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Abstract

Significance: The global burden of diabetic wounds, particularly diabetic foot ulcers,
continues to have large economic and social impact throughout the world. Current strategies
are not sufficient to overcome this burden of disease. Finding newer, more advanced
regenerative cell and tissue-based strategies to reduce morbidity remains paramount.

Recent Advances: Recent advances in stem cell therapies are discussed. We also highlight
the practical issues of translating these advancing technologies into the clinical setting.

Critical Issues: We discuss the use of somatic and induced pluripotent stem cells and the
stromal vascular fraction, as well as innovations including the use of 3D bioprinting of skin.
We also explore related issues of using regenerative techniques in clinical practice, including
the current regulatory landscape and translatability of in vivo research.

Future Directions: Advances in stem cell manipulation showcase the best therapeutic
resources available to enhance mechanisms of wound healing such as angiogenesis, cell
proliferation, and collagen synthesis; potential methods include changing the scaffold
microenvironment including relative oxygen tension, and the use of gene modification and
nanotechnology. Secretome engineering, particularly the use of extracellular vesicles may be
another potential cell-derived therapeutic that may enable use of cell-free translational
therapy.

Ho 2



Table of Contents

ADSIPACK.ccueeneaeeonneeiosvenisvnssssisssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssessnsssssnsssses 2
1.0 Scope and SIGRIfICANCE.....uueeeoeeeeeoseieesaressrersssasressasisssssissssssssssssssssssssssssssssssssssssssssssssssssses 4
1.1 Global Burden of Disease 4
2.0 Translational REIEVANCE .........eeueeeeueeossuerossavisssarissssrisssssissssssssssssssssssssssssssssssssssssssssssasssss 4
3.0 CHRICAL REIEVANCE..uuuenenaaenenneveonnennsnanninvenssnersssasnsssssisssssissssssssssssssssssssssssssssssssssssssssssnsssses 4
3.1 Wound Healing Stages 4
3.2 Clinical Need for Advancement 4
4.0 Discussion: Recent advances in stem cell therapy for diabetic WOURS ............ueueeeeenene.. 5
4.1 Advances in stem cell types 5
4.1.1 Somatic (AdUlt) SEM CellS .....ccuirieriirieiieierie ettt ettt et e st essesaeessessaesseensessesnsenseens 5

4.1.2 Induced PIuripotent Stem CelIS .........cccveririeririerieeiesieeieseete ettt e e st esaeseessesaesseenaesseensenseens 6

4.2 Advances in stem cell delivery 8
4.3 Advances in stem cell manipulation for skin regeneration 9
4.3.1 Scaffold MICTOCNVIIONIMENL ........ccvevereierieeiertesiesteetesteetesteesesseesesseessesseessesseessesssessesssessesssessenssensenns 9

4.3.2 HypOXiC Pre-CONAIIONING ... ...eervierereieierieeiesteetesttetesseesteeseeseeseesseessesseessesseessesseessesssessesssensesssensesnes 10,

4.3.3 Gene MOAIFICALION .....coeeuiriiriiriiitiricrtert ettt ettt sttt ettt ettt et e bt e bt ebesbeebesbe e 10

4.3.4 NaANOtECHNOLOZY .....euveeeeeiieiiieeiett ettt ete st e et e et e e e st e bt eseesseeseesseensesseensesseensesssenseensansennsenseenes 10

4.3.5 SECTetOME CNZINEEIINE. ... .c.veetietieeerteeterteetesteetesseesesseesseeseeseessenseessesseensesseensesseesesssesenssensenssenseenes 11,

5.0 Wider clinical applications for stem cell derived therapies.............eeeeueeeesuercssuerosenenenes 12,

5.1 Regulatory environment Error! Bookmark not defined,

5.2 Future directions for use of stem cell derived clinical research Error! Bookmark not defined.,

0.0) SUMHLATY .ouuveeneeressaresssarsssssrosssssossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 15
TAKE HOME MESSAGES.ecneeesossuriossunsssssnessssrssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssnsssssnss 15
AULNOT CORJIFMUALION onnnannnnaennnernineinisrersssasrssssisssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 16
Author Disclosure and GROSIWFITING ........eeeeeeeeeosvuerossurisssanissssnisssssssssssssssssssssssssssssssssssssssssss 16
FUNAING STALEIMENL...uuannnnennnneeonnerninennssnennssarisssssisssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssass 16
ADOUL tRE AULIOFS c.nnucnneennneennennnenirnensrenceinsrenissnsssesssessssessssssssesssesssssssssssssssssasssssssssssssssssasnss 16
ADDreviations ANA ACFONPMIS ....eeueeeneeenvenvesvnssenvesssnsaesssnssssssesssessessssssssssssssessassssssassssssssssaess 17
RESOFOHICES euueneeveennerivsuvrissnernsneinscneiessssicssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssnsssssnss 17

Ho 3

Deleted

Deleted
Deleted: .
Deleted:

Deleted:

1ElEle [z

Deleted: .

i



1.0 Scope and Significance

Diabetes is a highly prevalent metabolic disorder with profound systemic effects; the
combination of neuropathy, micro- and macro-vascular disease and poor immune response
renders poor wound healing in these patients. These comorbidities prolong inflammation and
delay wound closure, leading to increased risk of infection. Difficulty in healing is frequently
compounded by tissue ischemia or continual pressure on the site, especially in the foot due to
repetitive trauma and poor blood supply in the extremities. If not treated adequately, the
natural history leads to amputation.

