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Chapter 10
Wound Treatment by Stem Cells

Leyla Türker Şener, Hakan Darici, Işil Albeniz, and Erdal Karaöz

10.1  Introduction

Stem cells are capable to form an organism starting from a fertilized egg and have 
the ability of unlimited proliferation, self-renewal, and differentiation into the cell 
types of target tissues they were transferred. One of the most important aspects of 
stem cells is differentiation which plays the key role in development of multicellular 
organisms. Differentiation is defined as the overall set of changes of cell phenotype 
with the effect of cytokines, growth factors, extracellular matrix (ECM) proteins, 
and intercellular signaling pathways. Stem cell transplantation is more accurately 
defined as cell therapy is the use of stem cells or their products, derived from their 
patient’s own tissues or from another donor for the treatment of tissue damage, vari-
ous diseases, or loss of function. Cell therapies provide hope for many cases we 
cannot adequately treat with conventional medical methods so far. Along with their 
differentiation ability, stem cells have immunoregulatory, anti-inflammatory, anti-
apoptotic, anti-scarring, and neovascularization induction functions which are used 
for joint problems, some neurological and autoimmune diseases, as well as for the 
treatment of muscular-neurodegenerative disorders. More recently some nanopar-
ticles secreted by stem cells such as exosomes or secretomes were shown to induce 
different pathways such as transdifferentiation when transferred into tissue 
microenvironment.
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Use of stem cells in wound healing is among the numerous medical methods 
where the cell therapies have benefits. Wounds can be acquired during surgical inci-
sions or accidents or may occur due to various conditions like aging, burns, or dis-
eases such as diabetes. Healing of the wound is a highly complex process, requires 
cooperation of various cell types from different tissues such as epithelia, connective 
tissue, and blood cells. Coagulation, inflammation, and anti-inflammatory processes 
follow each other with the continuous degradation and formation of ECM. Growth 
factors, cytokines, and ECM components play important roles during wound heal-
ing, and interruption of these steps may cause nonhealing chronic wounds. This 
chapter will focus on existing stem cell technologies and their application in the 
treatment of wound healing along with recently developed methods such as use of 
stem cells' own products, exosomes. To understand mechanisms of stem cells, we 
will briefly go over the structure of most commonly wounded tissues, namely, skin, 
which consist of epithelia and connective tissue. We will explain the roles of tissue 
components during wound healing, describe common wound types with causes, and 
finally explain the results of stem cell therapies on wounds with most recent exam-
ples on human trials.

10.2  Histology of Common Wound Areas

Wounds generally occur externally through the skin, although some wounds such as 
ulcers may develop internally. Other limited numbers of wound types may happen 
in cartilage tissues, tendons, or ligaments (Paz and West 2014). Almost all internal 
or external wounds occur in the epithelia and underlying connective tissue (Marieb 
1995). Deep wounds may reach other tissues beneath the connective tissue layer 
such as muscle, deeper blood vessels, and bone, which are also surrounded by con-
nective tissue layers. Serious bone fractures create wounds that may reach the skin, 
made by the bone itself (Ertekin et al. 2005). Therefore, knowledge of the histologic 
structure of epithelia, underlying connective tissue, and, more specifically, skin, 
plays a key role in cellular therapies of both acute and chronic wounds (Metcalfe 
and Ferguson 2007).

10.2.1  Histology of Skin

Skin and its derivatives (hair, nails, glands) are the largest organ of the human body. 
It covers the external surface of and constitutes up to 15–20% of the total body 
mass. Other than its barrier function, skin has immunologic, sensory, and endocrine 
functions, provides excretion via various glands, and helps maintain homeostasis 
(Weinzweig 1999). Skin consists of two main layers, the epidermis layer, formed of 
epithelia, and the dermis layer, which is formed by connective tissue (Vaccari et al. 
2005).
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10.2.1.1  Epidermis

The epidermis is the upper, epithelial part of the skin, composed of keratinized 
stratified squamous epithelium. Epidermal cells called keratinocytes are arranged as 
five layers, distinct by their shapes and characteristics although they are from the 
same origin. Proliferation starts from the stratum basale, the deepest of the five lay-
ers of epidermis, which lies on the basal lamina. Keratinocytes at this layer continu-
ously proliferate, and daughter cells move upward and change shape and cellular 
features to maintain their functions (Singer et al. 2013).

