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Abstract

Skin burn wounds can be very serious injuries with high-risk healing processes and leaving life-long effects, regardless
of the mechanism of injury. Traditional methods of treatment such as skin grafts and early excision are unable
completely regenerate the skin. Therefore, new treatment avenues are being explored; one of the most promising
potential treatments is the use of stem cells to enhance skin repair. Although multiple stem cells have been evaluated,
more research is necessary to determine which method is most successful for widespread clinical treatment.
Currently, Adipose-derived stem cells (ASCs) show the most promise in preliminary research and current clinical trials,
but mesenchymal stem cells (MSCs), bone marrow stem cells (BMSCs), and umbilical cord stem cells (UCMSCs) are
also currently being experimented with. Finally, economic factors as well as technological boundaries must also be
overcome in order for stem cell therapy to replace traditional clinical treatments of burn wounds.
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Introduction

Stem cells are classified by their origin as either embryonic or adult stem cells according to the
developmental stage. They are undifferentiated pluripotent cells that generate cells and tissues from
either ecto-, meso- or endoderm layers [1]. Stem cells are available on reserve to repair damaged cells
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that release stress signals [2]. Embryonic and adult stem cells have the ability to differentiate into a
variety of tissue types [3]. Sources such as bone marrow, umbilical cord blood, adipose tissue, skin and
hair follicles have lent stem cells to studies measuring the acceleration of the healing process in burn
wounds [3,4]. Additionally, stem cell biology has become a growing interest of many medical
researchers because stem cells have the capacity to renew themselves as well as differentiate multiple
cell types [5].

In the skin, most stem cells are located within the hair follicle bulge [6]. Stem cells repair a wound by
giving rise to daughter skin cells, which migrate to the epidermis [7]. These stem cells do not normally
supply cells to the epidermis, but only do so after epidermal injury [7]. Severe burns are a highly
common soft tissue injury that cause extensive damage to the skin. Severe burns often result in
unsatisfactory functional and cosmetic healing [8]. They are a devastating trauma which requires
specialized, immediate care [9]. Stem cell therapy is an indicated treatment for severe burns because of
the potential for enhanced wound healing, replaced skin, and perfect skin regeneration [9]. Burns also
present systemic effects such as inflammation, hypermetabolism and immunosuppression which may be
combatted with stem cell therapy [9].

Stem cell therapy is a viable treatment because it is efficient, high-quality therapeutic treatment for skin
burns that carries a potential to address systemic effects of burn injury such as hypermetabolism and
inflammation [9]. There are three major pathways through which stem cells accelerate burn wound
healing: granulation tissue formation, collagen deposition, and by inducing neo-angiogenesis. They
modulate the inflammatory response and reduce the risk of infection. They can regenerate skin
appendages and halt the zone of stasis in acute burn injury [10].

Background

The skin is the body’s largest organ, and it is quite complex. It not only serves as a barrier to the outside
world, but also functions in immune inflammatory processes. The skin’s structure includes the
epidermis, or top layer, the dermis, or middle layer, and most internally, there is subcutaneous fat. The
epidermis is the outermost layer of the skin and it acts as a wall to restrict access to the inside of the
body. It consists primarily of keratinocytes with tight connections to form the stratum corneum, a
critical piece of the barrier of the epidermis. The basement membrane separates the dermis from the
epidermis. It is comprised of a thin layer of extracellular matrix proteins. The dermis is a more flexible
and elastic layer than the epidermis and is also made up of extracellular matrix proteins. Finally, the
subcutaneous fat layer consists of adipocytes, and also houses blood vessels, nerves, and lymphatic
vessels [4].

Burn wounds include multiple mechanisms of injury which lead to similar results. Scalds are common
type of thermal injury seen in children and the elderly population and they result from hot liquid spills or
hot bathing water. These injuries typically cause superficial dermal burns. Another common mechanism
of thermal injury is a flame burn which tends to cause deep dermal or full thickness burns. A smaller
number of burns are caused via electrocution. This occurs when an electrical current travels through the
body and the tissue through which it travels may face extensive damages. The depth of these wounds is
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determined by heat levels reached, and therefore relies on the voltage of the electrical current. This
leads to a concern for cardiac abnormalities and requires extensive monitoring during treatment. Finally,
chemical injuries result from accidental exposure to corrosive chemical agents and these wounds are
typically deep [11].

