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Abstract: Burn injuries affect approximately 11 million people annually, with fatalities
amounting up to 180,000. Burn injuries constitute a global health issue associated with high
morbidity and mortality. Recent years have seen advancements in regenerative medicine for
burn wound healing encompassing stem cells and stem cell-derived products such as exo-
somes and conditioned media with promising results compared to current treatment
approaches. Sources of stem cells used for treatment vary ranging from hair follicle stem
cells, embryonic stem cells, umbilical cord stem cells, to mesenchymal stem cells, such as
adipose-derived mesenchymal stem cells, bone marrow-derived mesenchymal stem cells, and
even stem cells harvested from discarded burn tissue. Stem cells utilize various pathways for
wound healing, such as PI3/AKT pathway, WNT-f catenin pathway, TGF-p pathway, Notch
and Hedgehog signaling pathway. Due to the paracrine signaling mechanism of stem cells,
exosomes and conditioned media derived from stem cells have also been utilized in burn
wound therapy. As exosomes and conditioned media are cell-free therapy and contain various
biomolecules that facilitate wound healing, they are gaining popularity as an alternative
treatment strategy with significant improvement in outcomes. The treatment is provided
either as direct injections or embedded in a natural/artificial scaffold. This paper reviews
in detail the different sources of stem cells, stem cell-derived products, their efficacy in burn
wound repair, associated signaling pathways and modes of delivery for wound healing.
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Introduction

Worldwide burn injuries affect 11 million people every year, corresponding to at
least 30,000 people suffering burn injuries every day' with annual fatalities
amounting up to 180,000." Although burn injuries are decreasing in high-
income countries, the numbers are still high in low- and middle-income areas
with 90% of burns occurring in these areas. While burn injuries generally
demonstrate a bimodal age distribution with high incidence in children and
middle-aged working people, burn injuries in the elderly population are asso-
ciated with a tremendously high mortality rate.' Thus, burn constitutes an
important global health issue correlated with high morbidity, mortality and
debilitating lifelong psychological and economic impact.

Irrespective of burn etiology, age or gender, the most important aspects of burn
care are wound coverage and subsequent healing, which determine the severity of
local and systemic responses, thus determining the survival or death of a burn
patient.” In the event of non-healing burn wounds, wound infection and sepsis are
the central morbidities leading to a substantially increased mortality.® The current
standard of care is burn excision within 72-hour post-injury. Early excision of burn
wounds reduces the source of inflammatory stimuli and hypermetabolic responses,”
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decreasing systemic stress not only during acute hospita-
lization but also preventing pathological dermal and epi-
dermal regeneration. While this establishes a strong
evidence for early removal of burn wounds, the challenge
is how to cover these burn wounds. Currently, various skin
and skin-derived materials are used to cover these open
wounds but at this time no gold standard exists.' > This
review focuses on current treatment strategies paying par-
ticular attention to stem cell and stem cell-derived
therapies.

First, we discuss the burn wound healing cascade in the
context of implications for stem cell therapy, the sources
of stem cells being utilized in burn wound healing, and
their characteristic differences in their mechanism of
action and major pathways. An overview of the current
modes of delivery of stem cells for wound healing is also
presented. Finally, we explore the opportunities offered by
biologics products derived from stem cells for wound
healing. In the final section, clinical trials and human
case studies conducted using stem cells for burns are
also explained.

Silicone membrane
thick inner matrix layer of pure

bovine collagen and
glycosaminoglycan (GAG)

Figure | Current treatment approaches for burn wound coverage.

Current Treatment Approaches for Burn
Wounds

Burns are caused by various sources, such as radiation,
cold, heat, chemical and electric burns. The goal of the
treatment of burns is to restore the damaged skin to its
original anatomical morphology and physiological func-
tion. Burn wound care, based on the severity of the injury,
is addressed at different levels — prevention of infection,
surgical management, permanent or temporary wound
coverage, and scar mitigation, which ultimately determines
survival and prognosis of the burn patient.” Severe burns
result in damage to skin structures and function, as well as
the loss of cell progenitors necessary for regeneration and
restoration of the skin. Surgical management of burn
wounds encompasses debriding necrotic tissue to prevent
burn wound sepsis followed by definitive wound coverage
with autologous split-thickness skin grafts harvested from
healthy donor sites (Figure 1A). However, autologous skin
grafts are not always an option, particularly in the case of
large burns with limited donor site availability or in the
presence of bacterial load on the wound bed. In such

Burn skin

Notes: (A) Autologous split-thickness skin graft. (B) AlloSkin™" skin allograft. (C) Cultured epithelial autograft. Reproduced from: Chua AWC, Khoo YC, Tan BK, Tan KC,
Foo CL, Chong SJ. Skin tissue engineering advances in severe burns: review and therapeutic applications. Burns & Trauma. 20I6;4:54I038—0I6—0027—)cI2I Copyright © 2016,
Oxford University Press. Creative Commons CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/legalcode). (D) Integra® Dermal Regenerative Template. (E) Self-

assembled bilayer skin substitute of dermal and epidermal structures. Data from Rangatchew et a

wounded area. Created with Biorender.

1.”" (F) Recell/cell spray which sprays a suspension of skin cells directly to
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instances, wounds are temporarily covered with allografts
from human cadaver skin or porcine skin xenografts or
dermal analogs (Figure 1B), until definitive coverage with
autologous skin grafts or artificial skin substitutes is pur-
sued. Artificial skin substitutes (Figure 1D) serve as provi-
sional matrices for cellular infiltration, proliferation and
wound neovascularization. Among these, the most notable
skin substitutes include cultured epithelial autografts
(CEA) composed of autologous keratinocytes in a fibrin
mesh (Figure 1C) and autologous bilayered self-assembled
skin substitute fabricated from autologous fibroblasts and
keratinocytes (Figure 1E). Although both these products
offer autologous alternatives to split-thickness autografts,
fragility, high cost and long production costs have prohib-
ited their clinical applicability. Other approaches for
wound coverage include cell sprays (ReCell) (Figure 1F)
and skin guns (RenovaCare) to deliver autologous cells to
the wound bed to promote wound reepithelialization,
which albeit are faced with limitations in applicability to
superficial burns and lack of clinical data, respectively.
(3D) bioprinting has
employed to reconstruct skin through layer-by-layer

Three-dimensional also been
deposition of cells with scaffolding materials over the
injured areas.