Wound regeneration requires the stratum basale layer for the formation of other 
parts of the epidermis (Blumberg et al. 2012). Proliferation remarkably increases with 
the wound formation, and basal cells begin migration across the wound surface within 
8–18 h of wound formation. The speed of migration may be as high as 0.5 mm/day.

The upper layers provide a barrier function to water, light, bacteria, and other 
particles. Keratin filaments begin accumulating as cells and they move upward and 
finally lose their nuclei and organelles and become filled with keratin at the topmost 
layers.

The epidermis also contains other cell types such as melanocytes, Langerhans, 
and Merkel’s cells. Langerhans cells are associated with the immune system and 
function as the antigen-presenting cells of the skin. Merkel’s cells are sensory cells 
responsible for cutaneous sensation; therefore, they are mostly accumulated at the 
fingertips. Free nerve endings are also intersparsed between keratinocytes of epider-
mis to receive various sensory modalities such as heat, cold, and fine touch. 
Melanocytes are dendritic cells located among the keratinocytes of the stratum 
basale but extend their cytoplasmic processes to the upper parts of the epidermis. 
The main function of melanocytes is producing the pigment, melanin, which pro-
tects the organism against the damaging effects of ultraviolet radiation (Pawlina 
2016; Norton et al. 2003). Newly formed skin at the wound area cannot perform its 
all duties such as sensory, immunologic, or (UV) barrier functions, without these 
cell types, and shows discoloration, which causes unwanted cosmetic problems. 
Therefore, appropriate addition of these cell types among keratinocytes must be 
considered in cellular therapy methods.

10.2.1.2  Dermis

The dermis is the connective tissue part of the skin, which nourishes the avascular 
epidermis via its numerous small blood vessels and increases the thickness of the 
skin for mechanical support. Fibroblasts are the main cell type of connective tissue, 
which conduct the main functions such as extracellular matrix (ECM) production 
and tissue regeneration. The ECM primarily consists of type I collagen fibers along 
with less present collagen types such as type III (Pawlina 2016). Type I collagen is 
always the most important component; however, the thinner but stronger type III 
collagen becomes more prominent during wound healing and plays key roles. 
Synthesis and posttranslational modifications of collagen fibrils depend on various 
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systemic and local factors such as oxygen support; adequate nutrition, especially 
with vitamin C; and the local micro-environment (Charles Brunicardi et al. 2005).

Another fiber type is the elastic fibers, which are responsible of the elasticity of the 
skin. Glycosaminoglycans (GAGs) are made of protein and carbohydrate components 
and perform many functions of the ECM such as entangling water molecules, thereby 
creating a highly liquid-like environment. Other important functions of the ECM are 
the formation of a 3D environment for cell migration, facilitating diffusion of nutri-
ents, and helping tissue regeneration and development via attached growth factors and 
cytokines (Pawlina 2016; Norton et al. 2003). The most important GAGs are derma-
tan sulfate and chondroitin sulfate, which are synthesized by fibroblasts at increasing 
amounts in the 3 months following an injury. GAGs attach proteins to form proteogly-
cans. Collagens and proteoglycans actively interact, and proteoglycans become 
entrapped within collagen fibers because the amount of collagen increases with time, 
especially at the last step of wound healing (Xue and Jackson 2015).

The epidermis overlays and sticks to the dermis via the basement membrane. 
Additionally, wavelike protrusions called dermal papillae, which contain numerous 
capillaries to nourish the avascular epidermis layer, increase the attachment. The 
dermis is also formed by two layers, the papillary and reticular layers. The superficial 
papillary layer is composed of loose connective tissue with abundant cell types, col-
lagen type I and III, and elastic fibers. The reticular layer contains less cells, changes 
in thickness throughout the body, but always remains thicker than the upper papillary 
layer. Type I collagen and elastic fibers are also thicker and present as irregular bun-
dles in this layer. However, these bundles form regular lines called Langer’s lines in 
regions of tension. Langer’s lines are especially important for skin surgeries; inci-
sions made parallel to Langer’s lines leave the least scar marks while healing. Adipose 
tissue layers, smooth muscle, and sometimes striated muscle can be found beneath 
the reticular layer. Encapsulated nerve endings such as Pacinian corpuscles are also 
present within the dermis, which detect pressure, Meissner’s corpuscles, which are 
sensitive to light touch, and Ruffini’s corpuscles, which detect stretching of the skin.

