otero-Vifias and Falanga, 2016). Investigations into the responsiveness of MSC
upon exposure to inflammatory DWF is thus necessary for the advancement of cell therapy
approaches. This was the focus of the subsequent experiments presented in Chapter 6, p.57.
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Chapter 5: Determination of the safest, non-toxic dose of N-acetylcysteine
(NAC) and Ascorbic acid 2-phosphate (AAP)

5.1 Introduction

MSCs are considered a promising tool in regenerative medicine; therapeutic success in clinical
applications has however been limited (Heublein et al., 2015; Mancuso et al., 2019). MSC impairment
observed in diabetic patients may contribute to their limited success for autologous transplantation
purposes (Ali et al., 2016). This impairment is a consequence of long-term exposure to pathological
changes in the stem cell niche microenvironment. Characteristics of uncontrolled diabetes such as
hyperglycaemia, the accumulation of AGEs, oxidative stress and chronic inflammation, all negatively
affect the multifunctional properties of MSCs (van de Vyver, 2017). Strategies are thus needed to
restore the function of impaired MSCs before autologous cell therapy can be considered a viable
option.

The protective effects of some antioxidants, and their ability to promote the proliferation of healthy
MSCs have already been demonstrated in vitro under stress conditions (Wang et al., 2013a; Yan et
al., 2012). For instance, under long-term culture conditions usually associated with cellular
senescence, 250uM AAP, in combination with FGF2, was able to maintain proliferation of human
bone marrow-derived MSCs for up to two months in culture (Bae et al., 2015). In a different model,
1mM NAC was shown to reduce the oxidative stress (intracellular ROS and NO accumulation)
associated with prolonged culture conditions and by doing so protected induced pluripotent stem cells
(iPSCs) from apoptosis and senescence (Berniakovich et al., 2012). This is supported by a mouse
study that demonstrated that 30mM NAC can protect diabetic bone marrow MSCs in vitro, against
acute hydrogen peroxide (H202)-induced oxidative stress and subsequent cellular damage and
apoptosis (Ali et al., 2016). Based on these and other studies, AAP and NAC are thus thought to play
essential roles in cell cycle regulation, the epigenetic signature, redox status and the formation of
ECM, all of which can impact stem cell fate (Ali et al., 2016; Berniakovich et al., 2012; D’Aniello et al.,
2017; Li et al., 2015). To date, evidence indicating the positive effects of antioxidants on MSC
proliferation is largely based on non-pathologic conditions, with only a few studies illustrating a
protective effect against severe acute oxidative damage in a diabetic model.

The purpose of this study was therefore to identify (a) the optimum individual dose of either AAP or
NAC that will maintain MSC viability whilst promoting proliferation and (b) to determine the effect of
the optimum combined doses of AAP+NAC on MSC viability and proliferation under standard culture
conditions. The identified optimum combined treatment will then be used in subsequent studies
investigating the effectiveness of antioxidant preconditioning on restoring the paracrine and functional
responses of diabetic MSCs (Chapter 6, p.57).
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5.2 Material and Methods

5.2.1 Cell line and culture

As part of the refinement criteria, designed to limit the required number of animals, this study was
performed using a mouse, immortalized MSC cell-line (C3H10T1/2, Clone 8 ATCC® CCL226TM). The
C3H10T1/2 cell line consists of clonal mouse embryonic stem cells which are not tumorigenic when
injected into irradiated or non-irradiated C3H mice; they can differentiate to all the mesodermal sub-
lineages (Pinney and Emerson, 1989).

The C3H10T1/2 MSCs were preserved in liquid nitrogen and thawed (Passage 7) in a 37°C water
bath for one minute. Cells were seeded (2000 cells/cm?) into 100mm culture dishes (Corning, New
York, USA) containing 10ml standard growth medium (SGM) and maintained at 37°C, in 90%
humidified air with 5% CO2. SGM consisted of high-glucose (4.5 g/L) Dulbecco’s modified Eagle
medium (DMEM) with ultra-glutamine 2mM (BioWittaker, Lonza, Basel, Switzerland), 1% penicillin
(100 U/ml) /streptomycin (100 pg/ml) (BioWittaker, Lonza, Basel, Switzerland) and 10% foetal bovine
serum (FBS) (Biochrom, Berlin, Germany). Media was changed every 96h until the cells reached 70-
80% confluence (Fig. 5.1).
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Figure 5.1 Representative images (10x/0.25 PhP objective) of C3H10T1/2 cells in culture. A-24h after
seeding. B- 48h after seeding. C - 6 days after seeding (70-80% confluent).

LY

5.2.2 Seeding and sub-culture

MSCs that reached 70% confluence (passage 7) were sub-cultured as follow: Cell culture medium
was aspirated, and cells washed in pre-warmed phosphate buffered saline (PBS, containing 8g NacCl,
0.2g KCl, 1.44g Na:HPO4, 0.24g KH2PO4 in 1L dH20). Adherent cells were detached from the culture
dish through enzymatic digestion using 0.05% trypsin-EDTA (200 mg/L Versene EDTA, Lonza,
Belgium). Dishes were gently tapped until the cells were floating when viewed under a light
microscope (Olympus CKX41, CachN 10x/0.25 PhP objective). SGM was added to the detached cells
to inactivate the Trypsin-EDTA activity and the cell suspension transferred into 15ml Falcon tubes
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(Corning, Tarnaulipas, Mexico) prior to centrifugation at 1000 RPM for 5 min (Eppendorf centrifuge
5804, Germany). After centrifugation, the cell pellet was re-suspended in 1ml fresh SGM. A cell count
was performed on 20ul of the cell suspension using a haemocytometer (Fuchs-Rosenthal, Western
Germany). The number of cells in four (A, B, C, and D) squares (Fig. 5.2) of the haemocytometer

were counted and the density (cells/ml) calculated according to the following formula:

Total cells/ml = Total cells counted x dilution factor x 10,000 cells/ml

# of Squares

For further expansion of cell number, MSCs were seeded into a 100mm petri dish (Nest, China) at a
seeding density of 2000 cells/cm? and sub-cultured in SGM until passage 8. For experimental
procedures, cells in passage 9 were seeded into 96 well plates (Nest, China) at a seeding density of
2000 cells/cm?.

Figure 5.2 A Haemocytometer counting grid. A, B, C and D represent the respective squares used for cell
counting.

5.2.3 N-acetylcysteine (NAC) and ascorbic acid 2-phosphate (AAP) concentrations

Stock solutions of NAC (60mM) (Sigma-Aldrich®, A9165-100G, St. Louis MO, USA) and AAP (0.6mM)
(Sigma-Aldrich®, 49752-10G, St. Louis MO, USA) were prepared using PBS, sterile filtered (GVS
0.2um, USA) and stored at -20°C according to manufacturer instruction. Repeat freeze/thaw cycles
were avoided and fresh stock solutions were used for subsequent serial dilutions for the dose-

response experiments.

NAC (molecular weight: 163.19 g/mol) was initially diluted with PBS at a concentration of 9.79 mg/ml
(60mM stock solution), and then further diluted using SGM to provide final working concentrations as
indicated in Table 5.1. AAP (molecular weight: 322.05 g/mol) was diluted using DMEM at a
concentration of 200pug/mL (0.6mM stock solution) and then further diluted using SGM to obtain the
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final working solutions (Table 5.1). For the combination treatments, to avoid volume/volume effects of

concentration reduction, the following formula was used for calculations:

C1V1 = C2V2

Table 5.1 Concentrations of NAC and AAP used in the dose-response assays.

Antioxidant High (mM) Medium (mM) Low (mM) Very low (mM)
NAC 60 30 15 7.5

AAP 0.6 0.3 0.15

AAP+NAC 0.6 - 15

AAP+NAC 0.6 - - 7.5

AAP+NAC - 0.3 15

AAP+NAC - 0.3 - 7.5

Footnote: The medium concentration was selected based on the literature and then a higher and lower
concentration chosen (based on serial dilution) to be tested in our model.

5.2.4 Cellular proliferation

Effects of NAC and/or AAP treatment on MSC proliferation was assessed using a 5-bromo-2-
deoxyuridine (BrdU) ELISA assay (11669915001 Roche, Mannheim, Germany) according to the
manufacturer’s instructions. In the assay, BrdU incorporates into the DNA of proliferating cells during
DNA synthesis. The extent of BrdU incorporation is measured using spectrophotometry and is thus
directly proportional to the number of proliferating cells.

Cells were seeded (2000 cells/cm?, in triplicate wells of a 96 well plate) in 100pl SGM and incubated
for 24h at 37°C and 5% CO: to allow for cell attachment. After 24h, the medium from each well was
removed and 100yl of SGM containing either a high (0.6mM AAP or 60mM NAC), medium (0.3mM
AAP or 30mM NAC), low (0.15mM AAP or 15mM NAC) or very low (7.5mM NAC) dose of NAC or
AAP, added to each specified well (Fig. 5.3).

Plates were incubated at 37°C for either 24h, 48h or 6 days with media being changed on day 3 since
NAC has a half-life of 3-4 days. Four hours before the specified endpoints (i.e. 20h, 44h and 5 days
20h), 10ul of BrdU labelling solution (1000x Roche, Mannheim, Germany) was added to each well.

At the specified endpoints (following 4h of incubation in the presence of BrdU), the experiment was
stopped by removing all the medium from each well and the plates were stored in foil at 4°C for no
more than a week. This enabled the performance of the enzyme-linked immunosorbent assay ELISA
for analysis of all the plates on the same day (i.e. after the 6-day time point). The assay was
performed according to the manufacturer’s instructions and the absorbance read at 370nm with a

designated reference wavelength of 492nm (Multiskan GO plate reader, Thermo Fisher, Finland). The
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assay was repeated 3 times (n=3) for each time point, with each repeat containing 3 internal
replicates (3 wells).

Passage 8 Passage 9 Passage 10

Control (SGM) | A @OOC @OOOO
000000000000
AAP (0.3mM) | C OQC OQOOQOOO
AAP (0.6mM) | D QQC OQOOOQOO
NAC (15mM) | E OOC 00%8888
NAC (30mM) | F OOC OOOO
NAC (60mM) | G QOOC OOQOOOOO

Figure 5.3 Layout of the 96 well plate and wells with treatment for BrdU assay. For each treatment
condition, the assay was repeated on MSCs in x3 different passages (n=3) and for each repeat, triplicate wells
were assessed. B: blank (background control), mM (mmol): millimole, SGM: standard growth medium.

5.2.5 Caell viability and in vitro toxicity assay

Cell viability after treatment with AAP and/or NAC was assessed using two methods: methyl-thiazolyl-
tetrazolium (MTT) assay and crystal violet (CV) staining. Similar to the cellular proliferation assay (Fig.
5.3), cells were seeded into a 96 well plate (2000 cells/cm?2) in SGM (100 pl/well) and incubated for
24h at 37°C to allow for cellular attachment. After 24h, all the medium from each well was aspirated
and replaced with 100ul SGM containing either a high (0.6mM AAP or 60mM NAC), medium (0.3mM
AAP or 30mM NAC), low (0.15mM AAP or 15mM NAC) or very low (7.5mM NAC) treatment dose.
Plates were incubated at 37°C for either 24h, 48h or 6 days with media being changed on day 3.

5.2.5.1 methyl-thiazolyl-tetrazolium (MTT) assay

The MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) assay measures cell viability
through mitochondrial dehydrogenases. Mitochondrial dehydrogenases of viable cells cleave the
tetrazolium ring, yielding purple formazan crystals. The crystals can be dissolved using a
solubilization solution and the colour absorbance measured spectrophotometrically as an indication of
the number of viable cells and thus the degree of cytotoxicity caused by the treatments (higher
absorbance values indicates a greater amount of formazan formed and therefore more viable cells).

The following procedure was used for the methyl-thiazolyl-tetrazolium (MTT) assay (#SLBMQO752V,
Sigma-Aldrich®, St. Louis, USA): After 20h, 44h or 5 days and 20h of treatment (4 hours prior to
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endpoint), medium was removed, the cells washed with washing solution and 100ul of DMEM (1%
PenStrep) containing 10ul MTT label (M-6555 Sigma-Aldrich®, St. Louis, USA) added to each well. At
the specified endpoints (after 4h of incubation in the presence of MTT), 100ul solubilization solution
(M-8910 Sigma-Aldrich®, St. Louis, USA) was added and the plate incubated at room temperature for
5-10 min The absorbance values were read with the plate reader (Multiskan GO, Thermo Fisher,

Finland) at 570 nm with a designated reference wavelength of 690 nm.

The MTT assay did, however, cross-reactwith NAC containing medium (refer to results section5.3.2,

p.50) and could thus only be used for the individual AAP treatments.
5.2.5.2 Crystal violet Staining

The Crystal violet Assay (hexamethyl| pararosaniline chloride) was used as an alternative to determine
the effect of individual NAC and combined NAC+AAP treatments on MSC viability (Feoktistova et al.,
2016; Sliwka et al., 2016). Crystal violet is a simple histological stain that binds to the DNA and
protein of adherent (live) cells and can be visualized using light microscopy or the colour absorbance
can be spectrophotometrically measured. This characteristic can be used for the indirect
guantification of cell death and to determine differences in proliferation upon stimulation with death-
inducing agents compared to control. Crystal violet assay works independent from metabolism
interactive additives or synergistic interaction, thus is identified as a replacement option for MTT

assay when an antagonistic interaction prevents MTT measurement.

The seeding and treatment conditions were the same as described previously (refer to section 5.2.5,
p.47). After treatment for either 24h, 48h or 6 days, all of the media was removed from each well and
the cells washed with 150ul PBS (1x). The PBS was removed, and the cells fixed for 30 sec using
150ul methanol (Merck, Gauteng, RSA). After removal of the methanol, cells were washed once again
(PBS 1x) and 150yl crystal violet working solution (0.01% in dH20) (Sigma-Aldrich®, Germany) added
to each well and incubated for 5 min at room temperature. After staining, the crystal violet solution
was removed, and the cells washed twice with PBS. One representative image was taken of each
well using a light microscope (Olympus CKX41, CachN 10x/0.25 PhP objective). Following removal of
the PBS, 100ul 70% ethanol (Merck, Gauteng, RSA) was added to dissolve the stain (shaking
platform) (Heidolph, UNIMAX 1010) and the absorbance values were read with a plate reader
(Multiskan GO, Thermo Fisher, Finland) at 570 nm.

5.2.6  Statistical analysis

All data values are presented as a mean tstandard error (meantSE). Statistical analysis was
performed using Statistica software (Version 13, StatSoft). Comparison of parameters (group x time)
was evaluated by analysis of variance (Factorial ANOVA) followed by Tukey post hoc test. Statistical

significance was accepted at p<0.05.
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5.3 Results

5.3.1 The optimum individual dose of NAC or AAP to promote cellular proliferation

Compared to standard growth conditions (SGM set at 100%), of all the concentrations tested, the very
low dose (7.5mM) of NAC had the most significant effect on the proliferation rate of MSCs over a
period of 24h (187.2 £12.9%) (p<0.05) and 48h (255.4 +13.8%) (p<0.05) (Fig. 5.4A). Moreover, the
high dose (0.6mM) of AAP significantly increased cellular proliferation after 24h (122.9 +12.2%)
(p<0.05) of treatment (Fig. 5.4B) compared to SGM. No significant differences were observed
between treatment groups and SGM after 6 days in culture, this is likely due to contact inhibition after

the cells reached confluency (>90% confluent on day 6).

300 - N . NAC (7.5mM)
[ = NAC (15mM)
250 - I B NAC (30mM)
* *
| |
200 A I

BrdU proliferation (%)
=
a1
o

24h 48h 6 days
B 300 - AAP (0.15mM)
AAP (0.3mM)
250 A
3 HAAP (0.6mM)
<
.5 200 A
<
QL 150 A —
g‘ I ! SGM
% 100 f--------" N -----" T-I ----------------- --
5 I o
50 1
0

24h 48h 6 days

Figure 5.4 Proliferation rate of C3H10T1/2 cells after NAC and AAP treatment. A- The independent effect of
NAC (7.5mM, 15mM, 30mM and 60mM) and B- AAP (0.15mM, 0.3mM, 0.6mM) on MSC proliferation (BrdU
incorporation) over a period of 24h, 48h and 6 days. The assay was repeated on MSCs in x3 different passages
(n=3) and for each repeat, triplicate wells were assessed. Statistical analysis: Values are presented as
mean+SE with SGM (control) set at 100%. Factorial ANOVA with Tukey post hoc test (*p<0.05).
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5.3.2 The optimum individual dose of NAC or AAP to maintain cell viability

Due to excessive colour change (possible cross-reactivity) between MTT and NAC, the data obtained
from the MTT assay for the individual NAC treatments could not be used. Upon further investigation,
this information was also provided on the manufacturer’s website

(https://www.sigmaaldrich.com/catalog/product/sigma/a9165?lang=en&region=ZA). Refer to Figure

5.5 for a visual representation of the cross-reactivity that occurred on the plate during the
performance of the assay. No significant difference was detected over time for any of the AAP
treatment conditions (Fig. 5.6). However, a slight non-significant increase in the percentage (%) of
viable cells was evident at 24h in the presence of AAP compared to control (Fig. 5.6). Because of the
inconclusive data obtained from the MTT assay, the experiments were repeated using Crystal violet
staining as an indicator of cell viability, triplicated (passages 8, 9, 10) biologically with three technical

repeats for each.

Consistent with the MTT data, Crystal violet staining demonstrated that AAP (0.15mM, 0.3mM,
0.6mM) increased cell number compared to SGM during the first 24h of treatment and cell viability
was maintained despite the presence of AAP over the 48h and 6-day culture period (Fig. 5.7).
Quantification of Crystal Violet staining spectrophotometrically illustrated AAP sustained cell viability
to a greater extent than SGM (Fig. 5.8).

Crystal violet staining furthermore confirmed that the high concentrations of NAC (15mM and 30mM)
were cytotoxic (Fig. 5.9). Complete cell lysis occurred in the highest concentration of NAC (60mM).
The very low dose of NAC (7.5mM) was the only tested concentration that could sustain cell viability
to a similar extent than SGM over the 6-day culture period (Fig. 5.10).

Passage 8

Control (SGM) B

AAP (0.15mM) B

AP (03mM) B
AAP (0.6mM) B
NAC (15mM) ‘J

NAC (30mM) .

NAC (60mm) (B

Figure 5.5 A representative image indicating cross-reactivity during the MTT assay. The reaction only
appeared in NAC preconditioned wells containing viable cells (15mM and 30mM). No cross-reactivity was evident
in the wells treated with NAC (60mM), due to complete cytotoxicity and cell lysis following treatment with a high
concentration of NAC. A very low concentration of NAC (7.5mM) was therefore added to subsequent
experiments. mM (mmol): milimole
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300 - AAP (0.15mM)
= AAP (0.3mM)
250 1 B AAP (0.6mM)

200 A
150 +

100 -

MTT viability (%)

50 -

24h 48h 6 days

Figure 5.6 MSC viability following treatment with AAP. The independent effect of AAP (0.15mM, 0.3mM,
0.6mM) on MSC viability (MTT cell toxicity) over a period of 24h, 48h and 6 days. The assay was repeated on
MSCs in x3 different passages (n=3) and for each repeat, triplicate wells were assessed. Statistical analysis:
Values are presented as meantSE with SGM (control) set at 100%. Factorial ANOVA with Tukey post hoc test
(*p<0.05).