There are three degrees of burns. First-degree burns are only injuries to the superficial epidermis. For
these burns, only mild treatments are necessary, and risks are relatively low. Second-degree burns
destroy the epidermis and damage the dermis; dermal damage can either be superficial or deep. There
is a greater risk of hypertrophic scarring with these as well as the deeper third- and fourth degree burns
which penetrate into subcutaneous fat and muscle, respectively [12] (Figure 1).

Est-degree burn

Superficial Second-

degres
bumn

Figure 1: Depicts depth levels of different burn wound degrees [13].

Once a burn reaches 30% of total body surface area (TBSA), a systemic effect is seen in the body.
Cardiovascular changes involve increased capillary permeability, which results in the loss of proteins and
fluids to the interstitial space [11]. Fluid loss also occurs from the burn wound itself and these result in
systemic hypotension [11]. Hypovolemia then leads to decreased perfusion and oxygen delivery [12].
Additionally, in severe burns, respiratory distress syndrome can occur because of bronchoconstriction
[11]. The cell basal metabolic rate will also increase to as much as three times its normal rate which
exacerbates the hypoperfusion and requires early medical intervention through enteral feeding to
reduce catabolism [11]. Lastly included in the systemic response are immunological alterations including
non-specific down regulation of the immune response which affects multiple cell pathways [11]. (Figure
2).
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Figure 2: Depicts systemic changes that occur as the result of a burn injury 11].

Successful healing after a burn injury is related to burn size and depth, as well as confounding factors of
the patient such as age, mechanism of injury, and other comorbidities [12]. In this case, success is
measured by healing time and scar quality [14]. Furthermore, burns may present a progressive
expansion of necrosis into the zone of stasis, which is an area of initially viable tissue that is not harmed
until the burn progresses [15]. Success may also be found in preventing the expansion of this necrotic
tissue and allowing for viable tissue to remain [15]. There are also three phases during wound healing:
inflammation, proliferation, and remodeling; these phases may be referenced in (Table 1) 5]. These
processes are highly regulated by growth factors, cytokines, chemokines and cells [5]. Proper wound
treatment involves maintaining an appropriate environment, infection control, and debriding the tissue
[5]. Every phase in wound healing is mediated by stem cell proliferation and signaling [16]. Therefore,
impaired stem cell functioning leaves to chronic wounds, so stem cell-based treatments are a rational
approach to chronic wound care [16].

Phase Characteristics

Coagulation cascade stops bleeding, vasodilation,
Inflammatory neutrophils increased to stop infection

Granulation tissue forms a loose network of collagen,
Proliferative fibronectin, and hyaluronic acid, angiogenesis, re-
epithelization

Simultaneous scar formation and degradation, fading of
Remodeling inflammatory reaction, wound maturation

Table 1: Names and compares the three phases of wound healing [5,17].
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Descriptions of early excision of burn wounds began in 1510 AD with Ambroise Pare [18]. However,
limitations of medical technology made excision of large burns impossible. More recently, Advancement
of burn wound treatments has been significant in the last century. The late 1950s advanced the early
excision technique with enhanced shock monitoring, however the technique was not widely accepted
because of expected outcomes such as mortality, infection, excess blood loss, and extended healing
times 18]. Treatment of burn wounds has remained a difficult medical problem to be solved.

Today, burn wound treatment begins with the removal of all necrotic tissue and debris [12]. Early
excision coupled with autografting has improved burn patient outcomes dramatically over the past
several decades [19]. Coverage of the burn wound helps to prevent fluid and protein loss, hypothermia,
and the risk of infection [19]. Dressings that are biosynthetic, biological, dermal analogues, or derived
from the patient have provided options beyond a simple meshed graft in recent years and allow for
optimized healing (Table 2) [19].

EpiDex Autologous Keratinocyte-based
Alloderm Acellular Human origin,
Dermal Matrix
Graftlacket Acellular Human origin,
Tissue scaffold
Integra Acellular Bovine/shark origin,
Bilayer matrix
Biobrane Acellular Biocomposite dressing, nylon fibers in silicone with collagen
Dermagraft Cellular Bioabsorbable polyglactin mesh scaffold with human fibroblasts (neonatal
origin)
Epicel Cellular Keratinocyte- based cultured epidermal autograft
Recell Cellular Autologous cell suspension of keratinocytes, fibroblasts, Langerhans cells

and melanocytes,

Sprayable after culture

Table 2: Skin substitutes currently for sale on the commercial market [17].