The hypodermis, also known as the subcutaneous fascia in anatomy, is the adi-
pose tissue-containing part of the skin, which lies underneath of dermis layer. The 
main function of the hypodermis is mechanical protection and heat isolation. Adipose 
tissue within the hypodermis also functions as energy storage units. Therefore, the 
hypodermis thickens with nourishment or in cold climates. The hypodermis also 
participates in hormonal regulation via its adipose tissue-secreted factors.

The skin also contains epidermal appendages such as nails, hair follicles, sweat 
glands, and sebaceous glands, which produce an oily substance called sebum that is 
thought to have bacteriostatic, barrier, and pheromone functions. Hair follicles 
cover almost the entire body. Even though their roots may be in very deep regions 
of the dermis, they are continuous parts of the epidermis. Epidermal stem cells 
residing within the root sheath of hairs are responsible for hair growth (Pawlina 
2016; Norton et al. 2003). These stem cells may form new epidermis in some cases 
if the epidermal layer is destroyed by trauma or removed during surgery, while 
being protected due to their deeper location. However, extensive wounds such as 
third-degree burns may destroy the dermis and epidermis completely and require 
grafting for healing. Other than hair transplant surgeries, hair follicle stem cells are 
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also important for their clinical implication in skin regeneration (Singer et al. 2013; 
Leirósa et al. 2014).

Skin thickness varies from 1 to 5 mm. The skin on the palms of the hands and 
soles of the feet are hairless and have thicker epidermis and are therefore called 
thick skin, whereas other parts of the skin have thinner epidermal layers and contain 
hair follicles (Pawlina 2016). Superficial wounds of the epithelium heal without 
scar formation, but wounds of the dermis may require surgical intervention or other 
medical treatments to avoid scar formation (Weinzweig 1999).

10.2.2  Histology of Other Epithelia

Although most injuries harm the body from outside to inside, some acute or chronic 
wounds can occur within the body going outward. Usually the first affected tissue is 
again the epithelia, even though the injury may have occurred within a very large 
organ like the stomach, which could result from swallowing sharp materials or as 
tiny as inside blood capillaries (Ertekin et al. 2005). Epithelia cover all open sur-
faces, canals, glands, and ducts of the body. Similar to skin, various epithelia of the 
body contain unipotent stem cells, which reside in the basal compartment and con-
stantly regenerate epithelia. The height and lamination of epithelia differ depending 
on the organ, which can be as thin as a single thin layer of squamous cells like alveo-
lar epithelia of lungs, or multiple layers of cells of various shapes, such as can be 
seen within the oral cavity, bladder, vagina, or anus. The shape of the cells at the top 
layer gives epithelia its names, e.g., columnar, cuboidal, or squamous epithelia, 
along with being simple with only one layer or stratified with many layers. Most of 
the digestive tract is formed by simple columnar epithelia, whereas the skin and oral 
cavity are formed by stratified squamous epithelia. The regeneration rate of these 
various epithelia also differs according to organ and function. Epithelia of the stom-
ach and intestines continuously regenerate via their stem cells, which reside in the 
deeper parts of gastric pits or intestinal villi; the regeneration rate of glandular epi-
thelia in other parts of the body is generally much slower.