These disadvantages thrust the need for alternative
wound coverage materials as current materials are either
ineffective, pose a chance for immune rejection, time-
consuming, expensive or are acellular.® These limitations
lead to the idea of using stem cells either directly or within
a scaffold/delivery matrix to augment the healing process.

Implications of Stem Cells in Burn
Wound Healing

The wound healing cascade consists of a delicate balance
of cytokines, chemokines, and growth factors.
Accordingly, targeting of one phase or signaling molecule
(cytokines, chemokines, or growth factors) cannot result in
effective healing and tissue regeneration. Current treat-
ments with skin substitutes are not capable of generating
fully functional skin after a burn injury and neither do they
directly target the different phases of wound healing or
release of chemokines or cytokines to influence healing.
While administration of only the growth factors has been
employed for burn treatment, however, several disadvan-
tages exist. High levels of Vascular Endothelial Growth
Factor (VEGF) can cause edema and edema-associated

burn complications and increase the risk of tumor

formation.® Epidermal Growth Factor (EGF) and Platelet
Derived Growth Factor (PDGF) can cause hypertrophic
scarring.”'” The complexity of molecular pathways also
limits the use of specific growth factors for treatment.
Therefore, multiple growth factor systems with sustained
release need to be developed. The use of stem cells for
burn wound care is justified in this case as stem cells are
able to secrete all these growth factors in a sustained
manner, respond to local stimuli and influence the wound
microenvironment to promote wound healing. Use of stem
cells in burn wound healing has shown bright prospects
through accelerated healing, improved scar outcomes, bet-
ter regeneration of skin and its appendages, modulation of
inflammatory response and reduction of fibrosis and
infection."'

The therapeutic potential of stem cells for burn wound
healing arises from their ability to modulate the release of
the chemokines, cytokines, and growth factors necessary
for wound healing. Furthermore, it is increasingly being
accepted that rather than post-engraftment differentiation
and proliferation, the therapeutic effects of stem cells lie
in the secretion of paracrineor signaling molecules.'?
Proteomic analysis of bone marrow derived mesenchymal
stem cells (BM-MSCs), adipose-derived mesenchymal
stem cells (AD-MSCs),
mesenchymal stem cells (UC-MSCs) show the secretion

and umbilical cord-derived

of chemokines, cytokines and growth factors which pro-
mote migration and proliferation of fibroblasts, endothe-
lial cells, and keratinocytes.'> MSCs thus possess
a secretome profile capable of promoting wound healing
and therefore stem cell products such as their exosomes
and conditioned media have also been utilized for burn
wound therapy.'?

Furthermore, a consistent challenge of long-term out-
come after burn is scarring. Burns cause pathological
scarring, especially in deep partial thickness or full thick-
ness burns. Pathological scars are thick, cause pain, itching
and contractures, and lead to limited functionality.' Stem
cells have also shown potential in inhibiting the activity of
keloid fibroblasts through paracrine signaling, thus prov-
ing their potential in scar management in long-term burn
injury care. Conditioned medium derived from AD-MSCs
was used in a keloid implantation animal model which
showed reduced inflammation and fibrosis.'"* Similar
results have been noted with the use of BMSC-derived
conditioned medium.'® These results provide evidence and
superiority of stem cells over traditional methods
employed for burn care.
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Sources of Stem Cells in Burn
Wound Care

Depending on the stage of development, stem cells can
come from either embryonic tissue or from adults and are
capable of differentiating into a wide range of cell types.
Stem cells are divided into totipotent, pluripotent, and mul-
tipotent stem cells depending on their differentiation ability.
While totipotent cells can differentiate into any type of cells
including embryonic and extra-embryonic cells, pluripotent
stem cells can only form germ-line cells and somatic cells.
Multipotent stem cells can differentiate into specific cell
types, tissues, or organs. Different sources of stem cells
have been utilized in regenerative medicine within the
scope of burn wound healing, such as embryonic stem
cells (ESC), umbilical cord stem cells (USC), mesenchymal
stem cells (MSC) such as bone marrow derived mesenchy-
mal stem cells (BM-MSC), and adipose tissue-derived
(AD-MSCQ),
mesenchymal stem cells (BD-MSCs), epidermal stem cells
(EpSCs), and hair follicle stem cells (HFSCs) (Table 1).

mesenchymal stem cells burn derived

Hair Follicle Stem Cells (HFSC)

HFSCs are easily accessible, multipotent stem cells cap-
able of rapid proliferation and generation of stratified
epidermis and epidermal cells, hair follicle cells, endothe-
lial cells, and keratinocytes. HFSCs show no immune
rejection as they have no major histocompatibility com-
plex (MHC) class 1 and immune cells, making them uni-
versal donors for cell-based therapy.'®

HFSC can give rise to epidermis only when the epider-
mis is wounded or stressed by generating transit amplifying
(TA) cells which help in injury repair.'® The efficacy of
HFSC in wound healing is seen in studies where HFSC
treated rats with partially thick burn wounds have shown
increased tissue tensile strength and accelerated wound
closure rate,'® while mice lacking hair follicles exhibit
impaired and delayed wound healing, which demonstrates
the critical role of HFSCs in wound healing.'” Also, clinical
study involving application of HFSC to third-degree burns
demonstrated increased dermal re-epithelialization.'®

Subgroups of these cells can migrate from the wound
site to repair the damaged skin, reconstruct hair follicles,
including the external root-sheath, internal root sheath
and hair shaft, as well as the sebaceous gland.'®'®
These stem cells have the ability to differentiate into
keratinocytes.'® Meta-analysis study conducted by Li
et al shows that HFSCs were more efficient than other

Table | Various Sources of Stem Cells and Their Characteristics

in Burn Wound Healing

keratinocytes

Source Wound Healing Advantages
Mechanism

Hair follicle e Generate stratified Easily accessible

stem cells epidermis, hair

(HFSC) follicle cells and

Embryonic stem
cells (ESC)

® Enhance re-
epithelialization, cell
proliferation and

vascularization

Generate all three
germ layers.
Disadvantage:

Ethically controversial

Umbilical cord
stem cells (USC)

e Have endothelial
progenitor cells,
hematopoietic and
non-hematopoietic
cells

o Differentiate into
epithelium in vivo
and in vitro

® Reduce inflammation

o Immunomodulatory

Non-controversial

Bone marrow-
derived stem
cells (BM-MSC)

® Increases collagen
production and
reduces scar
formation

® Decrease MMP

production

High rate of
proliferation and
differentiation.
Disadvantage: Low
yield

Adipose tissue -
derived stem
cells (AD-MSC)

® Promote angiogenesis

o Immunomodulatory

® Reduces scar
formation

High yield and easily
obtainable, can be
isolated from
discarded burned skin

Burn-derived
mesenchymal
stem cells (BD-
MSC)

e No tumorigenicity

® Promote re-
epithelialization

® Reduce granulation

® Function unaffected

by thermal damage

Safe source

cell types in promoting wound healing.'® Like HFSC,

another type of stem cell derived from the skin is epider-

mal/keratinocyte stem cells. These are located in the

epidermis and bulge region of hair follicles of the skin

making it easily accessible and an excellent source for

. . . 2
epidermal reconstitution.

0

Embryonic Stem Cells (ESCs)

ESCs are derived from the blastocyst of an embryo and
their usage remains limited due to ethical concerns, as
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deriving these cells requires the termination of the embryo.
ESCs have the potential to generate all three germ layers.
However, due to ethical concerns, use of ESCs remains
limited and most of the research uses adult stem cells.

Umbilical Cord Stem Cells (USCs)

USCs are one of the best sources of stem cells as they have
endothelial progenitor cells, as well as hematopoietic and
non-hematopoietic cells. Human umbilical cord is the most
abundant and non-ethically controversial source of stem
cells.”' Cord blood contains various stem cell types and
can be isolated from different layers of the cord like
arteries and veins, the gelatinous supporting matrix
known as Wharton’s jelly and outer lining.** Stem cells
isolated from cord blood are non-hematopoietic stem cells
with the ability to differentiate into epithelial cells in vivo
and in vitro.*?

A study conducted by Zhou et al demonstrated that
human USC-conditioned medium in hydrogel reduced
healing time and area of inflammation, formed well-
vascularized granulation tissue, and reduced the formation
of fibrotic and hypertrophic scar tissue in third-degree
burned mice.”> Similarly, stem cells isolated from
Wharton’s jelly (WJ-MSCs) show a high-yielding source
of cells that are young, non-tumorigenic, and immunomo-
dulatory with the capability to regenerate skin and its
components.”* Studies have shown that human WJ-MSCs
can differentiate into sweat gland-like cells, secrete
wound-healing  promoting  factors like = VEGEF,
Transforming Growth Factor (TGF)-B, PDGF and many
others which contribute to wound healing.”> Human
derived WJ-MSCs have also been shown to promote
wound healing through paracrine signaling both in vitro
and in vivo in mice.?

Mesenchymal Stem Cells (MSCs)

MSCs have recently become popular in research due to the
ethical issues associated with totipotent and pluripotent
stem cells. MSCs are adult stem cells derived from various
sources, such as adipose tissue, placenta, bone marrow,
and amniotic fluid and express CD105, CD73, CD90 and
lack the expression of markers, such as CD45, CD35,
CD19, CD11b and Human Leukocyte Antigen-DR (HLA-
DR). MSCs are immunologically inactive due to low
MHC1 and lack of MHCIL.?’ In addition, MSCs are immu-
nomodulatory and augment the generation of regulatory
T-cells and anti-inflammatory macrophage subtypes and
have the ability to transdifferentiate, creating a favorable

environment for tissue regeneration. They release growth
factors and cytokines initiating a balanced inflammatory
and anti-inflammatory signal, help in angiogenesis, reduce
fibrosis and are anti-apoptotic. MSCs were first isolated in
the 1970s from the bone marrow.?’ Similar cells derived
from adipose tissue, umbilical cord/cord blood and
Wharton’s jelly were subsequently reported.”’

Bone Marrow Derived Mesenchymal Stem Cells
(BM-MSC)

BM-MSCs are non-hematopoietic and possess a high rate of
differentiation and proliferation. Studies show that BM-
MSCs are recruited to the site of injury and interact with
local cells in the skin to regenerate skin.”® BM-MSCs are
the first type of cells to be used in the context of burn
wound therapy, which when applied to wounds on rats
showed a decrease in cell infiltration and promoted
angiogenesis.”’

BM-MSCs are shown to have potential in angiogen-
esis, scarless healing and increased collagen production,
all of which are important characteristics of efficient
wound healing. Subcutaneous injection of BM-MSCs in
mouse models increased capillary density and angiogen-
of VEGF
tumorigenicity.”’ Autologous BM-MSCs have shown

esis, secretion and demonstrated no
reduction in scar formation and restoration of elastic fibers
in tissue when used for burn wound therapy.*® BM-MSCs
are also involved in inducing collagen production by
fibroblasts®' and have been shown to improve wound
healing by decreasing the production of MMPs resulting
in increased collagen content in the skin.*’ Likewise, the
results of intradermal injection of BM-MSCs locally into
the burned area done by Agay et al on pigs inflicted with
cutaneous radiation exhibited better vascularization and
lymphocyte accumulation in comparison to control pigs
with no injection.*> BM-MSCs have also been used with
scaffolds. BM-MSCs seeded in artificial dermal substitutes

also and re-

1.3

show increased vascular density
epithelialization in a study conducted by Leonardi et a
Despite the major advantages, a drawback to BM-MSCs is

the limited availability of donors, and low yield.*?

Adipose Derived Mesenchymal Stem Cells (AD-MSC)
AD-MSCs are located in the interstitium between adipo-
cytes and vascular endothelium. Stem cells from adipose
tissue have been gaining research interest in the past years
mainly due to their high yield and their versatility to be
incorporated into autografts, allografts, and xenografts.** It
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is possible to isolate 100% of resident MSCs from adipose
tissue> and retrieval can be done easily without the need
for cell culture.’® These stem cells can also be isolated
from discarded burn skin’” and are able to regenerate all
layers of skin.