Patients with severe burns often receive skin grafts, however donor skin and deficiency of eligible skin
substitutions in severely burned patients hinders accuracy of treatment and prolongs hospital stays [18].
Patients are also often left with excess scarring and much less elasticity that normal skin [19]. Another
new method involves application of antimicrobials to prevent wound infection [20]. Biofilms are a
collection of microorganisms that delay wound healing by initiating a constant inflammatory response
[20]. Finally, tissue engineering and regenerative medicine therapy have developed in an effort to
overcome limitations of previously used treatment methods [20]. Stem Cell isolation techniques have
enabled stem cells to be applied directly to injured areas in order to enhance wound closure [19].
Furthermore, stem cells included in multi-layer skin substitutes allow for complete repair and
replacement of damaged tissue because they resemble normal skin more closely [19]. More specifically,
dermal analogs and cultured epidermal autografts have been modified using stem cells to develop
multipurpose products that replace both dermal and epidermal skin [21]. Traditional Bioengineered skin
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equivalents do not replace lost structures such as sebaceous and sweat glands, as well as hair follicles
[22]. New techniques are also being used to further improve such engineered skin replacements. An
example of these techniques is the addition of melanocytes to decrease hypopigmentation and achieve
closer color matching [23]. Another example is the introduction of vascular endothelial growth factors
and angiogenic cytokines to shorten healing time and prevent graft loss by counteracting the absence of
a vascular plexus [24,25].

Stem cells allow for new opportunities in burn treatment as they have shown to improve the wound
repair process both locally and systemically [19]. As a tool for healing burn wounds, stem cells show
promise as they can be used to regenerate as well as accelerate re-epithelization [26]. These pluripotent
cells can be clonally amplified in order to expedite epithelization and can also be transplanted without
worries of rejection [19]. Stem cells lack immunogenic surface markers which gives them the privilege of
avoiding rejection [27]. Stem cells are a valuable tool, but each type of stem cell must be evaluated for
effectiveness in order to determine the best method of burn wound treatment (Table 3).

Cell Source Potency Advantages
Mesenchymal stem cells Bone marrow, stroma, Pluripotent Pluripotent, clonogenic
blood

Umbilical cord Umbilical cord blood Pluripotent Pluripotent, non-immunogenic,
clonogenic

Resident progenitor cells | Numerous tissues/organs | Unipotent Accessible potential for trans-
differentiation

Adipose-derived stem Adipose tissue Multipotent Non-immunogenic, abundant

cells supply, accessible, clonogenic

Table 3: Depicts a review of stem cell nomenclature [28].

Discussion

Although Chunmeng et al., did not support the use of adult mesenchymal stem cells (MSCs), they found
that systemic transplantation of dermis derived multipotent cells (DMC) promoted the healing of
wounds [29]. However, DMC cultivation is widely unsuccessful and has a very low yield, so little further
research has been performed to evaluate the effectiveness of DMCs in burn wound healing [22].
Another option would be to pursue treatment using hair follicle stem cells; however, these hair follicle
stem cells are less common and have proved extremely difficult to populate ex-vivo [30].

Likewise, epidermal stem cells lack detailed research regarding their effectiveness in burn wound
treatment (EPSCs). Llames et. al., Used a culture of EPSCs on a bed of fibroblasts embedded with a
plasma matrix to enable restoration of both epidermal and dermal component [31]. Mice with third-
degree burns were treated with EPSCs that were activated by human a-defensin-5 and it was found to
both promote hair regeneration as well as accelerate wound healing [32]. The transplantation of LGR6-
positive EPSCs isolated by fluorescence-activated cell sorting and administered by injection into the
wound significantly promoted re-epithelization, hair growth, and angiogenesis [32]. Carrier substrates
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could create an optimized physiological environment that may improve the regenerative performance of
EPSCs [33].

Adult mesenchymal stem cells (MSCs)

Most regenerative medicine research is focused on mesenchymal stem cells (MSCs) because they are
derived mainly from bone marrow and adipose tissue [9]. CD34+ hematopoietic stem cells are the most
widely studied and represent the only clinically approved stem cell [3].