Like the skin, internal epithelia require a connective tissue support that connects 
it to the deeper layers of the organ and also provides nourishment. The underlying 
connective tissue of epithelia called lamina propria, is similar to the dermis of the 
skin, except being thinner. The amount of vascular support effects the regeneration 
rate of epithelia, as well as the lamina propria. Poorly oxygenated tissues such as 
cartilage regenerate much more slowly than epithelial wounds because they receive 
less nutrition (Pawlina 2016; Norton et al. 2003). Vascularization becomes higher 
than normal during wound regeneration, which decreases to the normal levels at the 
last step of wound healing (Blumberg et al. 2012). The lamina propria lies on top of 
various tissues according to the region and function, such as smooth or stratified 
muscle, glands, cartilage, or bone. Each tissue has its own regeneration system. 
However, mesenchymal stem cells (MSC) and pericytes play a major role along 
with tissue-specific unipotent stem cells like the osteoprogenitor cells of bone 
(Pawlina 2016).
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10.3  Wound Healing Process

Wound is defined as the disruption of tissue integrity, which consists of a series of 
cellular and biochemical events, starts with trauma, and ends with new tissue forma-
tion. These events overlap each other and follow certain steps. These steps of wound 
healing are defined as:

 1. Hemostasis and inflammation
 2. Proliferation
 3. Maturation (remodeling)

Although these stages are sequential, there is no distinct border between them, 
and various stages can be observed simultaneously in different regions of the wound 
area (Ertekin et al. 2005; Norton et al. 2003).

10.3.1  Hemostasis and Inflammation

Clean surgical incisions and many other wounds begin the healing process with 
naturally occurring blood clotting. Platelets of damaged blood vessels make direct 
contact with the ECM at the injured site. Contact of platelets with subendothelial 
collagen causes platelets to aggregate and degranulate and starts the coagulation 
cascade. The clot contains an important fiber called fibrin, along with blood cells. 
This structure closes the wound surface, protects against infection, and helps subse-
quent inflammatory and healing processes by providing a 3D ultrastructure for 
movement of migrating cells. Increased capillary permeability, local release of che-
moattractants such as prostaglandins, complement factors, interleukin 1 (IL-1), 
transforming growth factor-beta (TGFβ), and tumor necrosis factor-alpha (TNFα) 
induce neutrophil growth. Bacterial products also serve as chemoattractants if the 
wound site is infected (Duque and Descoteaux 2014).

The next phase, inflammation, starts around 24 h after injury. During the inflam-
matory step, dead tissues are cleared along with fibrin, followed by the deposition 
of new extracellular matrix (ECM) molecules. Neutrophils and monocytes infiltrate 
into the injured area at the beginning of inflammation, which peaks around the first 
to second day after injury. These leukocytes are the main source of TNFα, one of the 
key factors for angiogenesis and collagen synthesis; however, leukocytes do not 
involve in collagen synthesis or contribute toward mechanical strength. Later at this 
step, migrated monocytes differentiate into macrophages, which play a key role in 
successful healing. Macrophages replace neutrophils, reaching maximum numbers 
around 48–96 h after injury, increase the removal rate of dead tissues, and remain 
until the end of the healing process. Other functions of macrophages are cell prolif-
eration regulation, matrix production, and angiogenesis through secreted mediators 
such as vascular endothelial growth factor (VEGF), insulin-like growth factor 
(IGF), epithelial growth factor (EGF), and TGFβ (Norton et al. 2003; Nandy and 
Mukhopadhyay 2011).
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T lymphocytes are present in lower numbers than macrophages in the wound 
area and peak around one week after injury. They mediate transition from the 
inflammatory phase to the proliferation phase. The amount and strength of collagen 
in a wound decrease with the increase of T lymphocytes. The selective decrease of 
CD8+ cells increases wound healing; the decrease of CD4+ cells has no effect 
(Barbul et al. 1989).

10.3.2  Proliferation

Proliferation is the second step of wound healing, which starts between the 4th and 
12th days. Fibroblasts and endothelial cells join the healing process, attracted 
mainly via PDGF and VEGF, respectively. After they reach the wound area, fibro-
blasts must proliferate and become activated in order to execute their primary func-
tion of matrix production. Cytokines and growth factors secreted by macrophages 
induce fibroblast activation. Fibroblasts isolated from wounds have been shown to 
synthesize more collagen than controls, proliferate less, and perform active matrix 
contraction. Endothelial cells of the damaged capillaries also start to proliferate, 
migrate, and contribute to angiogenesis under the influence of various cytokines and 
growth factors such as TNFα, TGFβ, and VEGF. Wounds appear to be in reddish 
color at this stage and are called granulation tissue due to the numerous newly 
formed capillaries. These vessels accelerate healing until the end of the process, and 
then redundant vessels disappear, leaving tissue with a normal vascularization rate.