1.1 Global Burden of Disease

The global economic burden of diabetes is estimated to be a staggering US$760 billion and
expected to increase to US$825 billion by 2030.! Treatment of diabetic foot ulcers (DFU)
cost ten times more compared to non-DFU and has been estimated to be US$9.1 billion
annually in the USA alone.? Most notably, the direct cost and five year mortality rates of
DFU are now comparable to that of cancer.? Thus, more innovative therapies to improve
diabetic wound healing is critical to reduce the impact of this disease on the patient and
society.

2.0 Translational Relevance

Cell-based therapy has gained popularity in recent years due to increasing evidence showing
benefit for tissue regeneration and healing. Stem cells have regenerative potential due to their
multipotency and various positive paracrine and chemokine effects, both systemically as well
as locally. As science advances, various innovative methods of investigating and translating
stem cell therapy to wound healing have been developed.

3.0 Clinical Relevance

3.1 Wound Healing Stages

Normal wound healing proceeds through three stages: inflammation, proliferation and
remodelling. However, these stages are dysregulated in diabetic wounds due to high systemic
plasma glucose, poor immune function confounded by peripheral neuropathy and vascular
disease.* During each stage, the underlying pathophysiology of the systemic disease further
complicates the healing process in multiple ways including:

i. Inflammation: glycated extracellular matrix (ECM), neuropathy, poor vascular supply,
poor immune response at the wound site, lack of cellular infiltrates to help fight infection,
exacerbation of biofilm effects leading to resistance to topical antimicrobial treatment.

ii. Proliferation: reduced or lack of cellular infiltrates, platelet aggregation, and matrix
formation, leads to poor tissue granulation.

iii. Remodelling: Wound site unable to mature and remodel after initial healing due to the
above processes leads to wound recurrence and deterioration with potential further
involvement of underlying deep structures such as muscle and bone.

3.2 Clinical Need for Advancement
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Current treatment strategies are mainly focused on direct wound management via
antimicrobial treatment, topical dressings, and pressure-relieving support to promote healing
and prevent wound deterioration (Figure 1). More advanced wound care technologies help
with delaying disease progression and prevention of disability. However, these have only
moderate impact to alleviate the burden of disease from these chronic non-healing wounds,
with approximately 50% of wounds not responding to current treatment strategies. * A
systematic review of randomised controlled trials of various wound healing strategies showed
that bilayer tissue engineered skin significantly enhanced the healing of chronic wounds
compared to simple dressings.® This data confirms the need to invest more in research to
advance regenerative cell therapy and tissue engineering for chronic non-healing DFU.

4.0 Discussion: Recent advances in stem cell therapy for diabetic
wounds

4.1 Advances in stem cell types

4.1.1 Somatic (Adult) Stem Cells

Mesenchymal stem cells (MSC) are the most popular form of somatic stem cells used for
therapeutic purposes. MSC are multipotent with self-renewal capacity, and they are found in
various organs such as bone marrow, adipose tissue, umbilical cord, placenta and peripheral
blood.%” Under the right conditions, MSC differentiate into osteoblasts, chondroblasts, and
adipocytes;® MSC also differentiate into other cell types including endothelial cells,
keratinocytes, and skin appendage cells in an pre-clinical setting.”!° More importantly, MSC
are trophic factories, producing a wide variety of cytokines and growth factors, such as
vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF), basic
fibroblast growth factor (bFGF), transforming growth factor-p (TGF-f), angiopoietin-1 (Ang-
1), and stromal derived factor-1 (SDF-1; Figure 2).!! All these factors contribute to the
various stages of healing, and some of these factors also have immunomodulatory functions,
such as increased anti-inflammatory interleukin-10 (IL-10) and IL-4, and decreased tumor
necrosis factor- o (TNF-a)) and interferon-y (IFN-y).!2 These factors also exert antimicrobial
effects via peptide cathelicidin LL-37, which are highly beneficial to diabetic wounds prone
to infections.!3 As such, MSC are a viable adjunct to tissue engineered constructs and skin
regeneration cell therapies; rather than replacing the host cells, MSC can be used to directly
affect healing or facilitate regeneration simply by being transplanted into the vicinity of the
wound.!'*!*> Hence, the functional benefit of adding MSC or MSC-conditioned media directly
to a tissue engineered construct has been an ongoing research topic.'¢ (see section 4.3)

MSC exhibit immunoprivileged properties, and accordingly show excellent safety for
allogeneic transplantation in multiple human clinical trials. A meta-analysis and systematic
review of randomised clinical trials showed that autologous stem cell administration to any
ulcer size for all ages of patient groups was significantly favourable to heal diabetic ulcers.!”
Bone marrow derived mesenchymal stem cells (BM-MSC) remain the preferred cell type in
both pre-clinical and clinical studies of diabetic wounds.!® This may be due to historical
usage and well-published experimental data on the clinical effects and safety of translational
use. However, isolation of primary BM-MSC is very invasive and other alternative, more
accessible sources, such as fat and placental tissue/umbilical cord are being sought. Adipose-
derived MSC (AD-MSC) show similar enhanced wound healing potential compared to BM-
MSC, regardless of whether they are taken from a diabetic or non-diabetic host.!” MSC are a
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promising stem cell choice for translational purposes, allowing easily accessible allogenic
and autologous cell therapy for diabetic wounds.