Control (SGM) AAP (0.15mM) AAP (0.3mM) AAP (0.6mM)

Tl

Figure 5.7 Representative images of crystal violet staining using a light microscope. Images were
(10x/0.25 PhP objective) captured after 24h, 48h and 6 days of treatment with either AAP (0.15mM), AAP
(0.3mM) or AAP (0.6mM). mM (mmol): millimole
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Figure 5.8 MSC viability following treatment with AAP. The independent effect of AAP (0.15mM, 0.3mM,
0.6mM) on MSC viability (CV staining) over a period of 24h, 48h and 6 days. The assay was repeated on MSCs
in x3 different passages (n=3) and for each repeat, triplicate wells were assessed. Statistical analysis: Values
are presented as meantSE with SGM (control) set at 100%. Factorial ANOVA with Tukey post hoc test
(*p<0.05).

Control (SGM) NAC (7.5mM) NAC (15mM) NAC (30mM)

24h ' Sl §
< A " . ) % £ !j .

Figure 5.9 Representative images from each well after crystal violet staining using a light microscope.
Images (10x/0.25 PhP objective) captured 24h, 48h and 6 days after treatment with NAC (7.5mM), NAC (15mM)
and NAC (30mM) compared to control. mM (mmol): millimole
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Figure 5.10 MSC viability following treatment with NAC. The independent effect of NAC (7.5mM, 15mM, and
30mM) on MSC viability (CV staining) over a period of 24h, 48h and 6 days. The assay was repeated on MSCs in
x3 different passages (n=3) and for each repeat, triplicate wells were assessed. Statistical analysis: Values are
presented as mean+SE with SGM (control) set at 100%. Factorial ANOVA with Tukey post hoc test (*p<0.05).

5.3.3 Synergistic effect of AAP and NAC combinations on MSC viability

The synergistic effect of various combined treatment concentrations (NAC15mM+AAPQ.6mM;
NAC15mM+AAP0.3mM; NAC7.5mM+AAP0.6mM; NAC7.5mM+AAP0.3mM) on cell viability was
assessed over a period of 6 days. Crystal violet staining demonstrated that all of the combinations
tested could sustain cellular growth over the 6-day period (Fig. 5.11). Quantification of the crystal
violet staining identified 7.5mM NAC + 0.6mM AAP as the optimum treatment concentrations. The
data demonstrated that 7.5mM NAC + 0.6mM AAP significantly improved cell viability (122.6 +4.8%)
compared to SGM (p<0.05), whereas 7.5mM NAC + 0.3mM AAP maintained cell viability equivalent
to control (104 £12%) (Fig. 5.12).

Control (SGM) NAC (15mM)+AAP (0 6mM) NAC (15mM)+AAP (0.3mM) NAC (7 5mM)+AAP(0 6mM) NAC (7.5mM)+AAP (0.3mM)

Figure 5.11 Representative pictures from each well after crystal violet staining. Images captured of each
well containing AAP and NAC combined treatment over 6 days. mM (mmol): millimole
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Figure 5.12 The synergistic effect of combined NAC and AAP treatment on cell viability (crystal violet
staining) over a period of 6 days. The assay was repeated on MSCs in x3 different passages (n=3) and for
each repeat, triplicate wells were assessed. Statistical analysis: Values are presented as mean+SE with SGM
(control) set at 100%. One-way ANOVA with Tukey post hoc test (*p<0.05).

5.4 Discussion

Mouse immortalized MSCs (C3H10T1/2) were used to determine the safest, non-toxic doses of NAC
and AAP as potential agents to counteract MSCs impairment. These two substances have both
antioxidant and anti-inflammatory properties, which act through several key pathways, to remove
excessive intracellular oxidants and protect important organelles from ROS-induced damage (Bae et
al., 2015; Sun et al., 2013). This protective effect is mediated by regulation of enzymes such as
superoxide dismutase, catalase, glutathione peroxidase and via the action of non-enzymatic
molecules (ergothioneine, vitamin C and microelements), which taking together prevent cellular
senescence and apoptosis (Chen et al., 2017). This study demonstrated that under healthy (non-
pathological) conditions, a combination of NAC (7.5mM) and AAP (0.6mM) was able to promote
cellular proliferation and improve MSC viability over a period of 6 days in culture. Subsequent
experiments will test the efficacy of this combined treatment regime to restore the molecular and

functional responses of severely impaired diabetic MSCs.

As previously mentioned (section 5.1, p.43), the protective effect of either AAP or NAC added to
standard culture conditions has already been assessed using human-derived MSCs. Potdar &
D’souza (2010) demonstrated that 0.25mM ascorbic acid increased the proliferation rate and the
expression of pluripotency markers (Oct4 and SOX2) in adipose tissue-derived stem cells (ADSCs)
without affecting their phenotype or differentiation potential (Potdar and D’souza, 2010). Humans are
strictly dependent on exogenous sources of ascorbic acid (also known as vitamin C) because of the
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inability to synthesize the L-gulonolactone oxidase (GLO) enzyme (D’Aniello et al., 2017). Ascorbic
acid is however not stable under standard culture conditions, whereas the 2-phosphate form (AAP) is
a long-acting Vitamin C derivative that is more stable and better suited for cell culture conditions (Hata
and Senoo, 1989). Using this long-acting derivative, AAP, various studies confirmed the observations
of Patdar & D’souza (2010), illustrating that in vitro AAP treatment can maintain the stemness of
MSCs and promote cell growth without negatively affecting their differentiation potential (Bae et al.,
2015; Chai et al., 2008).

The growth promoting effect of AAP seemed to be dose dependent. Bae et al. (2015) tested various
concentrations (0-0.5mM) of AAP on bone marrow-derived MSCs and demonstrated a dose-
dependent effect with the highest proliferation rate achieved using a combination of 250uM (0.25mM)
AAP and 1ng/ml FGF2. Similarly, Choi et al. (2008) investigated the effect of culture media
supplemented with various concentrations (0-0.5mM) of AAP for 2 weeks, on bone marrow MSC
proliferation, differentiation (adipocytes and osteoblasts) and ECM formation (collagen and
glycosaminoglycan secretion) and also identified 250uM (0.25mM) as the optimum concentration
(Bae et al., 2015; Choi et al., 2008). In this study, a concentration similar to the previously identified
AAP concentration was selected as the medium dose (0.3mM) and then subsequently a higher and
lower dose also tested. A higher concentration of AAP (0.6mM) was however identified as optimum
for the use in our model. The protective mechanism of action of AAP is thought to involve a)
counteracting the endogenous ROS production during in vitro expansion of MSCs and b) promoting

the synthesis and secretion of ECM.

The excessive accumulation of intracellular ROS associated with hyperglycaemia or prolonged culture
of cells results in increased oxidative stress and inflammation that can trigger cell death, via apoptosis
(Kaneto et al., 2010; Pieme et al., 2017; Singh et al., 2009). ROS activated apoptosis is mediated
through critical signalling pathways such as the nuclear factor kappa B (NFkB), the serine/threonine
protein kinase (Akt) pathway and its downstream mammalian target of rapamycin complex 1
(MTORC1) (Fakhruddin et al., 2017; Volpe et al., 2018). In diabetes specifically, apoptosis can also
be triggered through activation of Toll-Like Receptor 4 (TLR4) upstream of NFkB signalling (Volpe et
al., 2018). Ascorbic acid exerts its biological function intracellularly and is transported into cells via
sodium-coupled ascorbic acid transporters (SVCTs; SLC23), or in the case of dehydroascorbic acid
by members of the glucose transporter (GLUT1; GLUT3; GLUT4) family (D’Aniello et al., 2017).
Intracellularly, ascorbic acid reduces ROS production and has been shown to partially restore the
levels of antioxidant enzymes such as catalase, SOD1 and 2, p-FOXO1 and p53. (Jeong and Cho,
2015). In addition to its protective role by reducing the levels of intracellular ROS, ascorbic acid also
promotes collagen synthesis that forms a crucial part of the ECM (Bae et al., 2015; Choi et al., 2008;
Hata and Senoo, 1989).

Within the stem cell niche, the ECM provide stem cells with specific signals to determine their
activation status and fate, but also provides physical support within the microenvironment. This

microenvironment can be influenced by several factors (chemical and structural) that subsequently
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provides external stimuli inducing MSC proliferation and/or differentiation (Rojas-Rios and Gonzéalez-
Reyes, 2014). The ECM furthermore contains glycosaminoglycans (GAGs) and hyaluronic acid (HA)
which offers a large water holding and growth factor binding capacity that sig nificantly impacts cell
adhesion, migration, differentiation, and morphogenesis (Votteler et al., 2010). This is supported by
studies demonstrating that ascorbic acid-induced ECM deposition enhances the proliferation and
migration capacity of MSCs (Kato et al., 2017; Prewitz et al., 2013).

NAC, on the other hand, is a glutathione (GSH) precursor that acts as a potent ROS inhibitor with
anti-inflammatory properties (Li et al., 2015). Due to its ROS scavenging ability, NAC prevents
oxidative stress and apoptosis by preventing the excessive accumulation of intracellular ROS (Ali et
al., 2016; Berniakovich et al., 2012; Li et al., 2015). To date, numerous studies provide evidence in
support of the cytoprotective effects of NAC on MSC function. In the presence of severe oxidative
stress induced by exogenous H>0- addition, gene expression analysis previously demonstrated that
30mM NAC treatment can protect diabetic mouse-derived MSCs against cellular damage through
upregulation of pro-survival genes (Akt and Bcl-2) and downregulation of pro-apoptotic and stress-
related genes (Caspase-3, Bax, Bak, p53 and p38) (Ali et al., 2016). In support of this finding,
Weinberg et al. (2014) indicated that 2mM NAC can prevent apoptosis in bone marrow MSCs-derived
from a diabetic rat model (Weinberg et al., 2014) and Fan et al. (2011) demonstrated that 5mM NAC
treatment in the presence of free radicals (alpha-phenyl-t-butyl nitrone) can protect MSCs against
DNA damage and prolonged culture induced cellular senescence (Fan et al., 2011). In addition to its
cytoprotective and growth promoting ability, NAC also has anti-inflammatory properties. These are
related to NAC’s ability to suppress proteasome activity and inhibit NFkB activation that subsequently
limits the release of pro-inflammatory cytokines (Lasram et al., 2015).

In non-pathological models, previous studies have shown that combined treatment of NAC and AAP
(NAC+AAP) accelerates cellular proliferation through suppression of cyclin-dependent kinase
inhibitors whilst upregulating the pro-survival BCL2 protein (Li et al., 2015). Taking together, it is
therefore hypothesized that the synergistic effect of AAP (antioxidant and ECM deposition) and NAC
(ROS scavenging and anti-inflammatory) could provide a therapeutic compound with the potential to
counteract stem cell dysfunction associated with the pathogenesis of diabetes. In this study,
combined AAP and NAC treatment yielded better synergistic effects interms of MSC proliferation and
viability under standard culture conditions than either antioxidant alone, therefore warrants further

testing in pathological conditions.
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Chapter 6: Investigating the efficacy of antioxidant preconditioning to restore
the molecular/paracrine and functional responses of bone marrow
mesenchymal stem cells upon stimulation with diabetic wound fluid.

6.1 Introduction

Wound healing and the dysregulation thereof are complex physiological processes that currently have
few effective treatment strategies, especially in multifactorial diseases like T2DM. The chronic
inflammatory state of obesity and T2DM involves dysregulation of pro-inflammatory cytokines,
chemokines, plasma levels of coagulating factors (fibrinogen and plasminogen activator inhibitor 1),
acute-phase proteins, C-reactive protein (CRP) and apolipoproteins associated with high-density

lipoprotein (HDL), such as serum amyloid A (Esser et al., 2014).

As described in previous chapters (Chapters 2.2, p.10 and 4.1, p.30) normal wound healing is
dependent on the transition through the various stages of the healing process and that the cellular
mediators of regeneration respond to changes in the paracrine signalling in the wound environment.
Neutrophils and pro-inflammatory macrophages (M1) infiltrate the wound area during the early stages
of healing (inflammatory phase). Under normal circumstances, this inflammatory process is inhibited,
and healing continues by transitioning to the proliferation phase. The proliferative phase is
characterized by the beginning of ECM formation, angiogenesis and re-epithelialization. Finally, the
healing process is completed by remodelling and matrix reorganisation (Dreifke et al., 2015;
Dulmovits and Herman, 2012; Martin and Nunan, 2015). Macrophages are a key component in this
process and respond to paracrine signals and TLRs by either differentiating into an M1 pro-
inflammatory phenotype (stimulation of TLR4) with antimicrobial activity and the ability to secrete
inflammatory mediators such as IFNy and TNFa; or differentiate to an M2 anti-inflammatory
phenotype (stimulation of TLR3) that secretes growth promoting factors such as IL10 and TGF{1.
This switch from pro- to anti-inflammatory is essential to promote the transition into the reparative and
remodelling stages of wound healing (Betancourt, 2013; Le Blanc and Davies, 2015). If the balance in
the transition from M1 to M2 macrophages is disrupted (as is the case with dysregulation of
inflammatory signals), healing will be impaired, and the wound may become chronic. In chronic
diabetic wounds, a combination of microenvironmental factors, that include an excessive and delayed
inflammatory response, ischemia, dysfunctional supporting cells and impaired angiogenesis hamper

the natural progression through the stages of healing (Baltzis et al., 2014; Martin and Nunan, 2015).

Exogenously applied allogeneic (healthy) MSCs have a differentiation potential, immunosuppressive
properties, and can impart anti-inflammatory effects, and could, therefore, restore the wound
microenvironment through paracrine signalling by inducing the proliferative and remodelling phases of
healing (Marfia et al., 2015; Zang et al., 2017). It has been shown that MSCs have a similar capacity
to that of macrophages when it comes to phenotype and can polarize to become either pro-
Inflammatory MSC1 (TLR4) or anti-Inflammatory MSC2 (TLR3) (Betancourt, 2013; Waterman et al.,

2010). The compromised functionality of autologous MSCs in diabetes (due to long-term exposure to
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pathological conditions and systematic changes in the stem cell niche), restricts their therapeutic
potential (Shin and Peterson, 2012; van de Vyver, 2017) and might be related to their phenotype.
The hostile chronic wound microenvironment may also influence the biological and metabolic vitality
of healthy MSCs and as result negatively affect treatment outcomes (Li et al., 2007; Silvaet al., 2015;
Zhang et al., 2016a).

Taking together, these factors all contribute to the unpredictability of stem cell therapy for the
treatment of diabetic wounds. The main purpose of this study was thus to (a) broaden our insight into
the sensitivity of MSCs to pathological environments by assessing the molecular and paracrine
responses of healthy and impaired diabetic MSCs to DWF and (b) to investigate the efficacy of
antioxidant preconditioning in improving the functional responsiveness of these MSCs in the context
of wound repair.

6.2 Material and Methods

6.2.1 Ethics approval statement

This study was approved by the animal research ethics committee at Stellenbosch University (#SU-
3857, 15 June 2018) and complied with the South African Animal Protection Act (Actno 71, 1962). All
experimental procedures were conducted according to the ethical guidelines and principles of the

declaration of Helsinki (Refer to Addendum A, p.115 for the ethical approval letters).

6.2.2 Overview of study design

Refer to Figure 6.1 below for an overview of the study design. All experiments were performed on
MSCs derived from at least 3 animals per treatment group (n=3 biological repeats and x2 technical

repeats). The specific treatment groups and detailed methodology is describedin the sections below.
The treatment groups were as follow:

a) No treatment (baseline phenotype): MSCs expanded in Standard growth media (SGM) (8
days) and only exposed to growth media.

b) DWF (baseline response): MSCs expanded in SGM (8 days) followed by acute exposure to
DWEF for a period of 4h.

c) Antioxidant preconditioning (preconditioned phenotype): MSCs expanded in the presence of
NAC+AAP (£8 days).

d) Antioxidant preconditioning + DWF (preconditioned response). MSCs expanded in the
presence of N-acetylcysteine and Ascorbic acid 2-phosphate (NAC+AAP) (8 days) followed
by acute exposure to DWF for a period of 4h.

This study was therefore designed to assess the phenotype and responsiveness of MSCs on both

molecular/paracrine as well as functional levels.
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Figure 6.1 Overview of study design. The isolated bone marrow MSCs derived wild type or ob/ob mice were
expanded in culture under either standard growth media (SGM) conditions (MSCs derived from left femur) or in
the presence of antioxidants (preconditioning) (MSCs derived from right femur of the same mouse) prior to
stimulation with diabetic wound fluid (DWF). The antioxidant preconditioning consisted of the optimum combined
treatment with NAC (7.5mM) (Sigma-Aldrich®, St. Louis MO, USA) and AAP (0.6mM) (Sigma-Aldrich®, St. Louis
MO, USA) as determined in Chapter 5, p.43. For the preconditioned MSCs, immediately following isolation, the
isolation medium (first 96h) was supplemented with the antioxidants, with media being changed every 3-4 days.
Following the expansion of cell number (80-90% confluent), MSCs (with and without preconditioning) were
stimulated with DWF for a period of 4h. As determined in Chapter 4, p.30, the total protein concentration of the
collected DWF was x3 fold less than that of FBS. For stimulation, the 10% FBS in the growth media was
therefore replaced with 30% DWF.

6.2.3 Isolation and culture of bone marrow derived MSCs

Healthy control (source: wild type, C57BL/6J mice, weight 24.3+0.59) (n=24) and impaired/ diabetic
(source: obese pre-diabetic, B6 Cg-Lep°®J mice, weight 39.5+1.2g) (n=24) bone marrow-derived
MSCs were isolated from the femurs of animals. Following euthanasia, the femurs were dissected out
and the proximal and distal ends of each femur cut open in a sterile environment. Bone marrow
aspirates were flushed into tissue culture plates (6-well plates, Nest Biotechnology Co., Ltd., USA)
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using a 25-gauge needle and syringe containing isolation medium. Isolation medium consisted of
DMEM with ultra-glutamine (4.5 g/L high glucose, BioWittaker, Lonza, Basel, Switzerland), containing
1% penicillin/streptomycin (BioWittaker, Lonza, Basel, Switzerland) and 20% FBS (Biochrom, Berlin,
Germany). The bone marrow aspirates were maintained at 37°C, in 90% humidified air with 5% CO-
to allow for plastic adherence of MSCs. After 96h, non-adherent cells were washed off with PBS and
the media replaced with standard growth media (SGM). SGM consisted of DMEM with ultra-glutamine
(4.5 g/L high glucose, BioWittaker, Lonza, Basel, Switzerland), containing 1% penicillin/streptomycin
(BioWittaker, Lonza, Basel, Switzerland) and 10% FBS (Biochrom, Berlin, Germany). Media was

changed every 3-4 days until the cells reached 80% confluence in passage 0 (Fig. 6.2).