AD-MSCs are the best option in regenerative medicine
as these cells contain macrophages, fibroblasts and
endothelial stem cells and are easily obtainable with tre-
mendous pluripotent potential.*® They have also shown
remarkable results in promoting wound healing and regen-
eration through angiogenesis and immunomodulation,
increased collagen type III deposition and reduction in
lymphatic vessels in burned rat models.*® Alexaki et al
demonstrated the use of AD-MSC in wound healing in
mice with improved re-epithelialization by their prolifera-
tive effect on keratinocytes.*’ A study done by Trottier
et al demonstrated the ability of AD-MSCs to form well-
structured dermis and epidermis after 14 days on collagen
scaffolds.®® AD-MSCs also have immunomodulatory
effects, such as regulation of chemokines and cytokines
like VEGF*' through downregulation of T helper cell (Th)
mediated inflammatory response and IL (interleukin)-10
secreting T regulatory cells (Treg).** Additionally, the use
of AD-MSC for burn wound care has demonstrated

a reduction in scar formation.*?

Burn Derived Mesenchymal Stem Cells (BD-MSC)

Another developing source of stem cells is BD-MSCs
obtained from discarded burn tissue, which have shown
improved healing in animal models. Since standard burn
wound care involves excision and debridement, BD-MSCs
are a safe and non-invasive therapeutic option for burn
patients. BD-MSCs also do not display any tumorigenicity
and detrimental effects both in vitro and in vivo in murine
and porcine wound healing models over 30 days.**** BD-
MSCs derived from discarded burn tissue can be used as
skin substitutes. Porcine studies conducted using bovine
scaffold seeded with BD-MSCs to treat deep partial or full
thickness
dermal thickness, and epidermal area 14 days after

burns show increased collagen content,
transplantation.** Increased wound closure and enhanced
angiogenesis were also shown 4 weeks post transplantation
with the use of scaffold seeded BD-MSCs.** Enhanced
wound closure, reduction in thickness of keratinocyte
layer and decrease in granulation tissue size were observed
with potential for decreased scarring.** BD-MSCs extracted

from full thickness burns function like other MSCs and are

unaffected by thermal damage in terms of important cell
functions involved in burn wound healing.*®

Advantages of Using Stem Caells in
Burn Wound Care

Compared to current strategies employed and different pre-
clinical trials using other methods for burn wound therapy,
stem cells for burn injury treatment are superior in many
aspects. Stem cells are known to have mainly two actions as
per research. First, they help reduce systemic inflammatory
response by upregulating anti-inflammatory cytokines and
reducing pro-inflammatory cytokines. They can also alter
the function of T cells, B cells, monocytes/macrophages,
and natural killer (NK) cells.*” Furthermore, stem cells
have been shown to improve bacterial clearance. Secondly,
stem cells can modulate wound healing. Stem cells seeded
into the wound environment can differentiate into myofibro-
blasts, dermal fibroblasts, antigen presenting cells and lym-
phoid tissue, as well as stimulate the resident stem cells.*® By
integrating themselves into the wound, stem cells are gener-
ally postulated to play a direct role in wound healing and
repair. In vivo studies tracing fluorescent labelled BM-MSCs
injected intravenously into the wounded skin of mice show
the presence of fluorescent cells after healing positive for
markers of pericytes, fibroblasts, endothelial cells, and epi-
dermal keratinocytes.*”

Additionally, stem cells improve wound regeneration
through paracrine signaling. Stem cells secrete at least 30
bioactive molecules that promote wound healing."* The ther-
apeutic efficiency displayed by stem cells can be replicated
using cell-free conditioned media derived from stem cells,
which points to the paracrine effect of stem cells. AD-MSC
conditioned medium has been shown to contain
a transcription elongation factor EII3 and Stromal cell
Derived factor —1 (SDF-1) which determines the efficiency
of wound healing in vivo and in vitro.”™>" This ability of
stem cells to utilize diverse systemic and local interrelated
pathways, rather than a single pathway of action exhibited by
specific drugs, is a factor contributing to the superiority of
stem cells over other treatment strategies for burn wound
healing. They are also defined by their ability to respond to
host chemokines, helping in MSC-host endothelial interac-
tion, wound vascularization, reducing microbial activity and
strengthening newly formed blood vessels.*®

Not only have stem cells shown effectiveness in acute
care but they have also shown therapeutic potential in
scarring.’>>* Scarring is one of the long-term outcomes

3 8 4 https:

Dove!

Biologics: Targets and Therapy 2021:15


https://www.dovepress.com
https://www.dovepress.com

Dove

Abdul Kareem et al

after burn and has remained a consistent challenge to
overcome. Burn scars tend to be thick, painful and itchy,
causing contractures and limited functionality of the
injured area. Stem cells help in reducing scars inhibiting
the activity of keloid fibroblasts through paracrine signal-
ing. Studies have shown conditioned media derived
from AD-MSCs when used in a keloid implantation ani-
mal model reduced inflammation and fibrosis.'"* Similar
results have been noted with the use of BM-MSC derived
conditioned medium. These results provide evidence and

superiority of stem cells over traditional methods

employed for burn care.'>?’

Nevertheless, it is difficult to determine the differences
in therapeutic effects between various stem cell sources
because of the heterogeneity in macroscopic assessment
methods, microscopic features described as well as the
different time points considered in the studies.”® In both
preclinical and clinical trials, although evaluating the
safety and efficacy of MSCs in burn wound healing,
there is no indication that any specific MSC tissue origin
has an advantage in terms of wound healing over the
other."!
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Mechanism of Action of Stem Cells
in Burn Wound Healing

Several pathways have been explored in studies to understand
the mechanism of action of stem cells in burn wound healing.
Stem cells act in a paracrine fashion to contribute to wound
healing. The pathways involved are complex and intertwined.
The most researched pathways are given below (Figure 2):

PI3SK/AKT Pathway

The phosphatidylinositol 3 kinase/Protein kinase B (PI3K/
AKT) pathway is the most explored in wound healing
research. The growth factors and cytokines secreted during
the wound healing process act as upstream extracellular
signaling molecules to PI3K/AKT signaling pathway.”> The
serine/threonine kinase AKT is an important part of the PI3K
signaling pathway. AKT helps in many cellular functions,
such as cell metabolism, growth, survival, senescence, angio-
genesis and apoptosis.”® It also helps to regulate the expres-
sion of growth factors, such as VEGF, fibroblast growth
factor (FGF) and EGF. Reduced function of this pathway is
known to prevent cell proliferation and wound healing.>