10.3.3  Contraction of Wound

All wounds contract with time in order to bring wound sites together. Granulation 
tissue contains mainly fibroblasts, myofibroblasts, and various other connective tis-
sue cells along with numerous newly formed small blood vessels. TGFβ stimulates 
the differentiation of fibroblasts into myofibroblasts, which have a key role in wound 
gap closure with their contractile abilities provided by alpha-smooth muscle actin 
molecules (α-SMA) within their cytoplasm. Fibroblasts and myofibroblasts recog-
nize the stress lines of the wound and localize on this lines. Myofibroblasts apply 
steady force along the gap, shorten current ECM fibers, and slowly pull the sides of 
the wound together. Meanwhile, fibroblasts and myofibroblasts produce new colla-
gen and other ECM molecules.

After one week, inflammatory cells, fibroblasts, and myofibroblasts undergo 
apoptosis, which leaves scar tissue containing mostly connective tissue fibers and 
few cells. New-forming epidermis covers the surface of the scar during normal heal-
ing of small wounds. However some pathologic conditions, such as hypertrophic 
scar or keloid formation, connective tissue-forming cells cannot completely undergo 
apoptosis and remain at the wound area. Hypertrophic scars have excessive connec-
tive tissue formation with little or no epithelial cover. These types of scars form 
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white, protruding scar marks; however, the borders remain within the wound area. 
Keloids, on the other hand, are scar tissues that go beyond the wound borders of 
initial scar with no reduction in connective tissue formation. Another difference in 
keloids is the absence of myofibroblasts. Persistent myofibroblast activity also 
causes continuous pulling of tissue, which may cause fibromatosis like in 
Dupuytren’s disease (Pawlina 2016). Hypertrophic scars are not related with skin 
pigmentation; however, keloid formation is more common in the African-American 
population. Scar formation risk is also higher in individuals with darker skin than 
lighter-skinned people (Ertekin et al. 2005; Weinzweig 1999).

10.3.4  Maturation and Remodeling

Maturation and remodeling of wound tissue start at the fibroblastic stage and are 
related with the rearranging of the previously synthesized collagen fibers. Matrix 
metalloproteinases are responsible for the breakdown of collagen, and net amount 
of collagen is balanced between collagenolysis and new collagen formation. During 
the remodeling phase, degradation of the ECM decreases, and the balance shifts in 
favor of production. However, deposition of large amounts of collagen also causes 
relatively acellular scar tissue formation. EMC deposition in the wound area follows 
certain steps: fibronectin and type III collagen constitute the early matrix, followed 
by glycosaminoglycans, proteoglycans, and, finally, type I collagen (Ghatak et al. 
2015). The amount of collagen plateaus a few weeks after wound formation, but the 
tensile strength continues to rise for a few more mouths. However, the maximum 
rate of tensile strength of a healed wound remains at 80% of the pre-scar tissue. 
Remodeling of scar tissue continues its maturation for 6  to 12 more months 
(Weinzweig 1999).

10.3.5  Epithelization

While rebuilding the integrity of the connective tissue, the outlining epithelial bar-
rier must also be completed. Incisional wounds re-epithelize within 48 h if the 
wound sides are stitched together; however, major epidermal and dermal loses take 
much longer to heal. Regeneration of the epidermal layer is characterized by the 
migration of neighboring epithelial cells. The epidermis at the rim of the wound 
area thickens following wound formation, some keratinocytes at the stratum basale 
lose cellular adhesion with the neighbor cells and basal membrane, enlarge, and 
migrate along the temporary wound matrix, while others rapidly proliferate without 
leaving their position. This proliferation continues until the defect has been closed. 
After closure, shapes of proliferating cells become columnar again, and epidermal 
layers reform. The last step of epithelization is keratin deposition (Weinzweig 1999; 
Pawlina 2016; Norton et al. 2003) Fig. 10.1.
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Fig. 10.1 Illustration of wound healing stages; (A) hemostasis and inflammation, (B) prolifera-
tion, and (C) maturation (remodeling). (a) During the first step of wound healing, blood clot fills 
the wound gap and entraps leaked erythrocytes. Leucocytes migrate to initiate inflammation, while 
epithelial cells of the adjacent stratum basale layer start to proliferate. (b) Macrophages phagocyte 
fibrin, dead cells, and bacteria, while proliferated fibroblasts produce new collagen bundles. (c) 
Epithelia reform with all layers, and underlying dermis matures into the functioning connective 
tissue
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10.4  Wound Types