For the functional response experiments, MSCs (with or without NAC+AAP preconditioning) (70%
confluence; passage 0), were sub-cultured (passage 1) as follow: Cell culture medium was aspirated,
and cells washed in pre-warmed PBS, adherent cells were detached from the wells (6-well plate)
through enzymatic digestion using 1ml/well Accutase (StemPro®Accutase®, gibco®, USA). In the
presence of Accutase, the plates were gently tapped and incubated for a maximum period of 5 min to
allow for detachment. SGM (2ml) was added to inactivate the enzymatic activity and the cell
suspension (3ml) transferred into 15ml Falcon tubes (Corning, Tarnaulipas, Mexico) and centrifuged
at 1000 RPM for 5 min (Eppendorf centrifuge 5804, Germany). After centrifugation, the cell pellet was
re-suspended in 1Iml SGM. A cell count was performed on 20ul of the cell suspension using a
haemocytometer as previously described (refer to chapter 5.2.2, p.44). Seeding density (passage 1)

differed according to each of the subsequent experiments as described in section 6.2.6 below (p.65).

Figure 6.2 Representative images from isolated bone marrow stem cells. MSCs 8 days after isolation from
healthy control and prediabetic obese mouse with and without preconditioning.
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6.2.4 Flow cytometry characterization of isolated MSCs

MSCs (80% confluent; passage 0) were harvested through trypsinization, centrifuged at 1000 RPM
for 5 min (Eppendorf centrifuge 5804, Germany), and resuspended in flow cytometry staining solution
(PBS containing 20% FBS). Cell suspensions at a concentration of 1 x 108 cells per 100uL were co-
labelled with rat anti-mouse monoclonal antibodies againstthe stem cell marker, Ly-6A/E (Sca-1) (PE
conjugated, BD Pharmingen, USA) and the hematopoietic lineage marker, CD45 (FITC conjugated,
BD Pharmingen, USA). Flow cytometry was performed on a BD FACS Calibre instrument using
CellQuest software. A total of 15000 events were recorded prior to data analysis. Fluorescent
compensation settings. were established through a compensation experiment using comp beads
(BD™CompBead Plus Anti-Mouse Ig, k, BD Biosciences, USA). An unstained control sample was
used as a negative control for gating purposes. Data analysis was performed using Flow Jo Vx

(Treestar, Oregon, USA) software.
6.2.5 Analysis on Molecular/paracrine level
6.2.5.1 Collection and analysis of conditioned medium

After MSCs reached 80% confluence in passage 0, the growth media (with or without NAC+AAP) was
replaced with serum-free media for a period of 24h. The complete serum-free growth media consists
of Stem Pro MSC SFM basal media (Gibco, Life Technologies, USA), Stem Pro MSC SFM growth
factor Supplement CST (Gibco, Life Technologies, USA), 2mM L-Glutamine (Gibco, Life
Technologies, USA) and 5 pg/ml penicillin/streptomycin (BioWhittaker, Lonza, Basel, Switzerland).
After 24h, the conditioned medium was collected, centrifuged to remove cellular debris and stored at -
80°C.

For stimulationwith DWF, MSCs in treatment groups 2 and 4 (baseline and preconditioned response),
were stimulated with SFM containing 30% DWF for 4h. Conditioned medium was collected (after
stimulation/addition with DWF) and stored at -80°C.

6.2.5.1.1 Multiplex bead array analysis

The cytokine concentrations (Eotaxin, G-CSF, GM-CSF, IFNy, IL1a, IL1B, IL2, IL3, IL4, IL5, IL6, IL9,
IL10, IL12(p40), 1L12(p70), IL13, IL17A, KC, MCP1, MIP1a, MIP1B, RANTES, TNFa) within
conditioned medium were assessed using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Plex
Pro™ Mouse 23-plex, BIO-RAD, USA) according to the manufacturer’s instruction, using a Multiplex
reader (Bio-Plex® MAGPIX™ BIO-RAD, USA) and Bio-Plex Manager™ MP software. The Bio-Plex
assay systemis based on sandwich immunoassay, formatted on magnetic beads (Fluorescently dyed
microspheres) with a distinct colour code to permit discrimination and are coated with a specific panel
of antibodies. This assay simultaneously measures multiple analytics in a single sample indicating

cytokines involved in inflammatory stage of healing.
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6.2.5.1.2 Enzyme-linked Immunosorbent Assay (ELISA)

The mouse stromal-cell derived factor 1 (SDF1a)/ CXCL12 ELISA Kit (#RAB0125 Sigma-Aldrich®,
USA) was used to determine SDF1a concentrations in conditioned medium according to the
manufacturers’ instructions. The ELISA is an enzyme-linked immunosorbent assay for the quantitative
measurement of a target protein in biological samples. The assay employs a specific capture antibody
coated on a 96 well plate. Standards and samples were pipetted into the wells, incubated and the

target protein present in each sample bound to the wells by the immobilized antibody.

A streptavidin-HRP solution was added as the enzyme-linked antigen to detect the presence of and
bind to the antibody in the sample. Then a colourless substrate solution was added to each well,
which produced a colour to indicate the presence of the antibody/protein complex. Absorbance was
read at 450nm (constant 37°C) using a standard spectrophotometer (Multiskan® GO plate reader,
Thermo Fisher, Finland). Readings obtained from the spectrophotometer were exported into Thermo
Scientific Skanlt® Software 3.2 for a detailed calculation of the concentration (pg/ml) of each sample

using a linear standard curve.
6.2.5.2 RNA isolation and cDNA synthesis

Total RNA was isolated using the RNeasy RNA isolation kit (RNeasy® Mini Kit, QIAGEN, Germany)
with on-column DNase digestion (RNase-Free DNase Set, QIAGEN, Germany) as per manufacturer’s
instructions. RNA quantification (ng/ul) and quality control were performed using the Eukaryote Total
RNA Nano Series |l Bioanalyzer (2100 Bioanalyzer, Agilent Technologies, Inc, USA). Total RNA
(0.5ug) with integrity of above 9 (RIN>9) (Fig. 6.3) was used as a template for cDNA synthesis, using
the RT? First Strand Kit (RT? First Strand Kit, QIAGEN, USA) that included a genomic DNA elimination
step.
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Figure 6.3 Representative image of a bioanalyzer gel and an electropherogram summary. RNA (0.5ug) with
integrity of above 9 (RIN>9). FU: fluorescence units, nt: nucleotide.
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6.2.5.2.1 RT2 qgPCR micro-array

cDNA samples for each treatment condition were analysed with a RT?2 Profiler PCR Inflammatory
cytokines & receptors array (96-well plate format, RT2 Profiler™ PCR Array, QIAGEN, USA) and RT?
SYBR® Green Master-mix (ROX™ PCR Mastermix, QIAGEN, USA) using an ABI 7900HT Fast real-
time PCR system (Applied Biosystems, Life technologies, USA) and SDS software (version 2.3, Life

technologies, USA). Refer to Table 6.1 below for the full list of genes assessed.

The web-based PCR Profiler Array data analysis package was used for AACt based fold change
calculations (QIAGEN web portal http://www.giagen.com/geneglobe). Relative gene expression was
calculated by comparison with the following housekeeping gene: heat shock protein 90a class B
member 1 (Hsp90abl; NM_008302). Hsp90abl was the most stable gene within the micro-array
panel, with very little variation between samples. The PCR array analysis furthermore included a
mouse genomic DNA contamination (MGDC; SA_00106), Reverse transcriptase (RTC; SA_00104)
and Positive PCR (SA_00103) controls (PPC). Genes of interest were identified using Student’s t-test
of the replicate AACt values for each gene in the control and treatment groups. The level of

significance was accepted at p<0.05.
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GenBank Symbol Description GenBank Symbol Description GenBank Symbol Description
NM_007926 Aimp1 Aminoacyl tRNA synthetase complex- ~ NM_009969 Csf2 Colony stimulating factor 2 (granulocyte- ~ NM_031167 IL1ra Interleukin 1 receptor antagonist
interacting multifunctional protein 1 macrophage)

NM_007553 Bmp2 Bone morphogenetic protein 2 NM_009971 Csf3 Colony stimulating factor 3 (granulocyte)  NM_021782 IL21 Interleukin 21

NM_011329 Ccll Chemokine (C-C motif) ligand 1 NM_009142 Cx3cll Chemokine (C-X3-C motif) ligand 1 NM_145636 IL27 Interleukin 27

NM_011330 Ccl11 Chemokine (C-C motif) ligand 11 NM_008176 Cxcll Chemokine (C-X-C motif) ligand 1 NM_008368 IL2rB Interleukin 2 receptor, beta chain

NM_011331 Ccl12 Chemokine (C-C motif) ligand 12 NM_021274 Cxcl10 Chemokine (C-X-C motif) ligand 10 NM_013563 IL2ry Interleukin 2 receptor,gamma chain

NM_011332 Ccll7 Chemokine (C-C motif) ligand 17 NM_019494 Cxcl1l Chemokine (C-X-C motif) ligand 11 NM_010556 L3 Interleukin 3

NM_011888 Ccl19 Chemokine (C-C motif) ligand 19 NM_021704 Cxcl12 Chemokine (C-X-C motif) ligand 12 NM_133775 IL33 Interleukin 33

NM_011333 Ccl2 Chemokine (C-C matif) ligand 2 NM_018866 Cxcl13 Chemokine (C-X-C motif) ligand 13 NM_021283 IL4 Interleukin 4

NM_016960 Ccl20 Chemokine (C-C moatif) ligand 20 NM_011339 Cxcl15 Chemokine (C-X-C motif) ligand 15 NM_010558 IL5 Interleukin 5

NM_009137 Ccl22 Chemokine (C-C matif) ligand 22 NM_009141 Cxcl5 Chemokine (C-X-C motif) ligand 5 NM_008370 IL5ra Interleukin 5 receptor, alpha

NM_019577 Ccl24 Chemokine (C-C matif) ligand 24 NM_008599 Cxcl9 Chemokine (C-X-C motif) ligand 9 NM_010559 IL6ra Interleukin 6 receptor, alpha

NM_011337 Ccl3 Chemokine (C-C matif) ligand 3 NM_009909 Cxcr2 Chemokine (C-X-C motif) receptor 2 NM_010560 IL6st Interleukin 6 signaltransducer

NM_013652 Ccl4 Chemokine (C-C matif) ligand 4 NM_009910 Cxcr3 Chemokine (C-X-C motif) receptor 3 NM_008371 IL7

NM_013653 Ccl5 Chemokine (C-C matif) ligand 5 NM_007551 Cxcrb5 Chemokine (C-X-C motif) receptor 5 NM_010735 Lta Lymphotoxin A

NM_009139 Cclé Chemokine (C-C matif) ligand 6 NM_010177 Fasl Fas ligand (TNF superfamily, member6) NM_008518 Ltb LymphotoxinB

NM_013654 Ccl7 Chemokine (C-C motif) ligand 7 NM_008337 Ifny Interferon gamma NM_010798 Mif Macrophage migrationinhibitory factor

NM_021443 Ccl8 Chemokine (C-C motif) ligand 8 NM_008348 IL10ra Interleukin 10 receptor, alpha NM_021524 Nampt Nicotinamide phosphoribosyl
transferase

NM_011338 Ccl9 Chemokine (C-C motif) ligand 9 NM_008349 IL10rB Interleukin 10 receptor, beta NM_001013365 Osm Oncostatin M

NM_009912 Ccerl Chemokine (C-C motif) receptor 1 NM_008350 IL11 Interleukin 11 NM_019932 Pf4 Plateletfactor 4

NM_007721 Ccrl0 Chemokine (C-C motif) receptor 10 NM_008355 IL13 Interleukin 13 NM_009263 Sppl Secreted phosphoprotein 1

NM_009915 Ccr2 Chemokine (C-C motif) receptor 2 NM_008357 IL15 Interleukin 15 NM_013693 Tnf Tumour necrosis factor

NM_009914 Ccr3 Chemokine (C-C motif) receptor 3 NM_010551 IL16 Interleukin 16 NM_008764 Tnfrsfllb  Tumour necrosis factor receptor
superfamily, member 11b
(osteoprotegerin)

NM_009916 Ccrd Chemokine (C-C motif) receptor 4 NM_010552 IL17a Interleukin 17A NM_009425 Tnfsf10 Tumour necrosis factor (ligand)
superfamily, member 10

NM_009917 Ccrs Chemokine (C-C motif) receptor 5 NM_019508 IL17b Interleukin 17B NM_011613 Tnfsfll Tumour necrosis factor (ligand)
superfamily, member 11

NM_009835 Ccré Chemokine (C-C motif) receptor 6 NM_145856 IL17f Interleukin 17F NM_023517 Tnfsf13 Tumour necrosis factor (ligand)
superfamily, member 13

NM_007720 Ccr8 Chemokine (C-C motif) receptor 8 NM_010554 ILla Interleukin 1 alpha NM_033622 Tnfsfl3b  Tumour necrosis factor (ligand)
superfamily, member 13b

NM_011616 Cd40lg  CD40ligand NM_008361 IL1B8 Interleukin 1 beta NM_009452 Tnfsf4 Tumour necrosis factor (ligand)
superfamily, member 4

NM_007778 Csfl Colony stimulating factor 1 NM_008362 IL1rl Interleukin 1 receptor, type | NM_009505 Vegfa Vascular endothelial growth factor A

(macrophage

Footnote: mRNA level expression of 84 genes and receptors of cytokines and chemokines.
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6.2.6 Analysis of functional level
6.2.6.1 MSCs growth rate post isolation

Following isolation of MSCs, eight representative images (Fig. 6.4) was taken (EOS600D Canon
digital camera) of each well (MSCWT and MSC°b) using a light microscope (Olympus CKX41, CachN
10x/0.25 PhP aobjective) on days 4, 8 and 12 post isolation. All images were captured at 10x
magnification with the exact same microscope settings and light intensity. Cell confluency was
guantified in each captured image using Image J software (version 1.46, NIH.gov, USA) according to
the protocol developed by (Busschots et al., 2016).

Image J analysis: 1) After opening and selecting the appropriate image, image type was changed to
16bit, and background was processedto be changed to white. 2) This setting was then used to adjust
the threshold. 3) By setting the measurement parameters; the percentage area (%) of each image

covered by cells (confluency) was automatically calculated.
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Figure 6.4 An illustration of area divided into eight zones for imaging in each well. Image was taken of
each well using a light microscope (Olympus CKX41, CachN 10x/0.25 PhP objective).

6.2.6.2 Crystal Violet Staining

The Crystal violet assay (hexamethyl pararosaniline chloride) was used to determine cell viability
(Feoktistova et al., 2016; Sliwka et al., 2016) in the four treatments groups. To assess cell viability,
MSCs (passage 1) were seeded into a 96 well plate (~4.5 x 10* cells/well) in isolation medium
containing 20% FBS (100 pl/well) and incubated for 48h at 37°C until the cells reached 70%
confluence. At this time point, all the media was aspirated from each well and cells treated as per the
four treatment groups for either 24h, 48h or 96h. Crystal violetis a simple histological stainthat binds
to the DNA and protein of adherent (live) cells and can be visualized using light microscopy or the
colour absorbance can be spectrophotometrically measured. This characteristic can be used for the

indirect quantification of cell death and to determine differences in proliferation upon stimulation with
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death-inducing agents compared to control. Crystal violet assay works independent from metabolism
interactive additives or synergistic interaction, thus is identified as a replacement option for MTT
assay when an antagonistic interaction prevents MTT measurement.

At the respective endpoints, the treatment media was removed from each well and cells washed with
150ul PBS (1x). Cells were then fixed for 30 sec using 150ul methanol (Merck, Gauteng, RSA). After
removal of the methanol, cells were washed once again (PBS 1x) and 150yl crystal violet working
solution (0.01% in dH20) (Sigma-Aldrich®, Germany) added to each well and incubated for 5 min at
room temperature. After staining, the crystal violet solution was removed, and cells washed twice with
PBS. Prior to extraction of the dye, one representative image was taken of each well using a light
microscope (Olympus CKX41, CachN 10x/0.25 PhP objective). 100ul 70% Ethanol (Merck, Gauteng,
RSA) was added to dissolve the stain (shaking platform) (Heidolph, UNIMAX 1010) and the
absorbance values were read using a plate reader (Multiskan GO, Thermo Fisher, Finland) at 570
nm. The assay was performed on MSCs derived from at least 3 animals per group (repeated x3

times) for each time point, with each repeat containing x3 internal replicates (3 wells).
6.2.6.3 Migration assay

Cellular migration capacity was assessed using the live cell in vitro wound healing assay (lbidi,
Germany). Cell culture micro-well inserts containing 2 chambers were placed in a flat bottom plate
(Gibco®CellStar®, Germany) (Fig. 6.5). MSCs were seeded at a density of ~9.0 x 10* cells per
chamber in 70pl-90ul SGM (with or without AAP+NAC preconditioning) and incubated for 48h (37°C
in a humidified environment, 5% COz2) until the cells reached 90% confluence within each chamber.
The culture insert was then removed by using sterile forceps to reveal a cell-free gap (wound) (Fig.

6.5) and the medium from each well replaced as per the four treatment groups.

The migration of cells into the cell-free gap was assessed over a period of 24h. At each time point
(Oh, 4h, 6h and 24h), four images (10x magnification, EOS600D Canon digital camera) were captured
of the cell-free gap (wound area) using a light microscope (10x/0.25 PhP objective; Primovert, Zeiss,
Germany). The cell-free area (um?2) was calculated using Image J software (version1.46, NIH, USA)
as follow: 1) appropriate image was selected and opened on Image J. 2) the image scale was set
(distance in pixels =637.6; known distance =1, unit of length =mm). 3) Using the freelance draw-line
tool the outer wound edges were traced, and the surface area (um?) of the cell-free area calculated.
The following formula was used to determine the percentage of wound closure over time:

area Oh— areanh
wound closure (%) = [ * 100

area Oh

Area ‘nh’ represents the value obtained after the cell-free area was measured at the following time
points: 0, 4, 6 or 24h. The assay was performed on MSCs derived from at least 3 animals (ob/ob and
WT) per group (repeated x3 times) for each time point, with each repeat containing x2 internal

replicates (2 inserts).
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Figure 6.5 lllustration of procedure followed for the in vitro migration assay. 48h after seeding, insert was
peeled off the culture plate by using sterile forceps and the medium from each well was aspirated.

After 24h in the migration chambers, in some of the treatment groups, the confluent areas of MSCs
showed signs of morphological changes suggesting that spontaneous osteogenic differentiation
occurred. To investigate this phenomenon, the MSCs were stained with Alizarin Red S (Amresco®,
USA) to determine the presence of mineralization and Ca?* deposition. At 24h, MSCs from all
treatment groups were washed twice with PBS and fixed in 70% EtOH (v/v) for 5 min. Fixed cells were
washed with dH.O and stained overnight with 100mM Alizarin red S (pH 4.0-4.1) at room
temperature. Unbound Alizarin red S was removed by washing three times with dH.O and five
representative images were taken per well using an Olympus light microscope (CKX41, CachN
10x/0.25 PhP objective, EOS600D Canon digital camera).