MSCs can be derived from various tissues and have high differentiation potential [34]. MSCs are able to
migrate to injured tissues, differentiate, and regulate tissue regeneration by the production of growth
factors, cytokines, and chemokines [35]. Shumakov et al., performed experiments on 40 Wistar rats
where MSCs were applied to wounds showing decreased cell infiltration of the wound [36]. Accelerated
formation of new vessels and granulation tissue was noted in comparison with embryonic fibroblasts
and controls, burn wounds with no transplanted cells [36]. Likewise, Abbas et al. found in their
experimentation with Wistar rats that the vital tissue percentage within the zone of stasis was
significantly higher in the stem cell group of rats [15]. Huo et al., found that MSCs have great potentials
in the burn field [37]. However, the cell survival and outcome are also facing challenges from poor
microenvironment of the burn wound — their struggle to survive in a burn wound environment is a
potential draw-back of the use of MSCs [37].

Bone marrow stem cells (BMSCs)

Bone marrow derived stem cells (BMSC) were analyzed against embryonic fibroblasts by Shumakov et al.
in the first use of BMSCs for burn wound healing research [14]. In 2004, Rasulov et al., were the first to
report using BMSCs in humans [38]. They confirmed high tempo of wound regeneration in the presence
of active neoangiogenesis [38]. Rasulov et al., on rats also showed the superiority of stem cells in burn
wound healing [39]. Xue et al., explored BMSCs to improve burn wound healing in the skin of mouse
models [29,40]. Wound surface healing was significantly accelerated as well as the number and density
of new blood vessels increased [40]. These mice showed no corresponding tumor growth and they
gained weight faster [29,40]. Ha et al. transfected BMSCs with adenovirus as a vector with hepatocyte
growth factor (HGF) [29,40,41]. The group treated with the MSCs had more significant re-epidermal
growth at a shorter interval, less type 1 collagen and a thicker epidermis [41]. Although BMSCs have
been successful in recent trials, a search for effective stem cell therapies continues because of invasive
methods of retrieval for BMSCs as well as their low cell yields [40,41].

Method Treatment Measurement Results
Timeline
Injected BMSCs into | 0.7 x 10° viable Daily until wound Wound surface
skin of scalded fore cells in 60 uL of was healed (covered | healing significantly
limbs of male mice PBS (1 million by newly formed accelerated
cells) epithelium)
Partial thickness skin | BMSCs in Days 3,5, 7, 14, and | BMSCs have
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burns on female rats | adenovirus vector | 21 postburn positive effects on
with HGF healing of burn
wounds

Umbilical cord mesenchymal stem cells (UCMSCs)

Umbilical cord stem cells (UCMSCs) are used as a source of mesenchymal stem cells [42]. They have
endothelial progenitor cells, in addition to hematopoietic and non-haemopoietic stem cells. These
UCMSCs can be transformed into skin, endothelium or bone [43]. Liu et al., used UCMSC on burns in rats
and found expedited wound healing. Higher neo-angiogenesis, the formation of new blood vessels, was
recorded [44]. Similarly, Li et al., used exosome from human UCMSCs to attenuate burn-induced
excessive inflammation with 30% total body surface area (TBSA) burn wound on the dorsal side of rats
[45]. A 30% TBSA full-thickness burn injury typically causes an excessive inflammatory response [45].
However, the administration of their hUCMSC-exosome reduced the number of white blood cells [45].
This reduction became especially clear after 24 hours, and Li et al., concluded that hUCMSC-exosome, in
general, mildly suppressed inflammation after burn injury [45].

Zhou et al., created a human umbilical cord mesenchymal stem cell-conditioned medium in the form of
a hydrogel, which could be topically applied to burn wounds [46]. Injured mice were treated with either
conditioned or unconditioned hydrogel and compared with a control group [46]. Application of the
UCMSC conditioned hydrogel shortened healing time, reduced area of inflammation, and enhanced
reepithelization effectively in third-degree burned mice; however, effects were not found to be
statistically significant 46]. Although topical application of the UCMSC allowed for ease of treatment,
effects were not optimal and alternative treatments should be developed and evaluated [46].