TGFB

PTCH
Hedgehog

E Hedgehog signaling pathway

7 Fibroblast
migration
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ECM deposition Angiogenesis
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Figure 2 Different pathways used by stem cells in wound healing.
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Notes: (A) PI3K/AKT pathway. (B) Notch Pathway. (C) Wnt/B-catenin pathway. (D) TGF-$ pathway. (E) Hedgehog pathway.
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MSCs can enhance wound healing by inhibiting
inflammatory response and cell apoptosis, promoting cell
proliferation and angiogenesis, and regulating ECM
remodeling.>® The role of PI3K/AKT pathway in the sur-
vival of MSCs has been studied by overexpressing the
AKT1 molecule in MSCs.”” The results showed that the
overexpression of the molecule improved MSC survival
after transplantation into the heart in rats.’’>® Similar
results have been achieved in larger animal models,
thereby highlighting the importance of this pathway in
MSC survival. In case of MSC proliferation, activation
of the PI3K/Akt pathway is necessary as a mediator of
other factors that increase the proliferation of stem cells.”’
The association of the PI3K/Akt pathway with MSC
migration has also been studied. Furthermore, the ability
of MSCs to secrete cytokines to facilitate wound healing
as well as differentiation is also known to be regulated by
PI3K/Akt activity.”’

The protective effect of stem cells is mediated by
paracrine signaling that directs their regenerative mechan-
ism. A study conducted by Li et al shows that human
amniotic mesenchymal stem cells (hAMSC) and its con-
ditioned media transplantation on mice with second-degree
burn injury model can enhance proliferation, inhibit apop-
tosis of skin cells, and promote angiogenesis through
PI3K/AKT signaling pathway.>® Similarly, migration of
fibroblasts during wound healing also utilizes the PI3K/
AKT pathway.”® PI3K/AKT inhibitors inhibited fibroblast
migration and differentiation of myofibroblasts in rats.”"
The pathway is also found to enhance keratinocyte migra-
tion in AKT dependent manner.®'

WNT- B Catenin Signaling

WNT signaling plays an important role in wound healing
and stem cell function. During development, WNTs are
involved in skin development, such as formation of der-
mis, and skin appendages like hair follicles which provide
evidence for their potential involvement in skin regenera-
tion following an injury. During the early phases of wound
healing, different types of WNTs, such as WNT 1,2,4,5a
and 10b are found for up to 7 days after wounding in
murine models.®® It is known to work in parallel with
Notch signaling to regulate wound healing. For example,
studies have shown proliferation of ESCs during wound
healing is enhanced through Wnt/B-catenin and Notch
signaling via c-Myc and Hesl, downstream targets of
Wnt/B-catenin and Notch pathways. Additionally, canoni-
cal Wnt signaling is known to play an important role in

MSC self-renewal and hair follicle formation in response
to injury.®> Wnt/B-catenin pathway is also involved in the
proliferation of epidermal stem cells, migration of epithe-

6465 and differentiation into keratinocytes.®® B-

lial cells
catenin does affect fibroblast migration during the prolif-
erative phase of wound healing, elevating protein levels
and transcriptional activity of fibroblasts during the pro-
liferative phase and bringing it down during the remodel-
ing phase. It is also shown in studies that mice with
fibroblast-specific conditional deletion of Glycogen
synthase kinase 3 (GSK3p) show elevated levels of (-
catenin causing increased dermal collagen deposition,
scarring and myofibroblast formation.®’ The utilization of
canonical Wnt signaling by stem cells to regulate wound
healing can also be elucidated from the fact that levels of
B-catenin are stimulated by growth factors like TGF-B.°®
The paracrine effect of stem cells to release these growth
factors simultaneously affecting B-catenin levels suggest
the potential employment of this signaling pathway by
stem cells to enhance wound healing.

TGF-B Pathway

TGF- pathway is thought to be crucial in wound healing.
The three isoforms of TGF-B (TGF-B1, TGF-B2, TGF-B3)
are involved in wound healing and scar formation.®” These
isoforms differ in their level of expression, biological
activity, and their duration in the wounds.”” TGF-p3 is
known to support scarless healing and regulates epidermal
and dermal cell movement during wound healing,®
whereas TGF-p1 is involved in fibrosis.”' TGF-B1 exerts
its effect by activating downstream molecules like Smad2
and Smad3. TGF- pathway can alter the ability of wound
healing and involves crosstalk between dermis and epider-
mis to influence the healing outcome.®?

Stem cells employ this pathway during burn wound
repair. TGF-B pathway is involved in recruiting stem
cells for tissue regeneration.®® Topical application of
TGFB1 in wounded aged rats showed dermal healing
aspects, such as extracellular matrix (ECM) deposition,
fibroblast migration and proliferation, angiogenesis, cell
infiltration and epithelial closure of wounds by regulating
different cell types including stem cells.”’ The utilization
of TGF-p pathway by MSCs can be understood by the
wound healing effects of conditioned media derived from
human amniotic fluid-derived MSCs, which results in pro-
liferation and migration of dermal fibroblasts in mouse
excisional wound model.”* Similar results are also seen
with exosomes derived from human BM-MSCs which
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utilizes the TGF-B pathway to stimulate wound healing.”
The importance of TGF-f pathway in wound healing is
demonstrated by the defects in dermal wound healing
deficient in TGF-f pathway
Dysregulation in the TGF-f pathway

exhibited by mice
components.”*
shows scarring, fibrosis, irregular deposition, and synthesis
of collagen.”