Interestingly, in a recent comprehensive analysis of the literature on stem cell therapy for
DFU, there was more reported use of peripheral blood stem cells in clinical studies (n=11;
31%) compared to pre-clinical studies (n=2; 4%).'® Such discrepancies show how the
practical considerations for more easily available autologous adult stem cell sources, such as
blood and fat, are more likely to be clinically useful. Thus it is not surprising to see a growing
interest in the stromal vascular fraction (SVF), a recent addition to the adult stromal/stem cell
family.?° Derived from lipoaspirates, SVF contains a rich cocktail of heterogenous cellular
extracts such as MSC, endothelial progenitor cells (EPC), T regulatory cells, macrophages,
smooth muscle cells, pericytes and preadipocytes (Figure 3). The high concentrations of EPC
and MSC gives the SVF a highly desirable number of diverse cell types conducive to
regeneration via neoangiogenesis.?! Han et al. showed 44% increased proliferation and 28%
increased collagen synthesis with SVF compared to controls; the follow-up clinical pilot
study also showed significant wound closure in patients treated with SVF seeded on a
fibrinogen-thrombin carrier (100%) compared to controls (62%).2> A more recent one year
follow up clinical study showed that SVF can be safely used to accelerate wound healing,
including neovascularization of the wound bed, and improved terminal vessel run-off in the
majority of DFU.?* These results were shown in a resource-poor clinical setting, highlighting
one of the key benefits of using SVF, its ability to be used as a ‘point-of-care’ therapy as the
cells are easily harvested and processed using devices that can be used within a surgical suite.
The SVF is then available to be transplanted back into the patient in the same sitting,
allowing for the use of a non-expanded autologous cellular product, avoiding the costly GMP
laboratory processing that is a major limiting factor for current autologous-based cellular
therapies. However, there are still barriers limiting clinical application of SVF, including lack
of standardization of extraction protocols (especially between mechanically and
enzymatically processed cells), problems with high cost of FDA-approved collagenase for
enzymatic digestion, and possible risk of contamination during processing. Despite these
barriers, the future of SVF use is promising given its unique potential as an intraoperative
cell-based therapy. More robust and focused research on advancing the technology around
processing and administering SVF will help both scientists and clinicians develop more
confidence in its personalised therapeutic potential.

4.1.2 Induced Pluripotent Stem Cells

Although MSC are a promising source of cells for therapeutic purposes, they do not have
unlimited proliferative ability, limiting their application in the field of regenerative medicine.
Pluripotent stem cells are a valuable source of stem cells for regenerative purposes due to
their proliferative capability and potential to differentiate into multiple cell lineages.
Embryonic stem cells (ESC) have relatively poor translational potential due to ethical
concerns around the source as well as risk of tumorigenicity. Induced pluripotent stem cells
(iPSC) are engineered via the reprogramming of somatic cells into a pluripotent state. iPSC
were first developed by Takahashi and Yamanaka in 2006 as the solution to the limited
available pool of adult stem cells.>* Adult somatic cells are reprogrammed into iPSC by
inducing the expression of four transcription factors, typically either Oct4/Sox2/KLF4/c-Myc
or Oct4/Sox2/NANOG/LIN28, via viral or non-viral delivery systems.?’-?° This negates any
of the ethical issues faced by ESC. Perhaps the greatest benefit for iPSC is the unlimited
source of differentiated cells that can be used for therapeutic applications to promote wound
healing (Figure 4). Human iPSC (iPSC) can overcome many barriers associated with
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autologous cell therapy. iPSC derived from the skin of healthy patients and those with
recessive dystrophic epidermolysis bullosa can differentiate into functional dermal fibroblasts
and keratinocytes that can be transplanted into 3D skin models for therapeutic uses. 25%°
Similarly, iPSC-derived fibroblasts from patients with DFU were functionally similar to iPSC
derived from healthy patients and distinct from the original primary cells. When seeded onto
3D tissues, the iPSC-derived fibroblasts showed engraftment onto the wound and facilitated
diabetic wound closure compared with primary DFU fibroblasts.>® This data shows the
potential of autologous cell sources for stem cell therapies to treat DFU.

Most recently, Gorecka et al. showed that human iPSC, derived from neonatal fibroblasts and
then differentiated into smooth muscle cells (SMC), and delivered via a collagen matrix,
accelerated wound healing and neoangiogenesis of the wound bed in a splinted diabetic
murine model.>! These cells were still present in the wound bed 7 days post-implantation,
accelerated wound closure and secreted higher levels of pro-angiogenic cytokines compared
to adipose-derived MSC (ADSC) controls. There was also associated immunomodulatory
changes with the macrophage population in the wound area compared to ADSC and acellular
scaffolds; there were decreased numbers of M 1-type macrophages, associated with pro-
inflammation, and increased numbers of M2-type macrophages, which are anti-inflammatory
in nature and thought to be more pro-regenerative and hence more desirable for wound
healing. This data was extended to show similar improved neovascularization with the use of
human iPSC-SMC therapy in the murine ischemic hind limb model, adding to the
increasingly promising therapeutic potential of iPSC.

Since the dermal layer is a highly vascularised section of skin, it is no surprise that chronic
diabetic wounds with poor blood supply do not heal properly with conventional treatment
strategies. Hence, optimising neoangiogenesis to the wound site is another critically
important therapeutic objective. Co-culture of mesenchymal-derived stem cells with
endothelial or endothelial progenitor cells offers hope of an enhanced vascular connection by
providing the necessary raw materials for a quick microvascular assembly. However,
endothelial cells are highly immunogenic,*® and thus it may not be possible to rely solely on
allogenic sources for these cells. Using autologous iPSC-derived endothelial cells could help
solve this problem by enabling a cell source originating from the patients themselves. Abaci
et al. showed the successful creation of vascular networks using iPSC-derived endothelial
cells combined with a novel 3D bioprinting technique for skin tissue engineering; this human
skin equivalent formed an epithelial layer and vascularised successfully with fully formed
endothelial-lined vessels in a murine model.** Shen et al. used iPSC-endothelial cells from
both type 1 diabetic and healthy patients to generate a vascularised skin construct that were
perfused by the host vasculature within 3 days of implantation.>> This combination of tissue
engineering technologies may enable personalised off-the-shelf vascularised skin substitutes
in wound healing.