The percentage surface area stained positive for Alizarin Red was determined using ImageJ software
(version 1.46, nih.gov) as follow: 1) appropriate image was selected and opened on Image J. 2) the
image scale was set (distance in pixels =637.6; known distance =1, unit of length =mm). 3) using
RGB stack, the greyscale image type and the green channel was selected. 4) the image threshold
was adjusted to 50. 5) The measurement parameters were set, and the percentage surface area
stained positive for Alizarin Red calculated.

6.2.7 Statistical analysis

Values are presented as mean = standard error (mean+SE). Statistical analysis was performed using
Statistica software (Statsoft, version 13). Factorial ANOVA with Tukey post hoc test was used to
assess group, treatment and group X treatment effects. Genes of interest were identified using a
Student’s t-test of the replicate 2" (ACt) values of each gene in the control and treatment groups. The

level of significance was accepted at p<0.05.
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6.3 Results

6.3.1 MSCeb have an impaired growth rate post isolation compared to MSCWT

Confluency over time post isolation was used as an indication of cellular growth rate. In MSCs
derived from healthy control animals (MSCWT), a significant effect of time (p<0.05) was evident with a
steady growth curve (Fig. 6.6). The confluency of MSCWT increased from 49.7+6.9% on day 4 to
69+1% on day 16 post isolation. Expansion of MSCWT in the presence of antioxidants
(preconditioning) slightly improved the growth rate of cells with 52.4+6.3% confluency on day 4
increasing to 77.9+4.7% on day 16 (Fig. 6.6 A). No significant difference was however detected in the
confluency of MSCWT with preconditioning compared to SGM at the same time point. Impaired growth
was evident in MSCs derived from obese prediabetic animals (MSCe°P), with confluency remaining at
61.5+1% 16 days post isolation (Fig. 6.6 B). Expansion of MSC°P in the presence of antioxidants was
unable to restore cellular growth with confluency levels of 57+6% detected on day 16 post isolation
(Fig. 6.6 B).
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Figure 6.6 Confluency post isolation as an indication of the growth rate. A- MSCWT and B- MSCe°b was
isolated in SGM in the presence or absence of antioxidants and their growth rate was measured every 4 days for
16 days. MSCWT showed a significant effect of time. All experiments were performed on MSCs derived from at
least 3 animals per treatment group (n=3 biological repeats and x2 technical repeats). Statistical analysis:

Factorial ANOVA with Tukey post hoc test. *p<0.05.

6.3.2 Flow cytometry characterization of isolated MSCs.

Flow cytometry surface marker characterization demonstrated that 88+4% of isolated bone marrow-
derived cells expressed the stem cell marker, Scal (Fig. 6.7 A-C). A percentage of cells did however
also express the hematopoietic lineage marker, CD45. Immediately, following isolation (passage 0),
the bone marrow-derived stem cells therefore consisted of a heterogenous population of 60+3%
MSCs (Scal*CD45) and 39+3% HSCs (Scal*CD45%) (Fig. 6.7 A-D). There was no difference in
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surface marker expression in the bone marrow MSCs derived from either WT control (MSCWT) or
ob/ob (MSCeb) animals (Fig. 6.7 D).
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Figure 6.7 Characterization of healthy control and impaired/dysfunctional bone marrow derived MSCs. A—
Flow cytometry dot plot demonstrating the forward (size) vs side (granularity) scatter of the isolated cells. B, C—
The expression of Scal (PE) vs CD45 (FITC) in the unstained negative control sample (B) and bone marrow
MSCs (C). Q1- MSCs expressing Scal*CD45; Q2— HSCs expressing Scal*CD45*; Q3— Mature hematopoietic
cells Scal CD45*; Q4- Cells expressing neither Scal- nor CD45-. D— Quantification of the percentage of MSCs
and HSCs within the isolated populations (n=3). Abbreviations: FITC: Fluorescein isothiocyanate, FSC: forward
scatter, PE: phycoerythrin, Sca-1: stem cell marker, SSC: side scatter.

6.3.3 Molecular and paracrine signalling at baseline and in response to stimulation with DWF

6.3.3.1 Secretome differences at baseline: MSCWT vs MSC®.,

The secretion of 24 cytokines from MSCWT and MSC°? were assessed at baseline with and without
antioxidant preconditioning and the data presented in Table 6.2. From the 24 cytokines assessed
within conditioned medium, significant differences (p<0.05) were detected at baseline (without
stimulation with DWF) for 2 pro-inflammatory cytokines (TNFa, IFNy) and 5 chemokines (KC, G-CSF,
Eotaxin, MCP1, SDF1a) (Fig. 6.8).
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Pro-inflammatory TNFa and IFNy concentrations were significantly higher (p<0.05) in the conditioned
medium collected from MSCe° (TNFa 113+21 pg/ml; IFNy 154 pg/ml) compared to MSCWT (TNFa
40+14 pg/ml; IFNy not detected) (Fig. 6.8 A, B). Pre-conditioning MSCe°b with antioxidants did
downregulate the secretion of TNFa and IFNy to levels comparable to that of MSCWT., The
chemokines KC, G-CSF and Eotaxin remained significantly higher (p<0.05) in the conditioned
medium derived from MSCe°? (KC 778+151 pg/ml; G-CSF 67+12 pg/ml; Eotaxin 20+7 pg/ml) compared
to MSCWT (KC 353150 pg/ml; G-CSF 10+8 pg/ml; Eotaxin not detected) regardless of pre-conditioning
(Fig. 6.8 C-E). Pre-conditioning did promote MCP1 secretion in MSC°P (1912+1772 pg/ml) (p<0.05)
(Fig. 6.8 F), whereas only a small not significant increase (2571+901 pg/ml) was evident in MSCWT. In
contrast, SDF1a concentrations were significantly (p<0.05) less in the conditioned medium derived
from MSCreP (176+6 pg/ml) compared to MSCWT; (2033 pg/ml) (Fig. 6.8 G).

The data presented in Fig. 6.8 and Table 6.2 is indicating the restoration effects of AAP+NAC on
impaired/dysfunctional MSCe°b compared to control at baseline (MSCWT and MSC°P) and antioxidative

effects of these antioxidants on healthy MSCs was not a subject of these study.
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Table 6.2 Cytokine secretome differences at baseline.

Secreted protein: Conditioned medium

Control Pre-conditioned

MSCWT MSCeP MSCWT MSC°P
Pro-inflammatory
IL1a - 4.0 (2.1) - -
IL1B 24 (8) 34 (7) 21 (11) 25 (5)
IL6 1007 (254) 1254 (514) 942 (316) 1176 (263)
IL9 - 13 (12) - -
IL12(p40) 75 (22) 109 (11) 99 (10) 154 (31)
IL12(p70) 130 (70) 325 (65) 130 (70) 186 (61)
IL17A - - - -
IFNy =@ 15 (4)2°© - oG
RANTES 127 (13) 226 (48) 122 (17) 229 (25)
TNFa 40 (14) 113 (21) a°© 34 (19) 51 (14)
Chemokines
Eotaxin -2 20 (7)? -d 9.1(4.5)¢
G-CSF 10 (8)° 67 (12) 2 10 (7.5)¢ 30 (15) ¢
GM-CSF 85 (32) 137 (22) 77 (40) 84 (17)
KC 353 (50) ? 778 (151) @ 356 (48) ¢ 578 (71) ¢
MCP1 1721 (113) 5171 (835) © 2571 (901) @ 12 912 (1 772) ¢
MIP1a 11 (2) 8.9 (0.4) 15 (4) 13 (0.4)
MIP1B 50 (2) 65 (4) 88 (36) 129 (11)
SDFla 203 (3)* ¢ 176 (6)° 175 (4) 173 (9)°
Anti-inflammatory
IL2 2.7 (2.6) 7.9 (2.7) 2.7 (2.6) 6.3 (3.5)
L3 2.9(1.7) 9.5 (1.6) 2.9 (1.7) 4.7 (1.8)
IL4 - 1.3(1.2) - -
IL5 13 (7) 16 (2) 15 (6) 38 (8)
IL10 36 (7) 87 (8) 32 (11) 74 (19)
IL13 138 (25) 207 (37) 107 (55) 135 (23)

Footnote: Data is presented as mean (SE) in pg/ml. All experiments were performed on MSCs derived from at
least 3 animals per treatment group (n=3 biological repeats and x2 technical repeats). Statistical analysis:
Factorial ANOVA with Tukey post hoc test. Level of significance accepted at p<0.05. Abbreviations: - Not
detected, 2 Significant difference at baseline (control) between MSCWT and MSCeob,, b Significant difference in
MSCWT with and without preconditioning., ¢ Significant difference in MSCoP with and without preconditioning., 4
Significant difference between MSCWT and MSCeb with preconditioning.
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Figure 6.8 Differences in the baseline after preconditioning: healthy control MSCWT vs
impaired/dysfunctional MSCe°b, The cytokine concentrations in conditioned medium was assessed in MSCWT,
MSCeob and preconditioned MSCe°b. A- Tumour necrosis factor alpha (TNFa) (pg/ml), B- Interferon (IFNy) (pg/ml),
C- KC (pg/ml), D- Granulocyte colony stimulating factor (G-CSF) (pg/ml), E- Eotaxin (pg/ml), F- Macrophage
chemoattractant protein 1 (MCP1) (pg/ml), G- Stromal-cell derived factor 1 (SDF1a) (pg/ml). All experiments
were performed on MSCs derived from at least 3 animals per treatment group (n=3 biological repeats and x2

technical repeats). Statistical analysis: Factorial ANOVA with Tukey post hoc test. *p<0.05.
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6.3.3.2 Differences in the paracrine responsiveness following DWF stimulation: MSCWT vs MSC®.

The cytokine concentrations following stimulation with DWF are presented in Table 6.3. The cytokine
levels within DWF also is presented in the table and figures (DWF line) as background controls.
Following stimulation with DWF, significant differences (p<0.05) were detected in concentrations of 2
chemokines (GM-CSF, Eotaxin), 3 pro-inflammatory cytokines (TNFa, IFNy, IL9) and 4 anti-
inflammatory cytokines (IL10, IL4, 1L13, IL3) between groups (Fig. 6.9).

Similar to baseline, the chemokines GM-CSF and Eotaxin were detected at higher concentrations in
MSCeb (GM-CSF 486426 pg/ml; Eotaxin 217+6 pg/ml) and preconditioned groups (GM-CSF 510+30
pg/ml; Eotaxin 22949 pg/ml) following stimulation compared to MSCWT (GM-CSF 399+10 pg/ml;
Eotaxin 179+6 pg/ml) (Fig. 6.9 A-B). Despite these differences, the concentration of these
chemokines post-stimulation was lower than that detected in DWF (Table 6.3).

Stimulation with DWF induced a much greater pro-inflammatory TNFa response in MSCeb (20
441+1461 pg/ml) than MSCWT (5 081671 pg/ml); this excessive response in MSC°? was dampened
with preconditioning (9 190+487 pg/ml) (Fig. 6.9 C). Preconditioning furthermore increased the
release of pro-inflammatory IFNy and IL9 following stimulation with DWF in the MSC° (IFNy 77+6
pg/ml; IL9 24245 pg/ml) compared to MSCWT (IFNy 57+3 pg/ml; IL9 20419 pg/ml) (Fig. 6.9 D-E).

A slight difference in the anti-inflammatory IL3, IL4 and IL13 response to DWF was evident between
MSCeb (IL3 38+1 pg/ml; IL4 653 pg/ml; IL13 7457 pg/ml) and MSCWT (IL3 33+1 pg/ml; IL4 53+1
pg/ml; IL13 617+14 pg/ml) (Fig. 6.9 F-1). IL4 in conditioned medium post-stimulation was however
below the concentration detected in DWF (Table 6.3). Preconditioning significantly improved the
secretion of anti-inflammatory IL10 post-stimulation in the MSC°P group (MSC°? 5 415+317 pg/ml;
Preconditioned 10207+812 pg/ml; MSCWT 6823+575 pg/ml) (Fig. 6.9 F).

The data presented in Fig. 6.9 and Table 6.3 indicates the restoration effects of AAP+NAC on
impaired/dysfunctional MSC°? compared to the responses observed in healthy control (MSCWT). A
limitation of the current study was not assessing the effect of preconditioning on the baseline
phenotype of MSCWT,
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Table 6.3 Cytokine secretion profile in response to diabetic wound fluid (DWF).

Secreted protein: Response to DWF

DWF Control Preconditioned
MSCWT MSC°P MSCeP

Pro-inflammatory
IL1a 6992 2737 (31) 2 640 (560) 2974 (165)
IL1B 3360 1144 (22) 1184 (125) 1131 (133)
IL6 1004 11 305 (2 119) 7 290 (3 240) 10 574 (3 827)
IL9 127 204 (9) ¢ 228 (4) f 242 (5) "9
IL12(p40) 4962 2944 (71) 3051 (174) 2934 (151)
IL12(p70) 598 1030 (71) 1068 (32) 1064 (118)
IL17A 361 207 (6) 238 (19) 241 (20)
IFNy 43 57 (3) ° 68 (2) 77 (6) ¢
RANTES 128 3971 (217) 5 376 (687) 12 833 (6 862)
TNFa 932 5081 (671) © 20 441 (1 461) © 9190 (487) |
Chemokines
Eotaxin 572 179 (6) © 9 217 (6) © 229 (9) ¢
G-CSF >47 590 * 14 160 (605) 14 942 (781) 15 484 (1 564)
GM-CSF 672 399 (10) ¢ 486 (26) 510 (30) ¢
KC >21 315 * 11 231 (3 397) 11 165 (1 767) 18 305 (5 378)
MCP1 18 568 35 772 (678) 34 706 (10 271) 35 432 (7 406)
MIP1a >7288 # 2 689 (257) 3095 (493) 6 357 (2 603)
MIP1B 1187 18 344 (1 776) 26 690 (7 447) 31 905 (12 064)
Anti-inflammatory
IL2 23 49 (1) 60 (1) 120 (19)
IL3 27 33 (1) *9 38 (1) 39 (2) ¢
IL4 91 53 (1) ° 65 (3) © 60 (3)
IL5 27 53 (3) 66 (4) 95 (23)
IL10 263 6 823 (575) ¢ 5415 (317) | 10 207 (812) "¢
IL13 329 617 (14) & ¢ 745 (7) © 747 (29) 9

Footnote: Data is presented as mean (SE) in pg/ml. The cytokine concentration existed in DWF is not subtracted
from final cytokine concentrations. All experiments were performed on MSCs derived from at least 3 animals per
treatment group (n=3 biological repeats and x2 technical repeats). Statistical analysis: Factorial ANOVA with
Tukey post hoc test. Level of significance accepted at p<0.05. # the concentration of these chemokines was
above the detection limit as indicated. € Significant difference between MSCWT and MSCeb., € indicates p=0.06,
Significant difference in MSCeb with and without preconditioning., 9 Significant difference between MSCWT and

MSCob with preconditioning.
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Figure 6.9 Differences in the paracrine responsiveness following DWF stimulation: healthy control
MSCWT vs impaired/dysfunctional MSCeb. The cytokine concentrations in conditioned medium post stimulation
with DWF was assessed in MSCWT, MSCe? and preconditioned MSCeP. The cytokine concentration in DWF (DWF
line) is not subtracted from final cytokine concentrations. A- Granulocyte macrophage colony stimulating factor
(GM-CSF) (pg/ml), B- Eotaxin (pg/ml), C- Tumour necrosis factor alpha (TNFa) (pg/ml), D- Interferon gamma
(IFNy) (pg/ml), E- Interleukin 9 (IL9) (pg/ml), F- Interleukin 10 (IL10) (pg/ml), G- Interleukin 4 (IL4) (pg/ml), H-
Interleukin 13 (IL13) (pg/ml), I- Interleukin 3 (IL3) (pg/ml). All experiments were performed on MSCs derived from
at least 3 animals per treatment group (n=3 biological repeats and x2 technical repeats). Statistical analysis:

Factorial ANOVA with Tukey post hoc test. *p<0.05. Abbr: DWF-diabetic wound fluid.
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6.3.3.3 Gene expression (MRNA) differences at baseline and in response to stimulation with DWF:
MSCWTys MSC®,

The mRNA expression pattern between groups is illustrated using a heatmap in Figure 6.10 A. For a
summary of significant differences (p<0.05) in the mMRNA expression profiles between groups refer to
Figure 6.10 B. At baseline, under standard growth conditions, 31 genes were overexpressed (> 2-fold)
and 39 genes under-expressed (> 2-fold) in MSC°P vs MSCWT. The overexpression of Csf-1 (also
known as M-CSF) was however the only significant difference (p<0.05) between the groups at
baseline (Fig. 6.11 A). Overall, the preconditioning of MSC°? downregulated the expression of 32
genes and upregulated the expression of 48 genes. The expression of Csfl in MSC°b was
downregulated with preconditioning to levels comparable to that observed in MSCWT. Moreover,
preconditioning induced the expression of Ccl8 (also known as MCP2) (p<0.05) (Fig. 6.11 B).

When exposed to DWF (without preconditioning) both MSCWT and MSCeP responded by significantly
(p<0.05) increasing the gene expression of macrophage chemoattractant proteins Ccl2 (also known
as MCP1) and Ccl3 (also known as MIP1a) (Fig. 6.11 C, D). Furthermore, in MSCWT DWF induced
the expression (p<0.05) of 9 additional genes (Ccl24, Ccl7, Cxcl10, Cxcl5, Cxcl9, IL15, IL1a, TNFa)
associated with pro-inflammatory chemotactic responses (Fig. 6.11 C). In contrast, MSC°? responded
by increasing (p<0.05) the expression of only 4 additional genes (Cxcll, IL11ra, IL27, Cxcl11) (Fig.
6.11 D).

In response to DWF, the preconditioned MSCeb population, significantly (p<0.05) upregulated the
expression of TNFa, Ccl12, Ccl17, Ccl19, Ccl2, Ccl3, Csf3, Cxcl1l and Mif compared to baseline (Fig.
6.11 E); the expression of Ccl7, Mif and Cxcl10 at MSC°? was induced at baseline after exposure to
DWF (Fig.6.11 F).