Finally, Abo-Elkheir et al., compared BMSCs and UCMSCs with standard grafting and early excision of
recent thermal full-thickness burned human patients 22]. Patients’ burn percentages ranged from 10%
to 25% TBSA, and following treatment, the percentage of burn extent was significantly reduced in both
UCMSC and BMSC groups compared to standard grafting and early excision groups [22]. Ultimately,
however, no significant difference between UCMSC and BMSC groups was found and further research is
required to determine if one is more effective than the other [22].

ASCs (adipose-derived stem cells)

Adipose-derived stem cells (ASCs) are pluripotent and capable of differentiating into all three germ
layers [47]. These stem cells can be cultured to up to 1000 times their yield making them distinctly more
attractive than MSCs [48]. Adipose tissue can be harvested by a minimally invasive procedure, which
makes it a promising source of adult stem cells [49]. Fujiwara et al., used an ovine burn model and
topical application of ASCs from non-injured healthy sheep 47]. They assessed wound healing at one-
and two-weeks following application and treatment with ASCs was found to accelerate the patch graft
growth compared to the control [47]. Topical application of ASCs significantly increased wound blood
flow [47]. Expression of Vascular endothelial growth factor (VEGF) was significantly higher in the wounds
treated with ASCs compared to those treated with placebo [47]. Foubert et al., compared local injection
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and topical application of ASCs [50]. They created full-thickness thermal burns on 10 Gottingen minipigs
and either sprayed ADSCs onto the wound surface (0.25 x 10° viable cells/cm?) or performed multiple
injections into or surrounding the wound bed [50]. No significant difference between delivery
approaches was found, and they concluded that the spray system did not cause loss of cell number or
viability and is recommended because less invasive [50]. Necrosis is a common complication in skin graft
therapy [51]. Subsequently, Zografou et. al. measured the effectiveness of ASCs in the mitigation of
necrosis after skin graft procedures on rats [51]. ASCs were isolated, cultured, and labelled with
fluorescent dye and injected beneath a full-thickness skin graft on the dorsal side of ten rats [51]. The
grafts were analyzed by assessing the Collagen’s framework, and the mean area of graft necrosis was
significantly less in the injected group than control group [52]. They concluded that the autologous
transplantation increased full-thickness skin graft survival via two pathways: in situ differentiation of
ASCs into endothelial cells as well as increase secretion by ASCs of growth factors such as VEGF and
TGFB3 which enhance angiogenesis and wound healing [51]. Finally, Zhou et al. isolated ASCs of
Sprague-Dawley rats and labeled them with green fluorescent protein 53]. Previous success with ASCs in
other research allowed Zhou et al. to compare different injection patterns of ASC therapy [53]. They
concluded that multiple injections of the ASCs significantly accelerated the wound healing process and
also efficiently participated in angiogenesis [53] (Table 4).

Method Treatment Measurement Results
Timeline
Topical application 3.5 x 10° viable One- and two- ASCs significantly
of ASCs to ovine cells/cm? weeks post injury increased growth &
burn model blood flow
Injection and topical | 0.25 x 10° viable days 7, 12, 16, 21, No significant
application (spray cells/cm? and 28 difference between
on) of ASCs on posttreatment treatment methods
porcine model was found
ASCs injected under | 1 x 10° viable One-week post Mean area of graft
full-thickness skin cells/cm? injection necrosis was
grafts in rats significantly less in
injected group than
control group
ASCs injected 2 x 10° viable Digital images of Multiple injections
beneath 2-cm? burn cells/cm? injected | wound area taken increased healing
wound on dorsal either 1 or 3 pre- and and promoted
skin of rat times posttreatment and angiogenesis
throughout healing

Table 4: Compares animal studies using ASCs in a burn wound model.

Conclusion

When comparing each type of stem cell for potential success in burn wound treatment, adipose-
derived stem cells (ASCs) seem to possess the least limitations for clinical applications [54]. These ASC’s
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stem cells are considered the “holy-grail” in regenerative medicine as they are widely available, easily
obtainable and propagated, have pluripotent potential and promote wound healing [55]. As compared
with BMSCs, ASCs are easier to access, and they yield higher amounts of stem cells when isolated [52].
BMSCs carry several disadvantages such as a painful isolation procedure, low cell yields, and the need
for general anesthesia [52]. As far as properties of self-renewal and multipotential differentiation, both
BMSCs and ASCs were shown to be similar, therefore making ASCs an attractive substitute for BMSCs
[52]. When compared to BMSCs, UCMSCs were not significantly different, although both improved
healing compared to traditional treatment methods [22].