While promising, the general efficacy of stem cell therapy, including MSC and iPSC, is often
difficult to determine due to the phenotypic variation of cells that occurs between donors and
even within the same individual .37 In addition, there are safety concerns around potential
mutagenicity in culture and potential tumorigenicity of undifferentiated cells once
implanted.?” Nevertheless, it is anticipated that advancing technology and further research
will improve somatic cell induction technology to enable stricter, more reliable phenotype
profiling and characterisation of iPSC. In addition, more specific isolation of therapeutically
active populations of cells may help develop more clinically efficacious applications.
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4.2 Advances in stem cell delivery

There are several methods to deliver stem cells to the site of interest but the lack of
standardization makes it challenging to compare their efficacy.'®* However, due to the
systemic nature of diabetes, administration of stem cells for diabetic wounds may be
beneficial by either systemic or local routes.

Systemic administration can be performed by injection of stem cells directly into the
circulation or intramuscularly. Systemic administration of stem cells can also potentially help
with alleviating some of the systemic complications of diabetes, such as re-vascularization of
the ischemic limb using adipose derived MSC or iPSC-smooth muscle cells,?> thus
potentially promoting the overall healing environment. It is worth noting that in studies using
intravenous infusion, a large proportion of injected MSC are trapped in the lungs.> This
contributes to the short-lived presence of MSC after administration; avoidance cells being
trapped in the lungs may improve the survival of circulating MSC. Arterial injections, such as
through the femoral artery, carotid artery, left ventricle or renal artery, may avoid this
issue.*** The arterial route improves delivery of MSC to organs and sites of interest;
however, this route increases risk of complications due to its increased invasiveness
compared to intravenous infusion.

After administration of cells, some studies have also shown poor cell engraftment at the
injury site despite evidence of positive therapeutic benefits.!®*® One study showed poor
engraftment of cells with local injection of BM-MSC to wound sites, with only 2.5% of the
original cells detected at 28 days.* To improve engraftment, a cell-matrix carrier can be used
for local administration at the wound site. Scaffold products can contain biological materials
such as collagen hydrogels or bioengineered synthetic material to also help support and heal
wounds; they can also aid local/topical delivery of stem cells to the area of regenerative need.
Tissue engineered skin substitutes can be created using different types of biomaterials with
spatially distributed stem cell types to replicate the lost skin and underlying tissue. Several
hydrogel and polymer scaffolds have been developed to induce activity and maintain MSC
viability to promote the production of angiogenic, immunomodulatory, matrix remodelling,
or other regenerative cytokines.* Another recent innovation is the laboratory processing of
autologously harvested full thickness skin, producing a product that is then topically applied
back onto the patient’s wound.*® This method may stimulate endogenous stem cell
populations from the harvested skin; early studies suggest its utility in a variety of chronic
wounds, including diabetic wounds.*’

Recent advancements in single-cell transcriptomic analysis has made it possible to detect and
select more regenerative subpopulation of MSC with enhanced healing capacity from
different donor populations. Khong et al. showed that young BM-MSC, which contained a
higher proportion of cells with higher expression of genes involved in tissue regeneration,
healed wounds faster compared to aged BM-MSC.*® Huang et al. presented a method of
standardization of umbilical cord-derived MSC using transcriptome profiling to show lack of
heterogeneity on a genetic level within the donor cell populations.*® Data produced from this
exciting field of transcriptional profiling and analysis with single-cell RNA sequencing may
help identify regenerative potential of donor stem cells and potentially help screen and reduce
donor variability of stem cells delivered clinically, via the use of subpopulation markers.
Additionally, the use of single-cell transcriptomics can identify genes differentially expressed
among different spatial regions of a wound. potentially guiding researchers and clinicians to
deliver patient- and gene-specific therapy to promote wound healing in individual patients.
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4.3 Advances in stem cell manipulation for skin regeneration

Stem cell manipulation can help host cells home to the wound site via increasing circulating
stem cells, enhancing integration of cells into the wound site, differentiating stem cells into
the cells of choice and increasing angiogenesis. Neovascularization of the wound is by far the
most important objective to wound healing as it is the limiting factor for all the downstream
healing processes that enhance wound regeneration. The following sections discuss various
advances in stem cell manipulation to achieve this goal.