Notch Pathway

Growing research suggests the importance of Notch sig-
naling pathway in wound healing. The Notch pathway acts
through the interaction of Notch receptors with membrane-
bound ligands of Delta and Jagged families. This pathway
is important in cell-fate decision and differentiation in
many tissues like skin. High levels of activation of Notch
signaling promotes differentiation of epidermal stem cells
into keratinocytes, increasing vessel density in endothelial
cells and thus accelerating wound healing.”®”’ Jaggedl,
the ligand with which Notch receptor interacts, is shown to
play an important role in regulating the differentiation of
epidermal stem cells, helping in wound healing and scar
formation.®® Research shows the importance of the Notch
pathway in wound repair by showing the expression of
Jaggedl and Notchl in the healing epidermis of wounded
human skin grafted onto mice.”® Furthermore, Notch sig-
naling pathway is also known to regulate stem cell adhe-
sion. Given the paracrine nature of the mechanism of stem
cells, exosomes derived from fetal dermal MSCs activate
Notch signaling pathway in mouse models to enhance
wound healing.”’ Notch signaling pathway is also known
to be a key factor in maintaining the stemness of MSCs
and preventing senescence.**"!

This pathway is known to engage in crosstalk with the
Wnt/B-catenin pathway and hedgehog pathway. In vitro
scratch wound assays treated with a Notch activator or
inhibitor show the pro-migratory effects of Notch on
fibroblasts and vascular endothelial cells.*® Notch signal-
ing is also involved in the inflammatory phase of wound
healing, where it regulates macrophage behavior.®?
Evidence shows that the Notch signaling pathway is
also involved in angiogenesis, and ECM production dur-
ing wound healing.”®

Hedgehog Pathway

The role of Hedgehog signaling in wound repair has not
been explored extensively, although it is a promising area
of research based on available evidence. Sonic hedgehog
pathway (Shh) stimulates mouse embryonic stem cell

proliferation (mESC) and accelerates wound healing by
indirectly upregulating VEGF, allowing for angiogenesis
to promote blood flow to the injured skin.®* The utilization
of Shh pathway by stem cells in wound healing was
demonstrated by the experiment done by Suh & Han in
2015. They showed that mouse embryonic stem cells
(mESCs) utilize Shh pathway to accelerate skin wound
healing by indirectly regulating angiogenesis.** Similarly,
the angiogenic potential of Hedgehog pathway is demon-
strated by the study conducted by Zavala et al, which
showed that WJ-MSC utilized the Shh pathway to promote
angiogenesis in vivo.*> The involvement of Shh in dermal
healing is further demonstrated by the presence of Shh in
regenerated hair follicles.®® This is an important character-
istic as failure to regenerate hair follicles that are damaged
due to injury is a challenge in cutanecous regenerative
medicine. The capability of stem cells to utilize Shh path-
way to regenerate hair follicles following a burn injury is
noteworthy and further demonstrates the need for the
employment of stem cells for burn wound therapy.

Biologics: Use of Secretome in Burn
Wound Healing

Another interesting application of stem cells has been the
use of acellular derivatives from cells, otherwise known as
secretome. Secretome consists of proteins, nucleic acids,
exosomes, proteasomes, membrane vesicles and
microRNA. The use of purified exosomes or conditioned
media has shown better therapeutic effects and reduces the
risks associated with the use of living cells, such as tumor-
and immune

transmission of infection

73,87-89

igenicity,
compatibility.

Exosomes Derived from Stem Cells

Exosomes are present in growth media of stem cell
cultures®” and present the advantage of retaining the
characteristics of their source, helping in repair and
regeneration of tissue, maintaining homeostasis and
accelerating healing.®® Exosomes are vesicles within

humoral environments containing proteins, lipids,
nucleic acids, microRNAs, and other bioactive mole-
cules; they can be readily isolated from MSCs because
of the ability of MSCs to produce them. They can exert
huge biological effects because of their ability to fuse
with target cells.®” Additionally, because exosomes are
protected by their plasma membrane, they are easy to

store and transport as bioactive molecules.®” The
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Figure 3 Exosome isolation from stem cells.

Notes: |. Schematic representing the presence of membrane-bound extracellular vesicles in media of stem cell cultures. 2. Removal of cell debris from supernatant media to
subsequently purify for exosomes. 3. Exosome isolation and purification. Exosomes are a versatile therapeutic option for burn wound healing that can be either directly
injected or embedded in scaffolds. Exosomes stimulate wound healing via PI3K/AKT, Wnt/b-catenin, SHH, notch and TGF-b pathways. Created with Biorender.

388 https: Biologics: Targets and Therapy 2021:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Abdul Kareem et al

dosage, route, concentration, and time of use of exo-
some products can be easily controlled compared to
MSCs. Finally, exosomes have low chances of immune
rejection and tumorigenesis. The number of exosomes
and the quantity and composition of the biomolecules
vary depending on the type of injury. Therefore, they
are being developed as a potential therapeutic agent in
burn injuries. Exosomes alleviate the limitations posed
by MSCs, and they are being used in clinical applica-
tions (Figure 3). Compared to MSCs, exosomes are
nano-vesicles and are more stable physiologically.
They decrease cell toxicity and promote cell prolifera-
tion either directly or indirectly.”®

They are involved in various signaling pathways
contributing to wound healing, such as TGFp, PI3/
AKT and Notch signaling pathway.”” Exosomes derived
from fetal dermal mesenchymal stem cells utilize Notch
Signaling for wound healing.”’ According to a study
conducted by Zhang et al MSC-derived exosomes help
in thermal wound healing through the WNT signaling
pathway.”® As a mechanism of action executed by stem
cells, PI3/AKT signaling pathway is also shown to be
involved in promoting wound healing by MSC-derived
exosomes.”

In terms of burn wound healing, MSC-derived exo-
somes can play an important role in the inflammatory
phase, helping in the switch of pro-inflammatory macro-
phages into anti-inflammatory macrophages and regulating
T cell and B cell proliferation.®® Studies show the immu-
nomodulatory effects of exosomes inhibit inflammation at
the site of wound healing and help in effective regenera-
tion of skin.®*** Exosomes also exert their therapeutic
benefits in the proliferative phase of wound healing
where they help in angiogenesis, regulate the proliferation
and migration of fibroblasts, synthesize collagen, as well
as reduce scar formation.”>” Re-epithelialization and skin
cell proliferative capacity of exosomes have also been
shown through various studies. In diabetic rat model, exo-
somes have been shown to promote migration and prolif-
eration of skin cells.”® MSC-derived exosomes are
considered to be a novel therapy against delayed wound
healing because of their ability to promote angiogenesis,
re-epithelialization, cell proliferation and migration, and
upregulating the secretion of growth factors.”