The preconditioned MSCe® furthermore had an increased expression of Bmp2 (bone morphogenetic
protein 2) in response to DWF compared to MSCWT at baseline (Fig. 6.11 G) and increased the
expression of Vegfa (vascular endothelial growth factor alpha) compared to baseline MSCWT upon
stimulation with DWF (Fig. 6.11 H). The difference in responses between the treatment groups is
illustrated in Figure 6.10 B.
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Figure 6.10 mMRNA expression between groups and a summary of significant differences. A- Heat map of
upregulated (red) and down-regulated (green) genes. B- Summary of the responsiveness of MSCWT, MSCe? and
preconditioned MSCeP to DWF (only genes that had a significant change in mRNA expression are indicated).
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Figure 6.11 Gene expression differences in response to stimulation with DWF: healthy control MSCWT vs
impaired/dysfunctional MSCeb. A-B- comparison of mMRNA expression at baseline in MSC°b vs MSCWT (A) and
in MSCeP with and without antioxidant preconditioning (B) C- The gene expression responsiveness of MSCWT to
stimulation with DWF. D- The gene expression responsiveness of MSCeb to stimulation with DWF, E-F-G-H- The
gene expression response to preconditioning following stimulation with DWF in MSCe°b compared to baseline with
and without DWF stimulation. All experiments were performed on MSCs derived from at least 3 animals per
treatment group (n=3 biological repeats and x2 technical repeats). Statistical analysis: Genes of interest were
identified using a Student’s t-test of the replicate (n=3) 2*(ACt) values of each gene in the control and
experimental groups. Red dot: upregulated, Black dot: unchanged and Green dot: down regulated.
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6.3.4 MSC Function at baseline and in response to stimulation with DWF
6.3.4.1 Antioxidant preconditioning improves the viability of both MSCWT and MSC®"

Antioxidant preconditioning was able to improve cell viability under baseline conditions in both MSCWT
and MSC°° compared to SGM (Fig. 6.12 and 6.13). Increase in cell viability was evident in
preconditioned MSCs derived from healthy control animals (MSCWT) over a period of 24h (3.6-fold,
p<0.05), 48h (4.7-fold, p<0.05) and 96h (3.8-fold, p<0.05) (Fig. 6.13 A-C-E). Although less
pronounced, increased viability was also evident in preconditioned MSCs derived from obese
prediabetic animals (MSC°P) at 24h (1.4-fold, p<0.05), 48h (1.3-fold, p=0.06) and 96h (1.5-fold,
p<0.05) (Fig. 6.13 B-D-F). In the presence of DWF, the viability of MSCs was significantly (p<0.05)
reduced (Fig. 6.13 A-F). Within the first 48h of exposure to DWF, preconditioning had a protective
effect in MSCWT with 2-fold (24h) and 1.9-fold (48h) higher viability rates than unconditioned MSCs
(SGM) (Fig. 6.13 A, C). This protective effect was however not evident in preconditioned MSC°bin the
presence of DWF (Figure 6.13 B, D). Refer to Figure 6.12 for representative images illustrating crystal

violet viability staining.
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Figure 6.12 Representative images of crystal violet staining at baseline and response to DWF. A- MSCsWT
and B- MSCs° viability was analysed in four treatment groups at 24h, 48h and 96h after stimulation. Images
were captured by a light microscope with 10x magnification. All experiments were performed on MSCs derived
from at least 3 animals per treatment group (n=3 biological repeats and x3 technical repeats).
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Figure 6.13 MSCs viability (%) in response to DWF with and without preconditioning. A-C-E- MSCWT and
B-D-F- MSCeob viability was analysed in baseline phenotype (SGM), baseline response (SGM/DWF),
preconditioned phenotype (AAP+NAC) and preconditioned response (AAP+NAC/DWF), 24h, 48h and 96h after
stimulation. All experiments were performed on MSCs derived from at least 3 animals per treatment group (n=3
biological repeats and x3 technical repeats). Statistical analysis: Factorial ANOVA with Tukey post hoc test
(p<0.05). * Significant differences compared to control. # Indicates significant differences between groups.
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6.3.4.2 Diabetic wound fluid negatively affects the migration of MSC"T and MSC®.

Under baseline conditions, significant wound closure (p<0.05) was evident at 24h in both
unconditioned (SGM) (MSCWT 26.1+2.5%; MSC°® 39.6+3.8%) and preconditioned (MSCWT
36.31+3.5%; MSC°P 43.8+0.7%) MSCs (Fig. 6.15 A, C). In the presence of DWF at baseline, no effect
of time was evident with the percentage of wound closure, however the closure remained <33% at
24h in all groups (Fig. 6.15 B, D). Despite slightly higher migration rates with antioxidant
preconditioning, wound closure was not significantly improved in the presence of DWF compared to
SGM (Fig. 6.15 B, D). Refer to Figure 6.14 for representative images of the wound healing assay
used to assess MSC migration.
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Figure 6.14 Representative images of migration assay at baseline and response to DWF. A- MSCsWT and
B- MSCs° in vitro healing were measured in four treatment group 4h, 6h and 24h after stimulation. All
experiments were performed on MSCs derived from at least 3 animals per treatment group (n=3 biological
repeats and x3 technical repeats).
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Figure 6.15 MSCs in vitro wound closure (%) in response to DWF with and without preconditioning. A-B-
MSCWT and C-D- MSCeP migration towards gap closure was analysed in baseline phenotype (SGM), baseline
response (SGM/DWF), preconditioned phenotype (AAP+NAC) and preconditioned response (AAP+NAC/DWF).
All experiments were performed on MSCs derived from at least 3 animals per treatment group (n=3 biological
repeats and x3 technical repeats). Statistical analysis: Factorial ANOVA with Tukey post hoc test (p<0.05). *
Significant differences compared to control.
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6.3.4.3 Antioxidant preconditioned MSC® spontaneously differentiate into bone in the presence of
DWF.

Microscopy images revealed that preconditioned MSC°b (>90% confluent) lay down extensive ECM
that triggered spontaneous differentiation into the bone. This was confirmed using Alizarin Red S
staining which illustrated a significant (p<0.05) increase in spontaneous Ca?* deposits (3.8+2.9% of
the surface area) formed by preconditioned MSCe®® in the presence of DWF (Fig. 6.16 B). In all other
groups, Ca?* deposits were <1% of the total surface area (Fig. 6.16 A, B). Refer to Figure 6.17 C for
representative images of Alizarin Red staining.
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Figure 6.16 Mineralization in response to DWF with and without preconditioning. A- MSCWT and B- MSCob
percentage of mineralization was analysed in baseline phenotype (SGM), baseline response (SGM/DWF),
preconditioned phenotype (AAP+NAC) and preconditioned response (AAP+NAC/DWF). C- Images from calcium
deposits were captured by light microscopy with 10x magnification after staining. All experiments were performed
on MSCs derived from at least 3 animals per treatment group (n=3 biological repeats and x3 technical repeats).
Statistical analysis: Factorial ANOVA with Tukey post hoc test (p<0.05). * Significant differences compared to
control. # Indicates significant differences between groups.
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6.4 Discussion

Application of MSCs is a promising novel treatment in wound repair and regeneration (Ennis et al.,
2013). However, in the context of diabetes, MSCs exhibit an altered secretome pattern due to
pathological changes in their microenvironment and as a consequence autologous cell therapy in
T2DM patients is mostly ineffective (Ribot et al., 2017; van de Vyver, 2017). The advancement of
MSC therapy for the treatment of non-healing diabetic wounds is thus hampered by endogenous stem
cell dysfunction and the limited viability of cells post-transplantation into the pathological wound
environment (van de Vyver, 2017). There is in vitro evidence to support the growth-promoting and
cytoprotective effects of some antioxidants such as NAC and AAP in a variety of models. To date,
evidence indicating the positive effects of these antioxidants on MSC proliferation is however largely
based on non-pathologic conditions, with only a few studies illustrating a protective effect against
acute oxidative damage in a diabetic model (Ali et al., 2016; Weinberg et al., 2014; Yan et al., 2012).
The novelty of this study lies in investigating the efficacy of combined NAC/AAP preconditioning to
restore the function of impaired diabetic MSCs and in assessing its protective effects upon exposure
of MSCs to DWF. In the context of this ex vivo study, wound fluid represented the extracellular fluid
space within the micro-environment of a diabetic wound. Exposing healthy and impaired/dysfunctional
bone marrow stem cells to DWF in vitro enabled an investigation into the functional and paracrine
responsiveness of these cells on both molecular and protein level. This study is the first to
demonstrate the efficacy of antioxidant preconditioning in restoring the paracrine function of
impaired/dysfunctional stem cells towards that seen under control non-pathological conditions. This
study furthermore demonstrates that expansion of primary bone marrow derived MSCs in the
presence of combined NAC/AAP treatment improves the ex vivo viability of cells and has a slight
protective effect against the toxicity of DWF. Despite improved viability, and a restored paracrine
response, antioxidant preconditioning could however not rescue the proliferation and migration

capacity of severely impaired diabetic MSCs.

Consistent with previous reports, a steady growth curve was evident in healthy control MSCs,
whereas the ex vivo growth rate of MSCs derived from diabetic animals was severely impaired (van
de Vyver, 2017; van de Vyver et al., 2016). Antioxidant preconditioning was able to significantly
improve the viability of both healthy and impaired diabetic MSCs in culture. Therefore, MSC
expansion in the presence of NAC/AAP may be an effective strategy to optimize cell viability in
culture. Diabetic wound fluid (representative of the extrinsic wound environment post-transplantation)
negatively impacted cell viability and confirmed the toxicity of a chronic wound environment. Although
some studies have shown that DWF improves the proliferation and migration of stem cells (adipose
tissue-derived) (Scherzed et al., 2011; Thamm et al., 2015), it is now known that wound fluid derived
from acute and chronic wounds inversely influence stem cell function (Koenen et al., 2015). Koenen
et al., 2015 demonstrated that acute wound fluid had a much stronger chemotactic impact on ADSCs
than chronic wound fluid. The authors furthermore demonstrated that acute wound fluid stimulated
proliferation whereas chronic wound fluid negatively affected proliferation (Koenen et al., 2015). This
is consistent with our findings. Preconditioning did however have a slight protective effect in healthy
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control MSCs during the first 48h of exposure to DWF. The mechanism of action underlying this
protective effectis most likely related to the combined anti-inflammatory and ROS scavenging abilities
of AAP and NAC (as discussedin chapter 5, p.43).

On molecular level, at baseline, the secretion of pro-inflammatory cytokines (TNFa, IFNy) and
chemokines (KC, G-CSF and Eotaxin) was more pronounced in the impaired/dysfunctional bone
marrow stem cells. These factors all function to amplify the first stage of wound healing (inflammatory
response), by recruiting neutrophils, lymphocytes, eosinophils and keratinocytes to the wounded area
(Baltzis et al., 2014; Behm et al., 2012; Dreifke et al., 2015). Excessive inflammation prevents the
transition into the proliferative stage of healing and as a consequence prevent regeneration. At the
MRNA level, a similar pattern was observed, however only the overexpression of csflwas significant
when comparing healthy vs dysfunctional stem cells and corresponded with higher chemokine (GM-
CSF) levels detected in the conditioned medium. These and other chemokines were already present
within the wound microenvironment (DWF) at very high concentrations and the additional release
thereof is thus unwanted. Antioxidant preconditioning was able to reduce the secretion of pro-

inflammatory TNFa and IFNy at baseline but did not reduce chemokine secretion.

In the context of cell therapy, the paracrine responsiveness of stem cells to the wound
microenvironment will determine their effectiveness in promoting healing (Heublein et al., 2015; Marfia
et al., 2015; Mulder et al., 2012). The bone marrow stem cells (healthy and dysfunctional) responded
by upregulating the gene expression and protein secretion of macrophage chemo-attractants, MCP1
(Ccl2) and MIP1a (Ccl3). In chronic diabetic wounds, a significant delay in macrophage infiltration
related to a deficiency in Ccl2 has been demonstrated (Wood et al., 2014). Wood et al., 2014
furthermore indicated that acute Ccl2 treatment could restore the macrophage response and promote
healing. This is supported by Yin et al., 2016 indicating that the use of scaffolds that actively release
MCP1 promoted macrophage infiltration and improved wound healing in a mouse model of
streptozotocin-induced diabetes (Wood et al.,, 2014; Yin et al.,, 2016). MCP1 is also known to
influence the effector state of macrophages (Low et al., 2001), to mediate the angiogenic effect of
TGFB by recruiting vascular smooth muscle cells to the endothelium (Ma et al., 2007) and to
recruit/improve the migration of bone marrow MSCs (Ishikawa et al., 2014). In this study,
preconditioning further enhanced the MCP1 response of all the bone marrow stem cells.

Dysfunctional bone marrow stem cells did however have an excessive TNFaresponse to DWF. TNFa
is a potent pro-inflammatory cytokine that amplifies inflammation through NFkB signalling (Liu, 2005).
Persistent TNFa signalling is known to occur in diabetic wounds (Landis et al., 2010) and prevents the
phenotype switch of macrophages form phagocytic (M1) to pro-regenerative (M2). Ashcroft et al.,
2012 demonstrated that targeting TNFa in a mouse model (secretory leukocyte protease inhibitor null
mice) of severely impaired wound healing-blunted leukocyte recruitment, reduced NFkB signalling,
altered the M1/M2 macrophage balance and improved healing (Ashcroft et al., 2012). In the current
study, antioxidant preconditioning of dysfunctional bone marrow stem cells blunted the TNFa

response and improved the secretion of anti-inflammatory 1L10.
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IL10 activates the JAK/STAT 3 pathway, which leads to upregulation of genes such as Bcl3 and miR-
155 that impairs NFkB’s ability in the production of TNFa (Hutchins et al., 2013; Monastero and
Pentyala, 2017). Hyperinsulinemia in T2DM activates Akt/mTOR (mammalian target of rapamycin)
signalling in regulator T cells and suppress their ability to reduce TNFa production from macrophages
by inhibiting IL10 production and the overproduced TNFa is one of the major reasons of chronic
inflammation (Han et al., 2014). Similar to IL10, both IL4 and IL13 have a key role in macrophage
survival by activating PI3K/Akt/GSK3 pathway. They could activate macrophages and contribute to
the differentiation of M2 macrophages, which are highly responsiveto IL10 via this pathway. However
PI3K/Akt/GSK3 regulation on IL10 does not seem to be directly involved in mediating the anti-
inflammatory effects of this cytokine, but more substantially modulates the JAK/STAT pathway
(Antoniv and lvashkiv, 2011; Opal and DePalo, 2000). Taking together our data suggests that the
combined ex vivo treatment of autologous stem cells with NAC and AAP could be an effective

strategy torestore the paracrine function of impaired bone marrow stem cells prior to transplantation.

This anti-inflammatory effect of preconditioning, is related to NAC’s ability to suppress proteasome
activity and inhibit NFkB activation, subsequently limiting the release of pro-inflammatory cytokines
(Lasram et al., 2015). Intracellularly, NAC together with AAP also reduces ROS production and has
been shown to partially restore the levels of antioxidant enzymes such as catalase, superoxide
dismutase (SOD) 1 and 2, p-FOXO1 and p53 (Jeong and Cho, 2015). Besides its protective role of
reducing the levels of intracellular ROS, ascorbic acid also promotes the synthesis of collagen, a
crucial part of the ECM (Bae et al., 2015; Choi et al., 2008; Hata and Senoo, 1989). The ECM
provides physical support within the microenvironment and is a source of external stimuli (chemical
and structural) that subsequently determine the activation status and fate (proliferation/differentiation)
of stem cells (Rojas-Rios and Gonzalez-Reyes, 2014). This is supported by studies demonstrating
that ascorbic acid-induced ECM deposition enhances the proliferation and migration capacity of cells
(Bae et al., 2015; Choi et al., 2008; D’Aniello et al., 2017; Hata and Senoo, 1989).

Unfortunately, the combination of increased ECM deposition and the presence of high concentrations
of inflammatory mediators such as TNFa within DWF, induced the spontaneous osteogenic
differentiation of impaired diabetic MSCs in the present study. This unwanted phenomenon
(spontaneous differentiation) was only evident under high cell densities (confluency) of preconditioned

MSCeb and could potentially inhibit the desired paracrine response of these cells.

The mechanism is likely related to BMP2 secretion in higher density cultures (Denker et al., 1999;
Iwasaki et al., 1994) and cell-matrix/ cell-cell interactions (Long, 2001; Xue et al., 2013). It is well
known that pro-inflammatory cytokines (present in high levels in DWF) enhance osteogenesis in
MSCs by promoting MMPs (matrix metalloproteinase) (Almalki and Agrawal, 2016; Ben David et al.,
2008; Croes et al., 2015; Li et al., 2016a) via PI3K/Akt signalling (Baker et al., 2015; Guntur et al.,
2012), whilst other pathways such as extracellular signal-regulated kinase (ERK), p38 and WNT
(Wingless-related integration site) signalling all regulate osteoblastic differentiationin MSCs (Silva et
al., 2015) and could potentially be activated by the protein content of DWF (Loffler et al., 2013). This
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taking together with increased collagen biosynthesis (refer to section 5.4, p.54) in the presence of
ascorbic acid treatment (Mekala et al., 2013; Wang et al., 2006) might be responsible for triggering
the spontaneous osteogenic differentiation of MSCs. This does not explain why the phenomenon was
only evident in MSC°® and not in MSCWT, it might be related to excessive of pro-inflammatory
signalling in MSCe°? but was beyond the scope of this study to determine and therefore warrants

further investigation.

Taking together, this study gave insight into the molecular and paracrine responses of healthy and
impaired diabetic MSCs in response to a chronic wound environment. It highlighted the skewing of the
paracrine response towards a pro-inflammatory phenotype in impaired diabetic MSCs; antioxidant
preconditioning could restore this excessive response. This study furthermore demonstrated that
antioxidants can improve MSC viability in culture and have slight protective effects against
pathological wound fluid. It is suggested that the combined ex vivo treatment of autologous MSCs
with NAC and AAP might be an effective strategy torestore the paracrine responses of impaired bone

marrow MSCs prior to transplantation.
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Chapter 7: Conclusion & Future perspectives

Skin wound healing, in patients with certain underlying pathologies, is stilla major concern for global
healthcare, because the standard wound management methods are mostly ineffective in these
conditions and limited alternative therapeutics and/or skin substitutes are available (Cerqueira et al.,
2016). Failure in wound closure (non-healing) or excessive scarring are the likely outcomes of
ineffective therapeutic approaches and is an undeniable reality, which in the past few years has
prompted the development of more sophisticated strategies to deal with the problem. These novel
strategies include artificial ECM-like matrices, growth factors, MSCs, anti-inflammatory agents, MSC-
derived conditioned medium (CM) and/or extracellular vesicles (microvesicles, exosomes). These
novel approaches all have great potential but their implementation in the clinical setting is hampered
by a limited understanding of how reparative-cellular mediators are affected by and respond to
pathological microenvironments. This study was the first to investigate not only how endogenous
MSCs are affected by the pathogenesis of T2DM but also how the responsiveness of these cells upon
exposure to DWF was altered on both molecular and paracrine level. Insight into these dysregulated
responses provided the basis for identifying and testing the efficacy of two antioxidants to

counteract/restore MSC function prior to their therapeutic use.