4.3.1 Scaffold microenvironment and engineering

Scaffold matrix can be used to manipulate the stem cell microenvironment to enhance its pro-
regenerative capability. Dash et al. showed that the scaffold collagen fibrillar density can
modulate the secretory function of seeded human iPSC-vascular smooth muscle cells to
promote regenerative qualities of the cells.’® The dense fibrillar collagen increased pro-
healing cytokines, such as VEGF, IL-8, IL-10, TGFp, and keratinocyte growth factor (KGF),
as well as increased endothelial cell proliferation and migration. Surface modification of
scaffolds using bioactive polymers can also affect stem cell behaviour. For example, the
addition of laminin and hyaluronic acid increase cell survival and upregulation of VEGF
cytokines from seeded cells.’!>2 Further progress in this field is likely to involve a cross-
disciplinary approach to produce personalised tissue engineered constructs by using patient
specific cells, biomimetic matrices (e.g. collagen, gelatin, elastin, fibrin etc.) and bioactive
polymers (e.g. hyaluronic acid, glycosaminoglycans, laminin, silk protein etc.) to promote
regenerative healing (Figure 5).5° Additionally, the intermolecular bonds within the scaffold
microenvironment that contributes to its physical properties affect cell proliferation and
differentiation.’* MSC cultured in polyacrylamide hydrogels with an increasing stiffness
gradient from 0.1 to 25 kPa (within parameters of normal tissue stiffness) commit to different
cell lineages of neurons, myoblasts or osteoblasts; cells in a ‘softer’ matrix (~0.1-1 kPa)
committed to a neurogenic lineage, compared to cells on a ‘stiffer’ matrix (~8-17 kPa) that
committed to a myogenic lineage.> Matrix stiffness affects collagen deposition by resident
cells, with low density ‘softer’ matrix simulating greater collagen production by fibroblasts in
situ.”® Recent advances in nanotechnology also highlight the importance of physical
properties of the scaffold, such as porosity, to manipulate cell fate to accelerate wound
healing.’” Hence, altering the mechanical properties of matrix may help implanted stem cells
sense mechanical environmental cues, which can in turn facilitate cell migration and
differentiation for enhancement of the different phases of wound healing.

Tissue engineering of skin with cells is complex. The skin’s ECM environment, from the
specific basket-weave structure of the epidermis to the changes in architecture in specific
layers of skin, allowing in each layer for the distinct cell populations to form structures
including the vascular and neural networks as well as sweat glands, make engineering of this
multi-layered tissue incredibly challenging. Bioprinting of skin is an advanced tissue
engineering strategy that aims to deliver stem cells directly to the wound site to help
overcome some of the above challenges; bioprinting allows quick and effective replacement
of skin in the surgical suite.>® Several pre-clinical studies have already established technology
that allows for the in situ assembly of skin cells mixed within bio-ink carrier/gel into a
complex 3D skin graft.’® In addition, engineering pigmented skin by incorporation of
melanocytes or melanin can match the graft to the recipient site. Skardal et al. showed that
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bioprinting of cells directly onto skin defects enhances wound healing in nu/nu mice
compared to control hydrogel.®! These data suggest that improved wound healing may be due
to the trophic factors, rather than cell-to-cell interactions, consistent with previous studies.
With newer and more innovative technologies in scaffold engineering, scientists are now able
to alter the microenvironment in which these stem cells reside. Combined with 3D-
bioprinting, Kim et al. used skin-derived ECM with intrinsic cytokine and growth factor
properties to enhance epidermal organization, dermal ECM secretion, barrier function as well
as pre-vascularization of the engineered skin patches.®? This encourages differentiation in the
cell lineage of choice and enhances the regenerative potential of the stem cells delivered to
increase wound healing potential. Abaci et al. also showed viable vascular networks using
iPSC-derived endothelial cells and novel 3D bioprinting.>* This may pave the way to future
tissue engineering of ready-to-vascularise skin.

4.3.2 Hypoxic pre-conditioning

Hypoxic preconditioning of cells improves wound healing via enhancement of pro-
angiogenic properties in MSC.* Hence, priming of the cells via hypoxic induction may be
useful to optimize angiogenesis on demand when cells are transplanted. Pre-conditioning of
cells in hypoxia was proposed by Rosova et al. to integrate into steps of a pre-transplantation
protocol, enabling cells to resist apoptotic stimuli when transplanted into a hostile in vivo
environment with severe hypoxia, such as ischemic tissues from chronic wounds or other
sites of injury.% Another advantage of hypoxia preconditioning for MSC is the maintenance
of stemness and multipotency, which could have therapeutic benefits when used in areas
where regeneration of tissue is desired.®*

4.3.3 Gene modification

Stem cells can also be genetically modified to increase their regenerative and therapeutic
potential. The use of iPSC creates an opportunity for further genetic modifications to correct
the gene defects. Teo at al. proposed that technologies such as zinc finger nuclease (ZFN),
transcription activator-like effector nuclease (TALEN) or clustered regularly interspaced
short palindromic repeat (CRISPR), can be used to repair mutated gene sequences associated
with diabetes in vitro before transplanting back into diabetic patients.®> The ability to
genetically correct iPSC from the elderly diabetic donor and remove defects associated with
diabetes and aging may help yield better autologous cell-base therapeutic products for clinical
translation. Song et al. showed that introduction of v-Myc via lentiviral gene transfer into
human ADSC increased secretion of VEGF and in vitro vasculogenesis.®® Preclinical studies
by Fierro et al. also confirmed that MSC can be safely genetically engineered using a
lentiviral vector to produce high levels of VEGF to increase angiogenic potency in a mouse
hind limb ischemic model.®’,®® The same group extended this model to show good medical
practice, demonstrating the feasibility of a clinically viable product to bring to the patient’s
bedside.* It is anticipated that this form of cellular therapy can also be extended to include
healing of chronic wounds clinically.

4.3.4 Nanotechnology
Nanotechnology can enhance stem cell potential and differentiation. Photosensitive and

biomimetic core-shell nanofibrous scaffolds when seeded with adipose-derived stem cells
showed that differentiation into epidermal keratinocytes after stimulation with light.”
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Nanoparticles can also be used to deliver genetic material to cells. Yang et al. showed that a
nonviral, biodegradable polymeric nanoparticle delivered the VEGF gene to MSC and
embryonic stem cell-derived cells; treated stem cells had markedly enhanced VEGF
production, cell viability, and engraftment into target tissues. When implanted on a scaffold
and transplanted into mice models, there were two to four-fold-higher vessel densities after 2
weeks compared to control; four weeks after intramuscular injection into murine ischemic
hindlimbs, the genetically modified MSC substantially enhanced angiogenesis and limb
salvage while reducing muscle degeneration and tissue fibrosis. These results show that
engineered stem cells with biodegradable polymer nanoparticles may be therapeutic tools
treating ischemic disease as well as showing potential for wound healing.”!