The source of exosomes influences the expression
levels of growth factors secreted. Hoang et al showed
that exosomes derived from three different MSC sources,
such as bone marrow, adipose tissue and umbilical cord,

secrete wound-healing mediated growth factors such as
VEGF, FGF, Hepatocyte Growth Factor (HGF) and
PDGF. The expression levels of these factors, however,
varied among sources where only the umbilical cord MSC
derived from exosomes showed the expression of TGEF-
B.” Exosomes derived from both sources promoted fibro-
blast and keratinocyte migration. However, the influence
of cell proliferation and migration was associated with the
origin source of exosomes. Exosomes derived from BM-
MSC showed higher fibroblast induction, whereas UC-
MSC derived exosomes showed higher induction of
keratinocytes.””

Conditioned Media of Stem Cells

Like exosomes, conditioned media (CM) also contain growth
factors and other secreted proteins which can be used effec-
tively for treatment of burns (Figure 4). CM can also be mass-
produced and stored for long term. CM is usually collected
from MSCs with low passage number as a high passage
number secretes a reduced amount of angiogenic factors.'®
Various paracrine factors are present in the CM which stimu-
late wound healing. CM is known to enhance wound healing
by regulating collagen synthesis and composition, accelera-
tion of cell proliferation and induction of angiogenesis.

Studies have previously found that CM derived from
MSCs can enhance normal skin fibroblast proliferation and
migration and promote wound healing in an excisional full-
thickness skin murine model.'°" The bioactive molecules
influence neighboring cells and help in the regulation of
biological processes. Human BM-MSC CM has been
shown to promote healing in deep second-degree burns in
male rats.*” Experimental study done by Du et al, using CM
of placenta derived MSC helped in reduction of scar
formation.'® Similarly, CM taken from adipose stem cells
showed increased migration of MSCs through Matrigel'®
promoting collagen synthesis and positively impacting
wound healing.'” Growth factors such as VEGF and FGF
present in the CM isolated from BM-MSCs, AD-SCs and
amniotic fluid-derived MSCs can be the potential mediators
for enhanced wound healing observed in experiments.'?

The superiority of secretome does come with its own
challenges. Biomolecules constituting the secretome have
been difficult to characterize and pose difficulties in terms
of measuring the half-life of their components. The secre-
tome profile needs to be understood through further genetic
and chemical screenings as well as next-generation-
proteomics and metabolomics-driven approaches. There is
also inconsistency observed in the secretome profile
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Figure 4 Secretome of stem cells.

Notes: Supernatant media of stem cell cultures contains growth factors, cytokines, chemokines and extracellular vesicles that can be purified using ultra-centrifugation
filtration units and provide the opportunity to select for certain secretome molecules based on their molecular weights. Secretome of stem cells provides a cell-free
universal therapeutic option for wound healing that can potentially have the same benefit as cells but negates the challenges with viability and immune rejection.

obtained from different donors which arises from isolation
and culture conditions, health condition and age of donor
among many other things. These factors affect the standar-
dization of the product. Therefore, good manufacturing
protocols (GMP) need to be placed to have consistency in
the products and increase the reproducibility of the secre-
tome products.

Mode of Delivery of Stem Cells and

Biologics Products

Different techniques for the administration of stem cells
and their secretomes to wounds have been employed that
range from direct injections to delivery in natural or syn-
thetic biomaterials as vehicles or supporting scaffolds
(Figure 5).

Direct Injection
Stem cells have been administered by researchers via
direct injection either locally or through systemic injec-
tions. The majority of researchers administer MSC locally
at the site of burn injury by subcutaneous or intradermal
injections on full thickness, or partial thickness burns.
Systemic injection involves administration of stem cells
intravenously.''

Exosome treatments for burn wound therapy have
involved either subcutaneous or intravenous administration.

A study by Zhang et al conducted subcutaneous injection of
exosome suspended in phosphate buffer solution (PBS) in
rats. Intravenous injections of exosomes have also been
given in other animal models.”®

Scaffold-Assisted Delivery

Different types of scaffolds are used in burn wound heal-
ing studies. The main purpose of using scaffold is to
mimic the skin ECM and its properties. They facilitate
cell growth, organization and differentiation into
functional tissues.'® Scaffolds containing MSCs can pro-
vide a microenvironment suitable for cell adhesion, pro-
liferation, and differentiation.'® Scaffolds are versatile
and can be modified using computational modeling to
withstand changes in fluid composition, cell density and
mechanical stress, as well as to help in the timely release
of molecules from the matrix. Some modifications of
classic scaffold are made to enhance wound healing and
biological activity of stem cells, such as the addition of

05

laminin, glycosaminoglycan and fibrin,'”> as well as the

use of silver nanoparticles to avoid bacterial infection
during healing.'*®

Natural Material-Based Scaffolds

Scaffolds can be made from natural materials like col-
lagen, hyaluronic acid, fibrin and polysaccharides such as
chitosan. These materials have high biocompatibility and
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Figure 5 Different modes of delivery of stem cells/secretome for burn wounds. Stem cells and their products can be delivered onto burn wounds either as direct local
injection, delivered in a supportive matrix such as fibrin or embedded with in scaffold matrices. Such approaches improve sustained delivery of therapeutics factors and/or

maintain cell viability.

show enhanced epithelialization and granulation of
wounds in preclinical studies.*

Collagen scaffolds containing BM-MSCs when used
show promise in wound healing. In vivo studies in mice
treated with MSCs seeded with collagen-based dermal
substitutes show migration of cells towards areas of
injury and vascularization.'”” Alginate, another naturally
occurring polymer obtained from seaweed, has also been
used as a scaffold. Human BM-MSCs seeded in alginate
gel showed viability after 6 weeks within the gel as well
as significant amounts of VEGF and FGF were also
found showing promising potential to be used in burn
wound therapy.'® Dermal substitutes made of chitosan
have antimicrobial and homeostatic activity. It is also
able to stimulate re-epithelialization, collagen deposition,
proliferation of fibroblasts and tissue granulation.'®’
Another study showed the efficacy of umbilical cord
MSC seeded in modified chitosan on wound healing.
Results showed increased wound closure in groups trea-
ted with MSCs seeded in modified chitosan scaffold

used in combination with mouse bone marrow MSCs to
test burn wound healing efficacy. Mouse BM-MSCs
seeded in the modified chitosan scaffold showed reduc-
tion in inflammation, reepithelialization, vascularization
and granulation tissue formation in third-degree burns in

mice.!!!