Physiological wound healing is a complex integrative process that involves a network of reparative
cellular mediators (immune cells, stem/progenitor cells, keratinocytes, fibroblasts, epithelial cells,
etc.), the ECM, nervous system and vascular system all of which is coordinated through paracrine
signalling. The ability of MSCs to regulate the immune system (anti-inflammatory properties) and
promote growth/regeneration by stimulating other cellular mediators, makes them an attractive
therapeutic option for chronic wounds (Baltzis et al., 2014; Heublein et al., 2015; Marfia et al., 2015;
Mulder et al., 2012). Unfortunately, in T2DM, a poor bone microenvironment which constitutes the
MSC niche impairs the regenerative properties of endogenous MSCs and negatively affects their use

for autologous cell therapy (Chang et al., 2015; Li et al., 2007; Zhang et al., 2016a).

The mechanisms underlying MSC impairment and the limited knowledge of MSC responses to
environmental cues, therefore requires further investigation in basic animal models by creating such a
milieu ex vivo, before autologous MSC therapies can advance successfully to the clinical setting
(Otero-Vifias and Falanga, 2016; Satija et al., 2009).

One of the initial limitations in the advancement of stem cell therapy was the limited ability to track
stem cells in vivo following transplantation. In 2013, Robert C. Caskey and Kenneth W. Liechty
(wound regeneration and repair, Gourdie and Myers, 2013; Chapter 6) discussed the idea that in
research focused on delayed healing, the ability to track specific cell types would dramatically improve
our understanding of the cellular derangements in pathological conditions suchas T2DM. To date, a
variety of different transgenic mouse models has been developed and has significantly advanced our

understanding of cell biology in numerous conditions. For example, Hayakawa et al. (2003) utilized
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bone marrow from GFP (green fluorescent protein) chimera mice and transplanted these fluorescent
cells into wounded C57BL/6 mice and was able to track the fate of the transplanted cells in vivo. Many
of these animal models have added considerable value to our understanding of stem cell homing, but
they, unfortunately, do not replicate the underlying pathological phenotype observed in patients
(Gourdie and Myers, 2013; Hayakawa et al., 2003).

There are currently only a few diabetic animal models available for the study of chronic wounds, each
with its own advantages and disadvantages. It is still common to use streptozotocin to induce
diabetes in mice to study delayed wound healing. For example, Yin et al., 2016 studied the efficacy of
bioengineered drug-eluting scaffolds to accelerate cutaneous wound healing in streptozotocin-
induced diabetic mice. It should however be noted that this model is representative of type 1 diabetes
and healing deficiencies are not as severe as is the case in obesity associated T2DM. Chen et al.
(wound regeneration and repair, Gourdie and Myers, 2013; Chapter 15) suggested that despite slight
deviations from the clinical setting, the splinted excisional wound model on leptin receptor-deficient
diabetic (db/db) mice is a feasible way to study non-healing diabetic wounds. In this method, wound
margin contraction by the panniculus carnosus layer is however prominent in the animals whereas
human healing occurs through granulation tissue formation and re-epithelialization (Chen et al., 2013;

Gourdie and Myers, 2013; Yin et al., 2016). This is however a limitation of most animal models.

A comparison in wound healing between a wild-type mouse with high-fat diet-induced obesity/pre-
diabetes and an obese genetically modified mice (ob/ob) by Seitz et al., 2016, demonstrated that the
ob/ob mouse model has more pronounced injury-induced inflammatory and tissue responses and
therefore suggested that this could be a reliable option to investigate basic mechanisms of diabetes
related skin repair (Seitz et al., 2010). The wild-type control (C57BL/6J) murine strain, was chosen
because it shares a genetic background with the obese pre-diabetic (B6.Cg-Lepob/J) strainand is the

most widely used inbred strain (Fang et al., 2019) (https://www.jax.org/strain/000632). In addition to

choosing an appropriate animal model which suffer from the underlying diabetic pathology, the most

appropriate wounding procedure should also be considered.

Reid et al., 2004 investigated the different procedures for creating incisional and excisional wounds
and examined six parameters of wound healing. The authors used standard surgical models (head
punch, back punch, back incisional, ear epithelial wound, transverse rectus abdominal myocutaneous
flap and tube flap model) in transgenic and knockout animals to identify differences in the molecular
pathways of healing in each of these models. Reid et al., 2004 concluded that to analyse ECM
proteins, the incisional wound and tube flap procedures are the best options, but when measuring cell
adhesion molecules and intracellular signalling most of the surgical approaches (incisional or
excisional) would yield good results. Wong et al., 2011 did however suggest that full-thickness
excisional wound models are a proper way to assess humerous components of wound healing in vivo
(Reid et al., 2004; Wong et al., 2011).

Taking all of this into account, for the purpose of this research project, full-thickness excisional

wounds on obese prediabetic mice (B6 Cg-Lepc?/J) (ob/ob) was identified as an appropriate model to
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use for harvesting diabetic wound fluid. Given the wound contraction limitation of all animal models,
the ob/ob wound model was further optimized in this study by injecting NEP at the wound edges to
prevent contraction and delay healing to more closely mimic DFUs in patients. Although healing was
not completely prevented by this approach, the collected wound fluid was representative of an
excessive persistent inflammatory microenvironment. This enabled the design of an ex vivo complex
similar to actual wound conditions to investigate MSC responses to the pathological
microenvironmentin an in vitro setting.

Previous studies done by our group indicated that molecular pathways related to IL6/STAT 3 signalling
were dysregulated in functionally impaired MSCs derived from obese prediabetic mice under baseline
conditions. The data suggested that the immune-modulatory properties of impaired diabetic MSCs
might be skewed towards a pro-inflammatory profile (van de Vyver et al., 2016). In a patient based
study, our group furthermore showed that systemic factors during metabolic disease progression
contribute to the functional decline of MSCs (Seboko et al., 2018). Based on these findings, it was
thus suggested that MSCs with a skewed gene expression profile to favour a pro-inflammatory
environment would be unable to perform the imperative function of restoring the localized (wounded
area) or systemic conditions needed for normal healing (van de Vyver, 2017). These initial studies did
however not assess the secretome at baseline or the responsiveness of healthy vs impaired MSCs
upon stimulation with environmental cues. Although the benefits of antioxidants (NAC and AAP) has
already been shown in acute cell culture models, this research project was the first to test the efficacy

of these factors to counteract functional impairments in diabetic MSCs.

These specific antioxidants were chosen because of their combined growth-promoting, ROS
scavenging and anti-inflammatory properties that have the capacity to counteract the various
components involved in the pathogenesis of T2DM namely: hyperglycaemia-associated AGES
accumulation that subsequently induces excessive oxidative stress and amplifies inflammation
(Ashcroft et al., 2012; Liu, 2005) (refer to section 2.1.3.3 & 2.1.3.4, p.8) and affects MSCs function
(refer to section 2.4, p.20).

In agreement with our hypothesis, the data showed that MSC dysfunction involved disrupted
paracrine signalling that is skewed towards a pro-inflammatory and destructive instead of a pro-
regenerative phenotype. This was evident in the excessive pro-inflammatory TNFa response of
impaired diabetic MSCs upon stimulation with DWF. Preconditioning with antioxidants could however
dampen this excessive response and promoted the release of anti-inflammatory factors suchas IL10.
Suggesting that ex vivo treatment of autologous stem cells with NAC and AAP could potentially be an

effective strategy to restore the paracrine function of impaired diabetic MSCs before transplantation.

It should however be noted that the paracrine response of MSCs is as dynamic as the
microenvironment they are exposed to and depends on the MSC population’s tissue of origin,
heterogeneity, age of the donor, cell isolation protocol and the culture conditions used for testing
(Ferreiraet al., 2018). The data presented in this thesis should thus be interpreted within this context,

especially since the cell population tested was heterogenous bone marrow-derived stem cells.
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Nonetheless, the data indicated that in addition to a restored paracrine response, antioxidant
preconditioning had a protective effect against the toxicity of DWF and could therefore be used as a
potential strategy to improve the viability of both allogeneic and autologous MSCs post-
transplantation. However, despite these clear beneficial effects of antioxidant preconditioning, it could

not restore the proliferation and migration capacity of severely impaired diabetic MSCs.

The growth deficiencies therefore seem to be persistent despite the removal of these cells to a more
optimal environment and is consistent with the findings of other studies (Frykberg and Banks, 2015;
Shin and Peterson, 2012; van de Vyver et al., 2016). This has significant implications for preparing a
sufficient number of cells for therapeutic administration purposes as their ability to expand in culture is
limited. A modified culture system or additional treatment is thus still needed to improve the
proliferation rate of impaired diabetic MSCs (Badiavas et al., 2007). Based on the literature the
following additional ex vivo treatment strategies could be considered in conjunction with antioxidant
preconditioning since their growth-promoting effects has already been shown in various in vitro
models: FGF2, IGF1, BMP2, TGFB, VEGF, PDGF, melatonin (Ferreira et al., 2018; Hu and Li, 2018;
Peng et al., 2013). Furthermore, for transplantation purposes into chronic wounds, delivery mediums
such as synthetic biomaterials that resemble the natural ECM could be an additional strategy to
overcome the adhesion, proliferation and migrationimpairments of diabetic MSCs (Dash et al., 2013;
Votteler et al., 2010).

To date, the delivery mediums that have been researched include natural and synthetic scaffolds
(hydrogels, autologous bio-grafts and Nano-fibre scaffolds) or scaffold free-technologies (organoids,
microtissues, spheroids) (Birbrair, 2017). However, due to the dynamic nature of the healing process,
it might not be possible to deliver multiple combined therapeutic approaches at the same time to a
patient in a cost-effective manner. Although the use of a combination of products in different
categories could proof effective, the challenges and limitations, especially in low resource settings,
should be taken into consideration. Challenges that need to be addressed include the time period of
engrafted MSCs survival and their functional maintenance, the optimal dose, frequency and routes of
MSC administration in different types of injuries and during different stages of diseases (Dash et al.,
2013; Otero-Vifias and Falanga, 2016).

Given the persistent nature of the growth impairments, an alternative strategy is needed to utilize the
secretome (conditioned medium) of antioxidant preconditioned MSCs with a restored paracrine
function for therapeutic application.

MSC-derived CM contains various growth factors and tissue regenerative agents which can be
manufactured, freeze-dried, packaged, and transported relatively easily without the negative risk of
immune rejection in patients (Pawitan, 2014). The MSC secretome furthermore contains numerous
extracellular vesicle (EVs) and exosomes that can be purified for therapeutic purposes (Di Rocco et
al., 2016; Nawaz et al., 2016). There are, however, still various challenges in their production and
separation, a lack of standardized quality assurance assays and limited reproducibility of in vitro and

in vivo functional assays which need to be addressed (Witwer et al., 2019).
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With the development of our theoretical understanding of the MSC impairment in diabetic patients at
the cellular and molecular levels, it becomes clear that a more inclusive approach is needed to
address multiple needs in the clinical setting. It furthermore, highlights the importance of
understanding the diabetic wound microenvironment and the direct impact it has on the functionality
of MSC. For instance, an increasing number of studies show phenotypic shifts in MSCs under
different microenvironment conditions (Marfia et al., 2015; Si et al., 2011; Turinettoet al., 2016; Wang
et al., 2013b).

Caution should thus be taken to avoid the premature implementation of MSC therapies in the clinical
setting, especially since MSCs possess a mutual interaction with tumour cells and poses the risk of
ectopic differentiation (Marfia et al., 2015; Si et al., 2011), as was evident in our data with the
unwanted spontaneous osteogenic differentiation under high cell densities. Moreover, long-term
culture of MSCs together with accelerated senescence increases the risk of genomic mutations,
which could expose patients to more side effects, however the changes may be without possible
malignant transformation (Marfia et al., 2015; Wang et al., 2013b).

Future research should thus focus on the expansion of our understanding of MSC functionality in
hostile environments. This is of particular importance, especially since the repair and regeneration of
tissues using minimally manipulated autologous stem cells represent the ultimate goal in regenerative

medicine.
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Addendum A: Ethical approval letters

Approved Protocol

Date: 30 —June — 2017
Pl Name: Van De Vyver, Mari M
Protocol #: SU-ACUD17-00016

Title: Development of a chronic wound model using B6.Cg-Lepob/) obese diabetic and C57BL/6J wild-type
control mice: Characterizing cellular changes that impair regenerative potential of wound-derived fibroblasts
and endogenous mesenchymal stem cells.

Dear Mari Van De Vyver, the Response to Modification, was reviewed on 23-June-2017 by the Research
Ethics Committee: Animal Care and Use via committee review procedures and was approved. Please note
that this clearance is only valid for a period of twelve months. Ethics clearance of protocols spanning more
than one year must be renewed annually through submission of a progress report, up to a maximum of three
years.

Applicants are reminded that they are expected to comply with accepted standards for the use of animals in
research and teaching as reflected in the South African National Standards 10386: 2008. The SANS 10386:
2008 document is available on the Division for Research Developments website www.sun.ac.za/research.

As provided for in the Veterinary and Para-Veterinary Professions Act, 1982. It is the principal investigator's
responsibility to ensure that all study participants are registered with or have been authorised by the South
African Veterinary Council (SAVC) to perform the procedures on animals, or will be performing the
procedures under the direct and continuous supervision of a SAVC-registered veterinary professional or
SAVC-registered para-veterinary professional, who are acting within the scope of practice for their
profession.

Please remember to use your protocol number, SU-ACUD17-00016 on any documents or correspondence
with the REC: ACU concerning your research protocol. Please note that the REC: ACU has the prerogative and
authority to ask further questions, seek additional information, require further modifications or monitor the
conduct of your research. Any event not consistent with routine expected outcomes that results in any
unexpected animal welfare issue (death, disease, or prolonged distress) or human health risks (zoonotic
disease or exposure, injuries) must be reported to the committee, by creating an Adverse Event submission
within the system.

We wish you the best as you conduct your research. If you have any questions or need further help, please
contact the REC: ACU secretariat at wabeukes@sun.ac.za or 021 808 9003.

Sincerely, REC: ACU Secretariat

Research Ethics Committee: Animal Care and Use
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Amendment Approval

Date: 15June 2018
PI Name: Dr. Mari Van de Vyver
Protocol #:3857

Title: Development of a chronic wound model using B6.Cg-Lepob/J obese diabetic and C57BL/6J wild-type control mice: Characterizing cellular changes that impair
regenerative potential of wound-derived fibroblasts and endogenous mesenchymal stem cells.

Dear Mari Van de Vyver,

The Development of a chronic wound model using B6.Cg-Lepob/J obese diabetic and C57BL/6J wild-type control mice: Characterizing cellular changes that impair
regenerative potential of wound-derived fibroblasts and endogenous mesenchymal stem cells - amendment. , was reviewed on 13 June 2018 by the Research
Ethics Committee: Animal Care and Use via committee review procedures and was approved. Please note that this clearance is only valid for a period of twelve

months. Ethics clearance of protocols spanning more than one year must be renewed annually through submission of a progress report, up to a maximum of three
years.

New Co-workers:
Kiara Boodhoo (MSc student) and Dr Dalene de Swardt (Postdoc)

Applicants are reminded that they are expected to comply with accepted standards for the use of animals in research and teaching as reflected in the South African
National Standards 10386: 2008. The SANS 10386: 2008 document is available on the Division for Research Developments website www.sun.ac.za/research.

As provided for in the Veterinary and Para-Veterinary Professions Act, 1982. It is the principal investigator's responsibility to ensure that all study participants are
registered with or have been authorised by the South African Veterinary Council (SAVC) to perform the procedures on animals, or will be performing the
procedures under the direct and continuous supervision of a SAVC-registered veterinary professional or SAVC-registered para-veterinary professional, who are
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Please remember to use your protocol number 3857 on any documents or correspondence with the REC: ACU concerning your research protocol.

Please note that the REC: ACU has the prerogative and authority to ask further questions, seek additional information, require further modifications or monitor the
conduct of your research.

Any event not consistent with routine expected outcomes that results in any unexpected animal welfare issue (death, disease, or prolonged distress) or human
health risks (zoonotic disease or exposure, injuries) must be reported to the committee, by creating an Adverse Event submission within the system.

We wish you the best as you conduct your research.

If you have any questions or need further help, please contact the REC: ACU Secretariat at wabeukes@sun.ac.za or 021 808 9003.
Sincerely,

Winston Beukes

REC: ACU Secretariat

Research Ethics Committee: Animal Care and Use
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Antioxidant Preconditioning Improves the Paracrine
Responsiveness of Bone Marrow Mesenchymal
Stem Cells to Diabetic Wound Fluid

Yashar Mehrbani Azar! Robyn Green,' Carola Ulrike Niesler? and Mari van de Vyver'

Mesenchymal stem cells (MSCs) are a promising therapeutic tool for the treatment of nonhealing diabetic
wounds. The pathological naturc of the niche microenvironment limits the use of autologous ccll therapy in
diabetic patients. Prolonged exposure of endogenous MSCs to a pathological microenvironment in vivo reduces
their ability to respond to environmental cues. This study investigated the effectiveness of ex vivo antioxidant
treatment [N-acetylcysteine (7.5 mM NAC) and Ascorbic acid 2-phosphate (0.6 mM AAP)] to restore the E{sra—
crine function of diabetic MSCs. Healthy control [bone marrow stem cells derived from wild-type mice (SC
(source: wild-type C57BL/6J mice) (n=12) and impaired/dysfunctional [bone marrow stem cells derived from ob/
ob mice (SC°®)] (source: obese diabetic, B6.Cg-Lep®™/J mice) (n=12) MSCs were isolated. Ex vivo treatment
groups (SCVT vs. SC°® were as follows: (1) no treatment (baseline phenotype), (2) stimulated with diabetic
wound fluid (DWF) (bascline response), (3) antioxidant preconditioning (preconditioned phenotype), and (4)
antioxidant preconditioned with subsequent stimulation with DWF (preconditioned response). The paracrine
responsiveness on both the molecular (mRNA expression of 80 cytokines and receptors, gPCR microarray) and
protein (23-plex bead-array Luminex assay) level was assessed. At baseline, 31 genes were overexpressed (> X 2-
fold) and 39 genes were underexpressed (>x2-fold) in SC° versus SCV?. In conditioned media, significant
differences (P <0.05) were detected at baseline for two proinflammatory cytokjnes [tumor necrosis factor alpha
(TNFa) and interferon gamma (IFNYy)], four chemokines [keratinocyte chemoattractant (KC), granulocyte colony-
stimulating factor (GCSF), Eotaxin, and macrophage chemoattractant protein (MCP1)], and one anti-
inflammatory cytokine [interleukin 10 (IL10)]. Following stimulation with DWF, significant differences (P <0.05)
were detected in the secretion of two chemokines [granulocyte macrophage colony-stimulating factor (GMCSF)
and Eotaxin], three proinflammatory cytokines (TNFa, IFNy, and IL9), and four anti- inﬂammatory cytokines
(IL10, 1L4, IL]3 and IL3). Antioxidant preconditioning significantly dampened the excessive TNFax response
observed in SC° and improved the secretion of I1.10. Taken together these data suggest that the combined ex vivo
treatment of autologous stem cells with NAC and AAP could potentially be an effective strategy to restore the
paracrine function of impaired diabetic MSCs before transplantation.

Keywords: TNFz, IL10, cytokines, mesenchymal stem cells, wound healing, diabetes

Introduction Mesenchymal stem cell (MSC) therapies aimed at im-
proving wound healing are widely pursued in preclinical trials.