4.3.5 Secretome engineering

As eluded to above, the trophic effects of MSC are thought to contribute towards the
therapeutic effects of transplanted cells in translational studies. Collectively these substances
are known as secretomes. Secretomes are composed of soluble factors such as cytokines,
chemokines and growth factors, as well as insoluble nano/microscopic extracellular vesicles
(EV). Similar to MSC, data from iPSC studies suggests the paracrine effect of cellular
secretomes promotes wound healing rather than direct cellular interactions.?’

There is now a growing field to understand how to harness the effect of these substances from
cell supernatant, particularly separating the soluble factors from insoluble EV.”? EV are
released from cells as microvesicles or exosomes depending on the extrusion modality
(Figure 6A). EV contain nucleic acids, proteins and lipids from the cells of origin and act as
important mediators for intracellular crosstalk, which is seen as a key advantage over soluble
secretomes (Figure 6B).”* The culture microenvironment can heavily influence EV
production; parameters such as cell density, cell age, culture system geometry, hypoxia and
mechanical stress all have an impact on the cargo transference and downstream therapeutic
effects of EV.7* Hence, EV can be exploited from cells pre-conditioned in in vitro
microenvironments known to increase its therapeutic potential for wound healing.”

The highly modifiable nature of EV explains why research into engineering EV derived from
MSC and iPSC is gaining more traction, particularly regarding the upgraded performance
seen in iPSC-derived EV compared to adult MSC.”¢

Early data from Zhang et al. showed that exosomes derived from human iPSC-MSC
facilitated cutaneous wound healing in rats by promoting collagen synthesis and
angiogenesis.”” Exosomal miRNA obtained from umbilical cord MSC, human amniotic
epithelial cells, and human umbilical cord blood plasma improve wound healing by
accelerating re-epithelialization, reduced scar widths, and enhanced angiogenesis in murine
models.”® Exosomes derived from PRP enhance angiogenesis and improve cutaneous healing
compared with control groups in diabetic rats.” EV have also been loaded as bioactive
molecules onto tissue engineered scaffolds for wound healing. Tao et al. showed accelerated
wound healing via enhanced re-epithelialization, angiogenesis, and collagen production in a
diabetic rat model after using controlled-release exosomes derived from miR-126-3p-
overexpressing synovium MSC combined with chitosan matrix.® Particularly relevant to
chronic diabetic wounds, Wang et al, engineered an antibacterial multifunctional FHE
hydrogel (F127/OHA-EPL) with controlled release of impregnated exosomes derived from
ADSC.3! These engineered exosomes facilitated diabetic wound healing compared to
hydrogel or exosomes alone, and have the potential for complete skin regeneration via
restoration of skin appendages and reduction of scar tissue. These positive effects of EV were
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reviewed in a recent meta-analysis and systematic review of pre-clinical literature of the
efficacy of MSC-EV to promote diabetic wound healing. The analysis showed a significant
effect on the healing of diabetic wounds, particularly when enriched in non-coding RNAs or
microRNAs compared to controls. There was also a positive improvement on other outcomes
such as blood vessel density and number, scar width, and re-epithelialisation. These data form
a strong rationale for translational use of MSC-EV in clinical studies.??

The advantage of EV over cell-based therapy lies in the ability to properly characterise and
modify the therapeutic materials within EV to have a more measurable and predictable dose-
response effect in vivo. (Figure 7) EV can also be stored long-term without the loss of
function, which is a key point to consider for the manufacturing, storage, and product shelf
life of a commercial product.”® Hence, the use of EV is a highly promising cell-free
alternative to the current wound healing paradigm, avoiding potential complications and risks
of using stem cells in patients when used alone, or combined with stem cell therapy to further
enhance therapeutic output from both approaches.?3 Nonetheless, translating the secretome as
therapy also presents with its own challenges. It requires a scalable, reproducible process
capable of being compatible with good manufacturing practice (GMP) procedures.?* This is a
highly exciting and progressive field, with researchers describing promising manufacturing
technique such as ultrafiltration and freeze-drying to produce stable ‘off-the-shelf” powder
from cellular secretomes with low batch variability.?®,%¢ With time, this field will likely see
more combination of advancing therapies from the above described technologies, such as the
use of tissue engineered scaffolds with engineered exosomes tailored specifically to aid
chronic wound healing.?’

5.0 Wider clinical applications for stem cell derived therapies

The therapies described above are focused on the treatment of diabetic disease processes, but
there are also a multitude of other clinical situations where they can be useful.®®,3° Stem cell
derived therapies affect many bio-molecular pathways., such as angiogenesis and the
production of pro-healing cytokines and growth factors, positively impacting on the repair
mechanisms of the skin and its adnexal structures. Due to common physiological mechanisms
in the skin, there are wider off-target effects beyond wound healing. Most relevant to this
article’s scope would be the wider applications in skin wound healing and conditions of the
skin adnexal structures. For the latter, stimulating hair regrowth in androgenic alopecia
(AGA) with hair tissue engineering and stem cell therapies is a relatively new approach.
Autologous cell-based treatments can be used to regenerate hair follicles by reversing
biological mechanisms that cause AGA, regenerating mature hair follicles and neogenesis of

whole hair follicles.*,’!