Synthetic Scaffolds
Synthetic scaffolds are made from materials such as poly-
ethylene glycol (PEG), polycaprolactone (PCL), polygly-
colic acid (PGA) among other polymers mainly fabricated
by a technique known as electrospinning. These synthetic
substitutes are biocompatible and have better mechanical
strength and lower cost when compared to natural
scaffold.''? Several studies have been conducted which
demonstrates the efficiency of synthetic scaffolds seeded
with stem cells in burn wound healing.

Treating rat models with full thickness skin wounds with
electro spun poly(lactic-co-glycolic acid) (PLGA) seeded

with BM-MSCs showed improved re-epithelialization.''?

demonstrating the potential to be wused in tissue Adipose stem cells seeded in polymer structures made of
engineering.''® Modified chitosan scaffold has also been  poly(3-hydroxybutyrate-co-hydroxyvalerate) otherwise
Biologics: Targets and Therapy 2021:15 https: 391

Dove:


https://www.dovepress.com
https://www.dovepress.com

Abdul Kareem et al

Dove

Clinical Trials using stem cells

0 5 10 15 20

25 30 35 40

Number of trials

B Substance use disorders W Skin
M Digestive
Mental B Neurological

B Non-communicable diseases

W Muscoskeletal

m Chronic respiratory diseases M Diabetes

M Cardiovascular

Figure 6 Proportion of stem cell clinical trials in areas of skin regeneration among other indications.

Note: Data adapted from Kabat et al.'?

known as PHBV have shown to withstand contraction force
in vivo and promote re-epithelialization, granulation, and
vascularization of wounds. These structures were also able
to help in the regeneration of hair follicles and sebaceous

glands within 28 days.'"”

Human Studies and Clinical Trials

Clinical trials are ongoing to evaluate the safety and efficacy
of MSCs in burn wound healing (Figure 6). The first human
trial was conducted in 2005 by Rasulov et al on a middle-
aged female patient who sustained burn injuries to 40%
TBSA including 30% full thickness burns.''* Treatment of
burn wounds using fibroblast-like-MSCs isolated from bone
marrow, at a concentration of 20-30x10° cells/cm? of skin
showed improved vascularity, granulation, and excellent
99% graft intake."'* Similarly, in 2015, Mansilla et al treated
a young man suffering from full thickness burns covering
60% TBSA with MSCs derived from bone marrow in fibrin
spray at a concentration of 1x10° cells/100 cm? of skin. The
results showed improved vascularity and granulation.''*'"?
Phase 1 trial of allogeneic MSC application to burn wounds

has been done by the University of Miami to evaluate the
safety of allogeneic stem cell therapy from healthy donors
for second-degree burns at four different dose levels.''® This
study reports the safety of MSC in treating burn wounds as
well as the immunosuppressive properties of allogeneic
MSCs.''¢ Case studies using Integra™ seeded with adipose
stem cells for treating burn wounds have been done. Results
show effective treatment of complex burn contractures with
good functional and cosmetic outcomes.'!”

A recent prospective comparative study was conducted
by Abo-Elkheir et al,''® which involved randomly dividing
60 patients with recent full-thickness burns into 3 groups
and comparing conventional early tangential excision and
meshed split-thickness skin grafts (STSGs), against locally
injected autologous BM-MSCs or locally injected/topi-
cally sprayed allogeneic UC-MSCs two days following
excision. The results showed that MSC therapy reduced
burn-associated complications compared to STSG.'
There were no significant differences in the rate of
wound healing between BM-MSC and UC-MSC treated
groups. Infection complications occurred in 25% of BM-
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MSC treated groups and 70% of patients in UC-MSC
treated groups. Hypertrophic scars were present in 15%
of BM-MSC and 20% UC-MSC treated groups. In case of
hyperpigmentation, no hyperpigmentation occurred in
BM-MSC treated groups, whereas 20% of the patients
treated with UC-MSCs."'? This is the only published clin-
ical study to date.

Reports of stem cells for burn wound healing trials
are only limited to case studies that lack statistical
analysis. Similarly, there are no clinical trials or case
studies where stem cell secretome is used to treat burns
as of date.

The number of clinical trials using stem cells on the
skin is limited. Only 2% of the clinical trials using stem
cells target skin and related disorders, most of which are in
Phase 2.'%° A large number of clinical trials occur in the
USA (about 47%) and France (16.8%)."%°

Conclusion and Future Perspective

Stem cells and associated products possess huge potential in
the treatment of burn wounds. The use of stem cells has
proven to be superior to current strategies available for burn
treatment. Experimental studies done, to date, demonstrate
its potential for macro- and microscopic improvements in
burn wounds and systemic anti-inflammatory effects. Stem
cells and its secretome can influence the wound environ-
ment and enhance the healing process through various path-
ways, such as PI3K/AKT, Wnt/B-catenin, Notch, and
Hedgehog. However, heterogeneity in the isolation techni-
ques, characterization of phenotype and stem cell sources
contribute to the challenges in translating their use from
bench to bedside. It is hard to prove which isolation techni-
que or stem cell source is better due to limited comparative
data. Another limitation is that although positive results
have been shown in small animals, translation into larger
animal models is still a challenge. There is also a lack of
enough published clinical trials to make an inference about
the safety and efficacy of stem cells in burn wound care.
Although dermal analogs, skin substitutes and tissue engi-
neered products are promising and have reached clinical
applicability, these are still not standard care for burns as
they are temporary, expensive or time-consuming to pre-
pare. Also, scaffolds used as dermal analogs do not help in
the regeneration of hair follicles or sebaceous glands which,
however, is improved when stem cells are used along with
the scaffold. The development of new treatment approaches
utilizing stem cells, or its products will need to address

issues such as availability, biocompatibility, immune

rejection, and vascularization. Also, the pathways under-
taken by stem cells in wound repairing are not yet fully
explored. The field of stem cells in burn wound care is vast
and promising. With further research into pathways, stan-
dardization techniques, translation into larger animals and
clinical trials, stem cells and its products can be the next
standard of burn wound care.
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