As important as it is to identify the most effective stem cell therapy for burn wound treatment, the work
will not stop there. Once successful stem cells are identified, work must be done to determine the best
method of application and if additional treatments should be performed on the cells prior to application.
For example, Imam and Rizk found success when using erythropoietin pre-treated stem cells [56].
Ramhormozi et al. also found success through the use of combination therapy utilizing BMSCs and
simvastatin with increased wound closure and decreased overall healing times [57]. Thus, co-cultures
with other cell types as well as other various pretreatments using chemicals or cell media should be
explored in greater detail [58].

Economic barriers must also be overcome in order to adopt stem cell therapies for skin regeneration
[16]. Costs of cell-based therapies are frontloaded, which delays return on investment [16]. Additionally,
the technology to standardize and mass-produce such treatments is not yet available, so considerable
funding must also be directed into the development of this large-scale infrastructure [16].

Currently, a search of clinical trials.gov including keywords “burn” and “stem cell” yielded 25 active
clinical trials in the United States that are focused on these treatments [59]. Of these trials, seven are
currently examining the success of Adipose-derived stem cells (ASCs) in burn wound treatment:
NCT03686449, NCT03113747, NCT02779205, NCT03183648, NCT03183622, NCT02619851,
NCT02394873 [59]. A summary of these trials can be found in Table 5. Each trial represents progress in
the research of stem cell therapies for burn wounds. In particular, trial NCT03183648 is a phase 2 trial
measuring the safety and tolerability of ALLO-ASC-DFU, a hydrogel sheet containing allogenic ASCs [59].
The ease of application of a hydrogel sheet as a wound dressing makes this method of delivery a
favorable approach for both patients and practitioners [59] (Table 5).

Trial Study Title Conditions Interventions Phase
Identifier
NCT036864 | Autologous Keratinocyte Burn with e  Procedure: Non- N/A
49 Suspension Versus Adipose-Derived | Full- cultured Autologous

Stem Cell-Keratinocyte Suspension Thickness Keratinocyte

for Post-Burn Raw Area Skin Loss Suspension

e  Procedure: Adipose-
Derived Stem Cell-
Keratinocyte

Suspension
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e Procedure: Split skin
graft
NCT031137 | Allogenic ADSCs and Platelet-Poor Second- or e Biological: ALLO- Phase 1
47 Plasma Fibrin Hydrogel to Treat the | Third-degree ASCs Phase 2
Patients with Burn Wounds (ADSCs- | Burns
BWs)
NCT027792 | Child’s Adipose Cells: Capacity of Burns e Procedure: adipose | N/A
05 Tissue Regeneration tissue sample
NCT031836 | A Follow-Up Study to Evaluate the Burn e Biological: ALLO- Not
48 Safety of ALLO-ASC-DFU in ALLO- ASC-DFU Listed
ASC-BI-201 Clinical Trial
NCT031836 | A Follow-Up Study to Evaluate the Burn e Biological: ALLO- Not
22 Safety of ALLO-ASC-DFU in ALLO- ASC-DFU Listed
ASC-BI-101 Clinical Trial
NCT026198 | A clinical Trial to Evaluate the Burn Injury e Biological: ALLO- Phase 2
51 Safety and Efficacy of ALLO-ASC- ASC-DFU
DFU for Second Deep Degree Burn e Device:
Injury Subjects Conventional
Therapy
NCT023948 | A Study to Evaluate the Safety of Burn e Biological: ALLO- Phase 1
73 ALLO-ASC-DFY in the Subjects with ASC-DFU
Deep Second-degree Burn Wound

Table 5: Summary of current clinical trials involving the use of ASCs [59].

Although the outlook of these ASC trials is promising, many therapies are still in early stages of
development and remain in small animal models [60]. A devastating morbidity is associated with burn
wound healing as poor outcomes may lead to lifelong disability and severe scarring [60]. There is a
profound potential impact of stem cell therapy to facilitate wound healing and dramatically improve the
lives of trauma and burn victims.
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