Complex skin defects. not necessarily diabetic in origin, that are full thickness have been
treated with a variety of reconstructive options enhanced with stem cells.’> Although this is a
relatively new area and many studies are experimental in nature, it shows great promise to a
future that combines stem cell derived therapies with one or more traditional reconstructive
methods, innovatively expanding the ‘reconstructive ladder’.?3 There is evidence for positive
effects of ADSC on radiation-induced skin injury.’* Some complex defects may require fat
grafting and there is some evidence that MSC can enhance fat graft take.®> The use of such
therapies have also been investigated in conjunction with other techniques, such as platelet
rich plasma (PRP)%®, and combination with an acellular dermal matrix.”’
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5.1 Regulatory environment

Clinical use of stem cells is a relatively new area of medicine and is highly dynamic with a
wide range of research and therapeutic applications. This has led to regulatory issues
surrounding the clinical adoption of some stem cell therapies. Some physicians use stem cell
therapies for a variety of indications, and some may be ambiguous regarding claims,
processes and clinical efficacy. The U.S. Food and Drug Administration (FDA) recently
published regulatory guidelines that cover stem cell treatments and includes safety
requirements and manufacturing standards. Some of the key factors regulated are product
quality and efficacy, clinical safety, processing integrity and public health safety (including
prevention of communicable disease).’® %

Products should ideally be subject to regulations and require premarket approval unless
certain exceptions are satisfied; product manufacturers would need to seek approval from the
FDA for a ‘drug’ or ‘medical device’. This process has high costs of both money and time,
and involves significant investment, clinical trials and regulatory processes before a final
approval. In brief, the exceptions for this process include a minimal level of manipulation of
human cells, tissues, and cellular and tissue-based products (HCT/P), intention for
homologous use, absence of combining with another compound, certain intended usages (e.g.
non-systemic effect or autologous use).

The FDA considers minimal manipulation of HCT/P as processing that does not alter the
relevant biological characteristics of the cell. The criteria for homologous use of HCT/P is
that it performs same basic function in the recipient site as in the donor. Homologous use
provides more basis for predictable product behaviour. For the manufacturing process, the
FDA exemption states that the HCT/P should not be combined with other cells, tissues or
compounds (except for water, crystalloids, inert sterilising, preserving, or storage agents).
Generally, this is a significant issue for enzymatic digestion that is part of SVF isolation, but
less of a concern with mechanical processing. There are different isolation methods described
to satisfy quality and exemption criteria to help bring such technologies into clinical
practice.'%° However, no universal standardization of these methods exist, which will
undoubted cause variability in the final product. Thus, more studies are needed to determine
clinical effectiveness of products such as SVF isolated products to standardize quality control
and regulatory adherence.

Many of the applications for stem cells may have a systemic effect or are dependent upon the
metabolic activity of living cells for their primary function, but would be for autologous use,
which fits within the exemption. Some legal implications involve the above criteria. For
example, SVF derived from ADSC may not be considered under the homologous use
category as the product to be implanted is not structurally the same as the product harvested.
Also, the implanted stem cells are intended to perform functions beyond the basic functions
of the stem cells in their pre-harvested state.

The safety of stem cells is another major regulatory consideration, particularly with potential
tumorigenesis of transplanted cells in vivo. The main risk of this lies with presence of residual
undifferentiated cells in the final cell therapy product and potential cell transformation of
cells and the activation of tumorigenic networks, such as during cell expansion, cell
transduction with integrating vectors, or differentiation/activation within the manufacturing
process.!”! Tumorigenesis is mainly seen in human pluripotent iPSC and ESC therapy, of
which ESC is usually considered the regulatory standard for both iPSC and ESC. A 2008
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FDA briefing document discussed the risks associated with human ESC and in a further
published guidance in 2013, recommended vigorous pre-clinical testing to reduce the risk of
tumorigenicity in the final cell therapy product.!?2,19 These include sensitive in vitro assays.,
such as flow cytometry and quantitative RT-PCR., to detect undifferentiated cell contaminant
in therapeutic end product, as well as in vivo testing on animals to detect tumour formation.!%!
On the clinical level, the screening of patients for risk factors of tumorigenicity, such as the
use of immunosuppressants and underlying cancer, can also help with minimising
tumorigenicity in carefully selected patient groups.'®! Other strategies that have been
described to reduce tumorigenicity include 1. use of immunologic targeting for elimination of
undifferentiated cell population using cytotoxic agents;'% 2. chemical or pharmacological
ablation of tumorigenic cells;!% 3.genetic modification of iPSC to interfere with tumour-
inducing genes, to introduce 'suicide' genes or to enable cell labelling and separation.!%6,197

However, detailed discussions of these strategies are beyond the scope of this review.

5.2 Future directions for use of stem cell derived clinical research

Despite continued basic research, there are many remaining questions. Understanding gaps
and discrepancies in the field and refining future research is important to obtain translatable
research data with greater clinical impact.

A discrepancy and source of heterogeneity in in vivo diabetic wound stem cell research
involves the heavy reliance on murine models compared to other animal models. It is widely
understood that the murine wound healing is quite different from the human process. Mouse
and rat skin heal mainly by contraction due to the presence a layer of the skin called the
panniculus carnosus, which is absent in humans. Yet in a comprehensive review of wound
healing, 85% of published literature used a murine model (52% mouse; 33% rat) compared to
only 5% that used a pig model.'”® Many researchers attempt to minimise the effect of murine
contractile wound healing via the use of the splinted wound model; however, only 8.4% of
these diabetic murine model studies are splinted compared to 32% unsplinted.'®® Such
discrepancies will likely hinder the clinical relevance of such published data. Hence, within
cost and ethical restrictions, other more well-designed animal models with similar human-like
wound healing physiology, such as the porcine skin, ought to be considered more
frequently.'%”’ Understandably. large animal models have their own challenges as diabetic
models in other animals are more poorly described compared to the mouse and rat models.