OBESI’[Y AND TYPE 2 DIABETES MELLITUS (DM) are re-  This is due to the immune-modulatory, growth-promoting, and
garded as chronic low-level inflammatory states that, in  anti-inflammatory properties that MSCs possess [3,5-7].
combination with hyperglycemic conditions, cause severe However, in this respect, the use of autologous stem cells from
co-morbidities such as nonhealing wounds. Lower extremity  patients with DM are not as effective in promoting healing as
wounds [such as diabetic foot ulcers (DFU)], which affect the  those from nondiabetic controls [8]. Based on the findings
musculoskeletal system and skin, occur in 4%—10% of dia- from various in vitro studies, it is now known that DM alters
betic patients and have a 20%—80% recurrence rate |1—4]; the characteristics of endogenous MSCs to such an extent that
DFUs are currently the leading cause for lower limb ampu-  the changes remain evident, despite removal of these cells to a
tations globally. more optimal in vitro environment [8,9]. Bone marrow stem

Division of Endocrinology, Department of Medicine, Faculty of Medicine and Health Sciences, Stellenbosch University, Cape Town,
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cells derived from a DM microenvironment have impaired
viability, have refractory mobility, and are unable to close an in
vitro wound effectively [9—12]. The mechanism underlying
these impairments is, however, not yet clear. Furthermore, it is
unknown if these impairments can be reversed using in vitro
treatments, and if so, whether preconditioned MSCs will retain
a repaired status when reintroduced to the pathological mi-
croenvironment in vivo.

Wound healing is a complex process that consists of
four main phases: hemostasis, inflammation (destructive/
phagocytic), proliferation (extracellular matrix formation,
angiogenesis, and reepithelialization), and remodeling
(matrix reorganization) [13,14]. The inflammatory phase is
essential for the phagocytosis of bacteria, dead cells, and
tissue debris. This phase is characterized by immune cell
(neutrophil/M1 macrophage) infiltration and the presence
of proinflammatory signaling molecules [15]. If the tran-
sition from M1 (proinflammatory) to M2 (proregenerative)
macrophages does not occur timeously, healing is im-
paired, and the wound may become chronic. This is the
case with diabetic ulcers, where a combination of factors,
including an excessive and delayed inflammatory response,
dysfunctional supporting cells (fibroblasts, keratinocytes,
and epithelial cells), ischemia, impaired angiogenesis, and
neuropathy, prevents the wound from transitioning into the
proliferative and remodeling phases [5,15,16]. The para-
crine properties of exogenously applied allogeneic (heal-
thy) bone marrow stem cells have been shown to restore
the wound microenvironment by inducing the proliferative
and remodeling phases of healing through anti-inflammatory
and proregenerative signaling [7]. Bone marrow stem cells
isolated from pathological environments (such as those ex-
isting during DM) lose their ability to promote repair. We
hypothesize that prolonged exposure of autologous MSCs to
a pathological microenvironment in vivo reduces the ability
of these cells to respond to environmental cues and thereby
effect repair. Assessing whether the paracrine (cytokine)
responsiveness of MSCs is skewed toward a prodestruc-
tive or proregenerative response could potentially be used
as diagnostic parameters to predict the degree of MSC
dysfunction in a diabetic patient.

The pathogenesis of DM, which contributes to the func-
tional decline of stem cells, is driven by hyperglycemia
(advanced glycation end products), chronic inflammation,
and oxidative stress [8]. Ascorbic acid 2-phosphate (AAP)
and N-acetylcysteine (NAC) are antioxidants that have been
shown to preserve the “‘stemness’ of healthy MSCs during
prolonged culture, by preventing apoptosis and promoting
proliferation, telomerase activity, and increasing intracellu-
lar levels of antioxidant enzymes such as superoxide dis-
mutase [17-20]. It is hypothesized that these protective
agents could potentially be used to restore the function of
impaired autologous stem cells.

This study therefore investigated whether in vitro anti-
oxidant preconditioning could restore the paracrine function
of impaired diabetic bone marrow stem cells. To achieve
this, an in vivo murine model of impaired wound healing
was established, and diabetic wound fluid collected. The
paracrine (secretome; extracellular) and molecular (intra-
cellular) responsiveness of healthy and impaired/dysfunc-
tional stem cells were then assessed at baseline and
following ex vivo exposure to diabetic wound fluid. The
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successful restoration of the paracrine function of impaired/
diabetic stem cells ex vivo before use for autologous cell
therapy could improve the predictability of cell therapy in
diabetic ulcer patients in the clinical setting.

Materials and Methods

This study was approved by the animal rescarch cthics
committee (SU-ACUD17-000016) at Stellenbosch Uni-
versity and complied with the South African Animal Pro-
tection Act (Act no. 71, 1962). All experimental procedures
were conducted according to the ethical guidelines and
principles of the declaration of Helsinki.

Induction of full-thickness wounds and collection/
analysis of wound fluid

Full-thickness excisional wounds were induced dorsally
on obese prediabetic mice (B6.Cg-Lep°b/J) (ob/ob) with
subcutaneous injections of recombinant neutral endopepti-
dase (NEP) to (1) prevent wound contraction and (2) more
closely mimic diabetic ulcers in patients [21,22].

Seven (n=7) ob/ob mice (8-week old; weight 4312 g)
were anesthetized using isoflurane (Safeline Pharmaceuticals
Pty, Ltd., SA) gas. Dorsal hair was shaved, washed with
povidone-iodine and a local anesthetic, and 2% lignocaine
(7mg/kg; Bodene Pty, Ltd., SA) applied before making two
identical contralateral full-thickness skin excisions (including
the underlying panniculus carnosus) (Gmmz) (Fig. 1). Im-
mediately postwounding and on day 7, NEP (0.3 pg/mL; en-
zyme activity 50 pmol/h/pg) (SRP6450, Neprilysin/CD10;
Sigma-Aldrich, St. Louis, MO) was injected subcutaneously at
the wound edges to prevent skin contraction and further delay
healing. The enzyme activity of the injected NEP is equivalent
to that observed in the foot ulcers of diabetic patients [21,22].
Postsurgery pain (3 days) was managed by adding acetamin-
ophen (300 mg/kg) (GSK, Cape Town, SA) to the drinking
water of individually housed animals. Both excisional wounds
were covered by a vapor-permeable polyurethane film (Hy-
drofilm; Paul Hartmann AG, Heidenheim, Germany) and the
accumulated exudate (diabetic wound fluid, DWF) harvested
by needle puncture [23,24] at 7, 14, and 21 days postwound-
ing. At these time points, DWF was collected by injecting
100 pL sterile saline onto the wounds and then collecting the
wound exudate together with the saline. The collected DWF
was pooled, sterile filtered, and centrifuged to eliminate all
debris and stored at =80°C. Note: on day 14 postwounding,
the start of reepithelialization was evident, and wounds
were therefore reopened (by removing the epithelial layer)
at this time point, following the collection of the DWF.

The total protein concentration of the sterile filtered DWF
(9.6 pg/mlL) was determined to be threefold less than the
total amount of protein in fetal bovine serum (FBS)
(27.9 ng/mL) using a standard Bradford assay with BSA
(Hyclone BSA; Thermo, Logan) as control (Supplementary
Fig. S1; Supplementary Data are available online at www
Jiebertpub.com/scd). For the in vitro experiments, bone
marrow-derived stem cells (SCs) were therefore stimulated
with media containing 30% DWF [600uL DWF+ 1,400 uL.
Dulbecco’s modified Eagle’s medium (DMEM) with ultra-
glutamine containing 1% penicillin/streptomycin], while
control growth media contained the standard 10% FBS. The
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FIG. 1. Full-thickness excisional diabetic wound model. (A) The weight of the B6.Cg-Lep°b/J (ob/ob) mice over time
after initial wounding (day 0) and rewounding (day 14). (B) Representative images of contralateral dorsal full-thickness
excisional wounds that were induced on ob/ob mice. Images were taken immediately (day 0) and on days 7, 14, and 21
postwounding. (C) Percentage wound closure (%). Wound surface area at each time point was determined using Imagel
software (version 1.46, nih.gov) and the percentage wound closure calculated using the following formula: (wound area d0 —
wound area dn)/(wound area d0)x 100. Statistical analysis: data are presented as (mean+ SE). Repeated-measures ANOVA
with Bonferroni post hoc test. **P <0.01. Color images available online at www.liebertpub.com/scd

total protein content in the media used to stimulate SCs with
DWF was thus equivalent to that of standard growth media.
The cytokine concentrations within DWF were determined
using a Bio-Plex Pro Mouse Cytokine 23-plex assay (No.
M60009RDPD; Bio-Rad, Hercules, CA) [Eotaxin, granulocyte
colony-stimulating factor (GCSF), granulocyte macrophage
colony-stimulating factor (GMCSF), interferon gamma
(IFNY), interleukin (IL)1o, IL1M, IL2, IL3, IL4, IL5, IL6,
IL9, IL10, IL12 (p40), IL12 (p70), IL13, and IL17A, kera-
tinocyte chemoattractant (KC), macrophage chemoattractant
protein (MCP1) (MCAF), macrophage inflammatory protein
(MIP)1a, MIP1f, RANTES, and tumor necrosis factor alpha
(TNFw)] as per manufacturer’s instructions.

As a parallel control, to assess whether wound closure was
truly delayed in our diabetic wound model, acute wounds
(without NEP injection) were induced on six (n=6) healthy
control mice (C57BL6/J) (8-week old; weight 251 0.2 g) using
the same procedure as described above. Complete macro-
scopic wound closure and significant healing were evident in
the control animals on day 7 (Supplementary Fig. S2).

Determination of the safest, nontoxic doses of NAC
and AAP for in vitro antioxidant preconditioning

The dose-response experiment was performed using a
mouse MSC line (C3H/10T1/2, clone 8, ATCC ccl-226)
(passage 5-7) as part of the refinement criteria of this study
to limit the required number of animals. MSCs were cul-
tured in standard growth media (SGM) consisting of DMEM
with ultra-glutamine (4.5 g/lL high-glucose DMEM; Bio-
Wittaker, Lonza, Basel, Switzerland) containing 10% FBS
(Biochrom, Berlin, Germany) and 1% penicillin/strepto-
mycin (BioWittaker, Lonza). Cells were maintained at
37°C, in 90% humidified air with 5% CO,. The effect of
different doses of NAC (7.5, 15, and 30mM) (Sigma-
Aldrich, St. Louis, MO) or AAP (0.15, 0.3, 0.6 mM) (Sigma-
Aldrich, St. Louis, MO) on MSC proliferation (BrdU
ELISA; Roche, Basel, Switzerland) was assessed over a
period of 24 and 48 h, respectively. This was done to de-
termine the optimum dose of each individual antioxidant. To

assess the synergistic effect of the optimum doses, the sur-
vival rate of MSCs following exposure to the combined
antioxidant treatment was determined over a period of
6 days using Crystal Violet staining (0.01% in dH,O)
(Sigma-Aldrich, Steinheim, Germany) [25].

Isolation and characterization
of bone marrow-derived SCs

Healthy control (source: wild type, C57BL/6J mice, weight
23.6%0.9 g) (n=12) and impaired/dysfunctional bone marrow-
derived SCs (source: obese diabetic, B6.Cg-Lep®®/J mice,
weight 37.2+1.7g) (n=12) were isolated as previously
described [9]. Briefly, following sacrifice of the animals, the
femurs were dissected out and the proximal and distal ends
of each femur cut open in a sterile environment. Bone
marrow aspirates were flushed into tissue culture plates (six-
well plates; Nest Biotechnology, NJ) using a 25-gauge needle
and syringe containing growth media with 20% FBS (Bio-
chrom). Growth media consisted of DMEM with ultra-
glutamine (4.5 g/L high glucose; BioWittaker, Lonza), con-
taining 1% penicillin/streptomycin (BioWittaker, Lonza).
Bone marrow aspirates were maintained at 37°C, in 90%
humidified air with 5% CO,. After 96 h, nonadherent cells
were washed off with phosphate-buffered saline (PBS) and
the media replaced with SGM containing 10% FBS (Bio-
chrom). Media were then changed every 3—4 days until the
cells reached confluence in passage 0. All subsequent ex-
periments were performed on SCs derived from at least three
animals per group (n=3 biological repeats).

SCs (90% confluent; passage 0) were harvested through
trypsinization and resuspended in flow cytometry staining
solution (PBS containing 20% FBS). Cell suspensions at a
concentration of 1x10° cells per 100 pL were co-labeled with
rat anti-mouse monoclonal antibodies against the stem cell
marker, Ly-6A/E (Sca-1) (PE conjugated; BD Pharmingen,
San Diego, CA) and the hematopoietic lineage marker, CD45
(FITC conjugated; BD Pharmingen). Flow cytometry was
performed on a BD FACSCalibur instrument using CellQuest
software. A total of 15,000 events were recorded before data
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analysis. Fluorescent compensation settings were establi-
shed through a compensation experiment using comp beads
(BD™CompBead Plus Anti-Mouse Ig, k; BD Biosciences, San
Jose, CA). An unstained control sample was used as a negative
control for gating purposes. Data analysis was performed using
Flow Jo Vx (Treestar, OR) software.

For all subsequent experiments, the isolated bone marrow
SCs were expanded in culture under either standard growth
media (control) conditions or in the presence of antioxidant
preconditioning before stimulation with DWF.

in vitro treatment conditions and study design

Antioxidant preconditioning consisted of combined
treatment with NAC (7.5mM) (Sigma-Aldrich, St. Louis,
MO) and AAP (0.6 mM) (Sigma-Aldrich, St. Louis, MO)
added to the growth media (SGM), with media being
changed every 3—4 days until the cells reached 80% con-
fluence. The inflammatory phenotype and paracrine re-
sponsiveness of healthy versus impaired SCs (with and
without preconditioning) to environmental cues were as-
sessed following ex vivo exposure to DWF. For the treat-
ment of SCs with DWF, the FBS (10%) in the growth media
was replaced by DWF (30%) with an equivalent total pro-
tein concentration. The treatment groups were as follows:
(1) no treatment (baseline phenotype): SCs expanded in
standard growth media (£8 days) and only exposed to
growth media, (2) DWF: SCs expanded in standard growth
media (+8 days) followed by acute exposure to DWF for a
period of 4 h, (3) antioxidant preconditioning: SCs expanded
in the presence of NAC/AAP (£8 days), And (4) antioxidant
preconditioning+DWF: SCs expanded in the presence of
NAC/AAP (x8 days) followed by acute exposure to DWF
for a period of 4 h. Refer to Supplementary Fig. S3 for an
overview of the study design and treatment groups.

Collection and analysis of conditioned media

After MSCs reached 80% confluence, the growth media
(with or without NAC/AAP) were replaced with serum-free
media for a period of 24 h. The complete serum-free growth
media consists of Stem Pro MSC SFM basal media (No.
A10334-01; Gibco, Life Technologies), Stem Pro MSC
SEM growth factor Supplement CTS (A10333-01; Gibco,
Life Technologies), 2mM L-Glutamine (No. 25030-081;
Gibco, Life Technologies), and 5 pg/mL penicillin/strepto-
mycin (No. DE17-6026; BioWhittaker, Lonza). After 24 h,
the conditioned media were collected, centrifuged to remove
cellular debris, and stored at =80°C. The cytokine concen-
trations within conditioned media were assessed using the
Bio-Plex Pro Mouse Cytokine 23-plex Assay (No.
M60009RDPD; Bio-Rad) [Eotaxin, GCSF, GMCSF, IENy,
IL1a, TL1B, T2, IL3, TL4, ILS, 1L6, IL9, TL10, TL12 (p40),
TL12 (p70), TL13, and TL17A, KC, MCP1 (MCAF), MIP1«,
MIP1B, RANTES, and TNF«] according to the manufac-
turer’s instruction, using a Multiplex reader (MAGPIX; Bio-
Rad) and Bio-Plex Manager™ MP software.

RNA isolation, cDNA synthesis,
and RT2 qPCR microarray

Total RNA was isolated using the RNeasy RNA isolation
kit (Qiagen, Berlin, Germany) with on-column DNAse di-
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gestion (Qiagen). RNA quantification and quality control
were performed using the Eukaryote Total RNA Nano
Series I (2100 Bioanalyzer; Agilent Technologies, Inc.,
Santa Clara, CA). Total RNA (0.5 pg) with an integrity of
above 9 (RIN >9) was used as a template for cDNA syn-
thesis, using the RT? First Strand Kit (Qiagen) that includes
a genomic DNA elimination step. cDNA samples for each
treatment condition were analyzed with an RT? Profiler
polymerase chain reaction (PCR) inflammatory cytokine
and receptor array (96-well plate format; Qiagen) and RT?
SYBR Green Master-mix (Rox PCR Master mix; Qiagen)
using an ABI 7900HT Fast real-time PCR system (Applied
Biosystems, Life technologies), and SDS software (version
2.3; Life technologies). The web-based PCR Profiler Array
data analysis package was used for AACt-based fold change
calculations (Qiagen, www.glagen.com). Relative gene ex-
pression was calculated by comparison with the following
housekeeping gene: heat shock protein 90 class B member
1 (Hsp90abl) (NM_008302). The PCR array analysis fur-
thermore included a mouse genomic DNA contamination
(SA_00106), reverse transcriptase (SA_00104), and positive
PCR (SA_00103) controls. Genes of interest were identified
using Student’s r-test of the replicate AACt values for each
gene in the control and treatment groups. The level of sig-
nificance was accepted at P<0.05.

Statistical analysis

Values are presented as mean=standard error (mean+
SE). Statistical analysis was performed using Statistica
software (Statsoft, version 13). Repeated-measures ANOVA
with Bonferroni post hoc test was used to assess animal
weight and wound closure over time. Factorial ANOVA
with Tukey post hoc test was used to assess group, treat-
ment, and group % treatment effects. Genes of interest were
identified using a Student’s r-test of the replicate 24V
values of each gene in the control and treatment groups. The
level of significance was accepted at P <0.05.