Advances in iPSC technology might provide a solution to discrepant animal and human data
by using a patient’s own somatic cells. iPSC-derived cells can differentiate into multiple cell
types to allow microengineering of functional yet complex 3D tissue structures or organoids
within its own microfluidic devices, otherwise known as skin-on-a-chip.!'%,'!! There are only
a handful of studies have shown vascularised human skin equivalent structures'!!, such as the
use of nylon thread to create fully endothelialized vascular channels.!'> However, Abaci et al.
utilized iPSC-derived endothelial cells to form vascularised human skin equivalent as a
functional organoid.** Examples of skin-on-a-chip technology stimulating a disease process
was first shown with a device resembling the true architectural layers of the skin using the
channels for each skin layer, to investigate effects of skin inflammation and edema via the
application of TNF-a to the dermal layer.'!* Organoids that closely resemble human skin may
recapitulate physiological dysregulation such as seen in diabetes, similar to other organ-on-a-
chip diabetic models.!'* This technology may enable pre-clinical in vitro testing of diabetic
wound healing that would negate the use of animals.
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Published clinical studies on stem cell therapies in DFU mainly focus on the use of adult
MSC therapies.!® Significant heterogeneity still exists within these studies and variability in
delivery methods as well as discordance between preclinical and clinical studies have
confounded their interpretation and conclusive results. Nevertheless, results from meta-
analysis of RCT of stem cell therapy in diabetic wounds have shown autologous stem cell
therapy to be safe, effective and promising treatment for DFU.!7,!1> However, to use other
emerging stem cell types such as iPSC-based therapy, there will need to be additional larger,
multi-centre, randomised, double-blinded controlled trials. Ideally these studies would also
help optimise cell processing, protocols, reproducible outcome measures and better
biomarker-based diagnostics. Understanding how to utilise stem cells in the most effective
way, within regulatory structures, is still a challenge. The FDA has created guidelines and
updates, but due to the dynamic and fast-paced innovation that accompanies this field of
medicine, there will be continued grey areas that will be discussed and investigated.

6.0 Summary

Stem cells improve wound healing by their paracrine as well as cellular effects. Stem cells
secrete cytokines in response to microenvironmental cues, which can promote healing via
chemotaxis of other cell types, angiogenesis and immunomodulatory functions as well as
extracellular matrix remodelling. iPSC are a promising source of stem cells to be used for
regeneration of diabetic wounds. Their innate ability to differentiate into other cell types of
interest with fewer issues concerning the ethics, supply or source make them incredibly
favourable for use in difficult to heal chronic wounds with complex tissue loss. The SVF is
also a potential translational solution for cellular therapy in wound healing given its point-of-
care applications with a patient’s own autologous cells. There are also new advances in
technology to help with stem cell manipulation to enhance wound healing via improving
neoangiogenicity of transplanted cells. In addition, secretomes such as extracellular vesicles
from stem cells are a promising cell-free strategy or adjunctive therapy to achieve wound
healing in difficult to heal chronic diabetic wounds. There are increasing numbers of
difficult-to-treat conditions that may benefit from such therapeutic approaches. Chronic
wounds are likely to be an area of early benefit, with a relatively larger body of existing
research, problem prevalence, dire clinical need, financial burden and detrimental
psychological and self-care implications. As this field expands, further research needs to be
done to understand the exact mechanism of the therapeutic effects of stem cell therapy, to
evaluate clinical safety of such therapies and to focus on innovating and validating clinical
GMP manufacturing technologies for translational purposes.

Take Home Messages

1. There are two main types of stem cells for translational use: somatic (adult) stem cells
and pluripotential stem cells.

2. Stem cell therapy accelerates diabetic wound healing mainly via paracrine action,
increasing angiogenesis and regulating immune function as well as remodelling the
extracellular matrix of the wound site.

3. 1PSC are a promising source of somatic stem cells available from a patient’s own cells
to enable an essentially unlimited cell source for therapeutic purposes, without the
ethical concerns of their embryonic counterparts. iPSC can also contribute to
emerging skin-on-a-chip technologies to replace in vivo experimental models.

4. The stromal vascular fraction is another promising and highly translatable adult
autologous cell source.
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5. Combination of stem cells, tissue engineered scaffold and gene and nanotechnologies
for delivery of stem cells in vivo can further potentiate diabetic wound healing.

6. Secretomes such as extracellular vesicles from stem cells may be an important cell-
free or cell-complimenting strategy to promote diabetic wound healing.
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Abbreviations and Acronyms

ADSC = adipose-derived stem cell

Ang-1 = angiopoietin-1

bFGF = basic fibroblast growth factor
BM-MSC = bone marrow derived mesenchymal stem cell
DFU = diabetic foot ulcer

ECM = extracellular matrix

EPC = endothelial progenitor cells

ESC = Embryonic stem cell

EV = extracellular vesicle

hiPSC = human induced pluripotent stem cell
IFN-y = interferon-y

IL-4 = interleukin-4

IL-8 = interleukin-8

IL-10 = interleukin-10

iPSC = induced pluripotent stem cell

KGF = keratinocyte growth factor

miRNA = micro ribonucleic acid

MSC = mesenchymal stem cell

PDGF = platelet derived growth factor
RNA = ribonucleic acid

SDF-1 = stromal derived factor-1

SVF = stromal vascular fractions

TGF-p = transforming growth factor-f3
TNF-a = tumour necrosis factor- a

VEGF = vascular endothelial growth factor
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