Results

Full-thickness excisional diabetic wound model:
collected wound fluid is representative

of the in vivo microenvironment of an inflammatory
diabetic wound

No weight loss was apparent in the wounded animals
(start weight: 43 +2 g; end weight: 41 +7 g) for the duration
of the study (Fig. 1A). Impaired wound closure (macro-
scopic) was evident in the ob/ob animals over the initial
recovery period of 14 days (day O to 7: 33% =7% wound
closure; day 0 to 14: 77% 4% wound closure) as well as in
the subsequent period after rewounding (day 14 to 21:
48% £ 7% wound closure) (Fig. 1B, C). In contrast, signif-
icant wound closure was evident after only 7 days in the WT
control animals (Supplementary Fig. S1). Wound fluid was
collected and analyzed as indication of the clinical condition
of the wound. The DWF collected from the ob/ob animals
had a cytokine profile that mimics the clinical characteristics
of a nonhealing diabetic wound. Refer to Table 1 for the
quantification of cytokine concentrations detected in the
DWEF. Proinflammatory cytokines (IL1c, IL1{, IL6, TL12p40,
1L12p70, IL17A, RANTES, and TNFy) and chemokines
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TABLE 1. CYTOKINE SECRETION PROFILE IN RESPONSE TO DiaBETIC WOUND FLUID
Secreted protein: response to DWF
Control Preconditioned
DWF st sc sc”
Proinflammatory
IL1a 6,992 2,737 (31) 2,640 (560) 2,974 (165)
IL1B 3,360 1,144 (22) 1,184 (125) 1,131 (133)
L6 1,004 11,305 (2,119) 7,290 (3,240) 10,574 (3,827)
1L9 127 204 (9)° 228 (4)° 242 (5)*°
IL12p40 4,962 2,944 (71) 3,051 (174) 2,934 (151)
1IL12p70 598 1,030 (71) 1,068 (32) 1,064 (118)
IL17A 361 207 (6) 238 (19) 241 (20)
IFNYy 43 57 (3)* 68 (2) 77 (6)*
RANTES 128 3,971 (217) 5,376 (687) 12,833 (6,862)
TNFa 932 5,081 (671)¢ 20,441 (1,461)"¢ 9,190 (487)"
Chemokines
Eotaxin 572 179 (6)*€ 217 (6)° 229 (9)*
GCSF >47,590¢ 14,160 (605) 14,942 (781) 15,484 (1,564)
GMCSF 672 399 (10)* 486 (26) 510 (30)*
KC >21,315¢ 11,231 (3,397) 11,165 (1,767) 18,305 (5,378)
MCP1 18,568 35,772 (678) 34,706 (10,271) 35,432 (7,406)
MIPla >7,288¢ 2,689 (257) 3,095 (493) 6,357 (2,603)
MIP1B 1,187 18,344 (1,776) 26,690 (7,447) 31,905 (12,064)
Anti-inflammatory
IL2 23 49 (1) 60 (1) 120 (19)
IL3 27 33 (1)~ 38 (1)°* 39 (2)*
L4 91 53 (1)° 65 (3)° 60 (3)
1LS 27 53 (3) 66 (4) 95 (23)
IL10 263 6,823 (575)* 5,415 (317)° 10,207 (812)*°
IL13 329 617 (14)™° 745 (7)° 747 (29)*

Data are presented as mean (SE) in pg/mL. Statistical analysis: factorial ANOVA with Tukey post hoc test. Level of significance

accepted at P <0.05.

“Significant difference between SC¥" and SC® with preconditioning.

Significant difference in SC® with and without preconditioning.

“Significant difference between SC™T and SC. “*Indicates P=0.06.

The concentration of these chemokines was above the detection limit as indicated.

GCSF, granulocyte colony-stimulating factor; GMCSF, granulocyte macrophage colony-stimulating factor; IFNy, interferon gamma; IL,
interleukin; KC, keratinocyte chemoattractant; MCP, macrophage chemoattractant protein; MIP, macrophage inflammatory protein; SC"h,
bone marrow stem cells derived from ob/ob mice; SCYT bone marrow stem cells derived from wild-type mice; TNFa, tumor necrosis

factor alpha.

(Eotaxin, GCSF, GMCSF, MCP1, MIPl«, and MIP1J3) were
present in high concentrations, whereas anti-inflammatory
cytokines (IL2, IL3, IL4, IL5, IL9, and IL10) had much lower
levels within the DWF.

The safest nontoxic doses of NAC and AAP
for in vitro anfioxidant preconditioning

Compared to standard growth conditions, of all the con-
centrations tested (NAC 7.5, 15, and 30 mM; AAP 0.15, 0.3,
and 0.6 mM), 7.5 mM NAC had the most significant effect
on the proliferation rate of MSCs over a period of 24 h (~2-
fold increase) (P<0.05) and 48h (~2.5-fold increase)
(P<0.05) (Fig. 2A, B). Similarly, 0.6 mM AAP was shown
to promote MSC proliferation over a period of 24h (~ 1.3-
fold increase) compared to standard growth conditions
(Fig. 2A, B). The combined treatments of 7.5 mM NAC and
0.6mM AAP maintained cell viability over a period of
6 days (Fig. 2C) and were thus identified as the optimum
concentrations for preconditioning.

Characterization of healthy control (source: wild
type, C57BL/6J mice) and impaired/dysfunctional
(source: obese diabetic, B6.Cg-Lep°*/J mice)
bone marrow-derived SCs

Flow cytometry surface marker characterization dem-
onstrated that 88% 4% of isolated bone marrow-derived
cells expressed the stem cell marker, Scal (Fig. 3A-C). A
percentage of cells did, however, also express the hema-
topoietic lineage marker, CD45. Immediately, following
isolation (passage 0), the bone marrow-derived SCs
therefore consisted of a heterogenous population of
60%+3% MSCs (Scal "CD457) and 39% +3% hemato-
poietic stem cells (Scal*CD45") (Fig. 3A=D). There was
no difference in surface marker expression in the bone
marrow SCs derived from either WT control (SC™T) or ob/
ob (SC°") animals (Fig. 3D). SC* had impaired viability
and growth with fewer cells visible 96h postisolation
compared to their SCVT counterparts at the same time
point (Fig. 3E, F).
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FIG. 2. Safest, nontoxic dosages of NAC and AAP. (A, B) The
independent effect of NAC (7.5, 15, and 30 mM) and AAP (0.15,
0.3, and 0.6 mM) on MSC proliferation (BrdU incorporation)
over a period of 24 h (A) and 48 h (B). (C) The synergistic effect
of combined NAC and AAP treatment on cell viability (crystal
violet staining) over a period of 6 days. Statistical analysis: data
(mean £ SE) are presented as percentage with SGM (control) set
at 100. Factorial ANOVA with Tukey post hoc test. *P <(.05.
AAP, ascorbic acid 2-phosphate, CV, crystal violet; NAC, N-
acetylcysteine; SGM, standard growth media.

Secretome differences at baseline: healthy control
(SCY7) versus impaired/dysfunctional (SC°°)

The secretion of 23 cytokines from SC™' and SC was
assessed at baseline with and without antioxidant pre-
conditioning (Table 2). Of the 23 cytokines assessed within

MEHRBANI AZAR ET AL.

conditioned media, significant differences (P <(.05) were
detected at baseline (without stimulation) for two proin-
flammatory cytokines (TNFa and TFNy), four chemokines
(KC, GCSF, Eotaxin, and MCP1), and one anti-inflammatory
cytokine (IL10).

Proinflammatory TNFo and IFNy concentrations were
significantly higher (P<0.05) in the conditioned media de-
rived from SC°” (TNFu 2.9-fold higher; IFNy 15+ 4 pg/mL)
compared to SC™T (IFNy not detected). Preconditioning
SC°® with antioxidants did, however, downregulate the se-
cretion of TNFo and IFNy to levels comparable to that of
SCYT, The chemokines KC, GCSF, and Eotaxin remained
significantly highcr (P<0.05) in the conditioned media de-
rived from SC°” (KC 2.2-fold higher; GCSF 6.7-fold higher;
Eotaxin 20+ 7 pg/mL) compared to SC™" (Eotaxin not de-
tected), regardless of preconditioning. Preconditioning did,
however, promote MCP1 secretion in SC (2.5-fold in-
crease) (P<0.05), whereas only a small increase (1.5-fold,
not significant) was evident in SCYT. The anti-inflammatory
cytokine, IL10, tended to be higher (2.4-fold) (P=0.06) in
the conditioned media derived from SC® compared to
SC™T and was unaffected by preconditioning.

Gene expression (MRNA) differences at baseline
and in response to stimulation with DWF: healthy
control (SC"") versus impaired/dysfunctional (SC)

At baseline, under standard growth conditions, 31 genes
were overexpressed (>2-fold) and 39 genes underexpressed
(>2-fold) in the SC® versus SC™T (Fig. 4A). The over-
expression of colony-stimulating factor (Csf1) (also known
as MCSF) (29-fold) was, however, the only significant dif-
ference (P <0.05) between the groups at baseline (Fig. 4A,
C). Overall, preconditioning of SC™ downregulated the
expression of 32 genes and upregulated the expression of 48
genes (Fig. 4B). The expression of Csfl in SC°® was
downregulated with g}'econditioning to levels comparable to
that observed in SCVT (Fig. 4C). Preconditioning induced
the expression of Ccl8 (also known as MCP2) (P <0.05),
which was previously undetectable in SC (Fig. 4B, D).

When exposed to DWF, both the SCV" and SC®® re-
sponded by significantly (P <0.05) increasing the gene ex-
pression of macrophage chemoattractant proteins, ccl2 (also
known as MCP1) and ccl3 (also known as MIP1a) (Fig. 4E—
H). In SCY", DWF furthermore induced the expression
(P <0.05) of nine additional genes (ccl24, ccl7, cerl, cxcl10,
cxcl5, cxcl9, IL15, IL1a, and TNF) associated with proin-
flammatory chemotactic responses. In contrast, SC° re-
sponded by increasing (P <0.05) the expression of only four
additional genes (cxcll, IL11rn, IL27, and cxcl11) (Fig. 4F,
H). Preconditioning did, however, restore the TNF response
(P<0.05) and induced the expression of ccll7, ccl19, csf3,
macrophage inhibitory factor (Mif), and B2m (Fig. 4G, H)
in SC®. A summary of the relevant molecular responses
(P <0.05) within these groups is indicated in Fig. 4H.

Differences in the paracrine responsiveness
following DWF stimulation: healthy control (SC*")
versus impaired/dysfunctional (SC)

Following stimulation with DWF, significant differ-
ences (P<0.05) were detected in the conditioned media
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diabetic, B6.Cg-Lep®®/J mice) bone marrow-derived SCs. (A) Representative flow cytometry dot plot demonstrating the forward
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TABLE 2. CYTOKINE SECRETOME DIFFERENCES AT BASELINE

Secreted protein: conditioned media

Control Preconditioned
scr sc* schT sct
Proinflammatory
IL1a — 40 (2.1 — —
ILIP 24 (8) 34 (7) 21 (1D 25 (5)
IL6 1,007 (254) 1,254 (514) 942 (316) 1,176 (263)
L9 — 13 (12) — —
IL12p40 75 (22) 109 (11) 99 (10) 154 (31)
IL12p70 130 (70) 325 (65) 130 (70) 186 (61)
IL17A — — — —
IFNy —= 15 (4)*© — —<
RANTES 127 (13) 226 (48) 122 (17) 229 (25)
TNFq 40 (14)* 113 21)*¢ 34 (19) 51 (14)°
Chemokines
Fotaxin —= 20 (7)° - 9.1 (4.5)°
GCSF 10 (8)* 67 (12 10 (7.5)¢ 30 (15)¢
GMCSF 85 (32) 137 (22) 77 (40) 84 (17)
KC 353 (50)* 778 (151)* 356 (48)¢ 578 (71)¢
MCPI 1,721 (113) 5.171 (835)° 2,571 (901)¢ 12,912 (1 772)°¢
MIPla 11 (2) 8.9 (0.4) 15 (4) 13 (0.4)
MIP1p 50 (2) 65 (4) 88 (36) 129 (11)
Anti-inflammatory
L2 2.7 (2.6) 79 (2.7) 2.7 (2.6) 6.3 (3.3)
IL3 2.9 (1.7) 9.5 (1.6) 2.9 (1.7) 4.7 (1.8)
L4 — 13(1.2) — —
LS 13 (7) 16 (2) 15 (6) 38 (8)
IL10 36 (7)™ 87 (8)* 32 (11) 74 (19)
IL13 138 (25) 207 (37) 107 (55) 135 (23)

Data are presented as mean (SE) in pg/mL. Statistical analysis: factorial ANOVA with Tukey post hoc test. Level of significance
accepted at P <0.05. ]

“Significant difference at baseline (control) between SCV' and SC. **Indicates P=0.06.

Significant difference in SC" " with and without preconditioning.

“Significant difference in SC°® with and without preconditioning.

Significant difference between SCV' and SC°° with preconditioning.

—, not detected.

concentrations of two chemokines [GMCSF and Eotaxin
(also known as ccll1)], three proinflammatory cytokines
(TNFa, IFNy, and IL9), and four anti-inflammatory cyto-
kines (IL10, IL4, 113, and IL3) between groups (SCWT vs.
SC° vs. preconditioned SC°) (Fig. 5 and Table 1).

Similar to baseline, the chemokines GMCSF and Eotaxin
in conditioned media were detected at higher concentrations
in SC® (GMCSF 48626 pg/mL and Eotaxin 2176 pg/
mL) and preconditioned groups (GMCSF 510+30pg/mL
and Botaxin 229+ 9pg/mL), following stimulation com-
pared to SCYT (GMCSF 399+10pg/mL and Eotaxin
179+ 6 pg/mL) (Fig. 5A, B). Despite these differences, the
concentration of these chemokines poststimulation was
lower than that detected in DWF (Table 1).

Stimulation with DWF induced a much greater proin-
ﬁammal()r%/ TNFa response in SC** (20,441 % 1,461 pg/mL)
than SCV" (5,081 +671 pg/mL); this excessive response in
SC° was dampened with preconditioning (9,190 +487 pg/
mL) (Fig. 5C). Preconditioning furthermore increased the
release of proinflammatory IFNy and IL9 following stimu-
lation with DWF in the SC°® (IFNy 7746 pg/mL and IL9
242+ 5 pg/mL) compared to SC™T (IFNy 57 +3 pg/mL and
TL9 204 +9 pg/mL) (Fig. 5D, E).

A slight difference in the anti-inflammatory 113, L4, and
IL13 response to DWF was evident between SC®® (IL3
38+ 1pg/mL; L4 65+ 3 pg/mL; and IL.13 745+ 7 pg/mL) and
SCYT (IL3 33+1pg/mL; IL4 53+1pg/mL; and IL13
617+ 14 pg/mL) (Fig. SE-I). IL4 in conditioned media post-
stimulation was, however, below the concentration detected in
DWF (Table 1). Preconditioning significantly improved the
secretion of anti-inflammatory IL10 poststimulation in the
SC® group (SC 5,415+317pg/mL; Precond 10,207+
812 pg/mL; SCV7 6,823+ 575 pg/mL) (Fig. 5F).

Discussion

Tissue repair and regeneration using endogenous stem cells
represents the ultimate goal in regenerative medicine; however,
the pathological nature of the in vivo microenvironment has
hampered the use of autologous cell therapy in diabetic pa-
tients. This study demonstrated that bone marrow stem cells
derived from an obese diabetic microenvironment have a
skewed inflammatory phenotype; this may contribute to their
inability to perform the imperative function of restoring the
localized (wounded area) conditions needed for normal heal-
ing. Wound fluid is generated by enhanced capillary leakage
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FIG. 4. Gene expression dlffcrcnccs at baseline and in response to stimulation with DWF: hcalthy control (SC™™) versus
impaired/dysfunctional (SC°). (A, B) A comparison of mRNA expression at baseline in SC°® versus SCV" (A) and in SC*
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factor; IFNy, interferon gamma; IL, interleukin; TNFx, tumor necrosis factor alpha.

and local activity of a variety of resident and migratory cell
types that react to a breach in the skin barrier. The composition
of wound fluid is therefore broadly assumed to reflect the
clinical condition of a wound [26,27]. In the context of this ex
vivo study, wound fluid therefore represented the extracellular
fluid space within the microenvironment of a diabetic wound.
Exposing healthy and impaired/dysfunctional bone marrow
stem cells to DWF in vitro enabled an investigation into the
paracrine responsiveness of these cells on both molecular and
protein level. This study was furthermore the first to demon-
strate the efficacy of antioxidant preconditioning in restoring
the paracrine function of impaired/dysfunctional stem cells
toward that seen under control nonpathological conditions.
Although the ob/ob animal model has been used in nu-
merous studies investigating diabetes-related impaired
wound healing [28-31], the endogenous stem cells derived
from these animals have not yet been characterized. At
baseline, the secretion of proinflammatory cytokines (TNFa,
IFNYy) and chemokines (KC, GCSF, and Eotaxin) was more

pronounced in the impaired/dysfunctional bone marrow
stem cells. These factors all function to amplify the first
stage of a wound (inflammatory response), by recruiting
neutrophils, lymphocytes, eosinophils, and keratinocytes to
the wounded area [5,13,32]. At the mRNA level, a simi-
lar pattern was observed; however, only the overexpression
of csfl was significant between healthy versus dysfunc-
tional stem cells and corresponded with higher chemokine
(GMCSF) levels detected in the conditioned media. These
and other chemokines were already present within the wound
microenvironment (DWF) at very high concentrations and
the additional release thereof is thus unwanted. Antioxidant
preconditioning was able to reduce the secretion of proin-
flammatory TNNFa and IFNYy at baseline, but did not reduce
chemokine secretion.

In the context of cell therapy, the paracrine responsive-
ness of stem cells to the wound microenvironment will de-
termine their effectiveness in promoting healing [3,6,7]. The
bone marrow stem cells (healthy and dysfunctional)
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responded by upregulating the gene expression and protein
secretion of macrophage chemoattractants MCP1 (ccl2) and
MIP1a (ccl3). In chronic diabetic wounds, a significant delay
in macrophage infiltration related to a deficiency in ccl2 has
been demonstrated [33]. Wood et al. [33] furthermore indi-
cated that acute ccl2 treatment could restore the macrophage
response and promote healing. This is supported by Yin et al.
[34], indicating that the use of scaffolds that actively release
MCP1 promoted macrophage infiltration and improved
wound healing in a mouse model of streptozotocin-induced
diabetes. MCP1 is also known to influence the effector state
of macrophages [35], to mediate the angiogenic effect of
transforming growth factor beta (TGFB) by recruiting vas-
cular smooth muscle cells to the endothelium [36], and to
recruit/improve the migration of bone marrow MSCs [37]. In
this study, preconditioning further enhanced the MCP1 re-
sponse of all the bone marrow stem cells.

Dysfunctional bone marrow stem cells did, however, have
an excessive TNFa response to DWF. TNFa is a potent
proinflammatory cytokine that amplifies inflammation through
NFkB signaling [38]. Persistent TNFa signaling is known
to occur in diabetic wounds [39] and prevents the pheno-
type switch of macrophages form phagocytic (M1) to pro-
regenerative (M2). Ashcroft et al. [40] demonstrated that
targeting TNFo in a mouse model (secretory leukocyte pro-
tease inhibitor null mice) of severely impaired wound healing-
blunted leukocyte recruitment reduced NFkB signaling, al-
tered the M 1/M2 macrophage balance, and improved healing.
In this study, antioxidant preconditioning of dysfunctional
bone marrow stem cells blunted the TNFo response and im-
proved the secretion of anti-inflammatory IL10.

Taken together, these data suggest that the combined ex
vivo treatment of autologous stem cells with NAC and AAP
could be an effective strategy to restore the paracrine function
of impaired bone marrow stem cells before transplantation.
This study was, however, done with acute exposure to the
pathological microenvironment and future studies should
assess whether these cells will retain their restored ability
over longer periods of exposure.
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