Wounds can be classified under two categories as acute and chronic. Acute wounds 
heal on time more regularly at cellular level, and anatomic and functional integrity 
is better maintained. However, healing of chronic wounds takes consderably more 
time than acute wounds; therefore, anatomic and functional amelioration cannot be 
properly repaired (Arya et al. 2014).

10.4.1  Acute Wounds

An acute wound can be formed during a surgery procedure which are done under 
sterile conditions, neat, and more likely to heal. However, most wounds are not that 
cleanly formed, cover more surface, and fail to heal properly, proportional with the 
deepness and surface area of the wound. Burns, occurred by heat or other causes 
like chemicals or electricity, usually fall into this category and carry a serious, even 
life-threatening risk if not medically tended due to the fluid loss or infection. We 
will briefly discuss these wound types with their treatment methods before explain-
ing the outcomes of stem cell treatment on acute wounds.

Fig. 10.1 (continued)
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10.4.1.1  Cuts and Surgical Incisions

Cuts that may occur under surgery, called incisions, are usually made with a sterile 
scalpel, cautery pen, or laser which forms neat wounds. Cuts with sharp objects like 
knife or glass may also cause to formation of neat wounds. Damage done by scal-
pels and lasers is minimal; however, despite their convenience, incisions made with 
cautery pens which can be categorized under burns cause more damage to the tis-
sues (Ertekin et al. 2005; Charles Brunicardi et al. 2005).

Medical treatment of cuts universally made via stitching which brings the two 
sides of the wound together minimalizes the gap, which should be filled with inflam-
matory tissue if not stitched therefore skips the pulling process of myofibroblasts 
and causes faster and effective healing. Different stitching methods and techniques 
exist which are selected by the surgeon according to wound type, location, and 
shape (Weinzweig 1999).

10.4.1.2  Burns

Various causes such as heat, cold, electricity, acids, bases, and various other chemi-
cals, such as phosphorus compounds, may cause burns. Therefore, the reaction of 
the body varies along with treatment methods (Weinzweig 1999).

Burns are dynamic and invasive wounds that can cause maximum tissue loss due 
to necrosis; therefore, they are not considered as ordinary wounds. Lesser but seri-
ous damage such as ischemia may occur outside regions of necrosis. Although the 
exact mechanism of ischemia transition to necrosis remains unknown, it is probably 
caused by disruption of the cell cycle due to oxidative stress or infection (Cavanagh 
et al. 2012).

Cells can tolerate relatively high temperatures; however, cellular changes over-
whelm repair mechanisms over 45 °C due to protein denaturation, even though cells 
do not have a static response and react differently to temperature increases. The 
depth and surface area of burns also affect wound healing. Burns covering more 
than 15–20% of the body surface affect other non-burnt areas as well as underlying 
organs, as such they are considered systemic injuries or disease. The standard clas-
sification of burns is well known as first- to third-degree burns. First-degree burns 
affect the epidermis, and second-degree burns reach the dermis layer. These types of 
burns are painful due to the affected nerve endings and generally leave a permanent 
scar. Third-degree burns reach beneath the skin. Patients do not feel pain because of 
the complete destruction of nerve endings but lose all sensory stimulation from 
these areas.

Burns wound tissues in two steps. The first step is the immediate cell damage and 
coagulation necrosis caused by heat. The second step is delayed progressive cell 
damage caused by ischemia, which occurs 24–48 h after the initial damage. These 
two steps can be observed in the burnt area. The necrotic area is covered by an isch-
emic (stasis) zone. Stasis zone also becomes necrotic during delayed damage step. 
Another third area, called hyperemia zone, can also be observed around the stasis 
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zone which is characterized by inflammation and vasodilatation. The hyperemia 
zone heals faster, within 7–10 days. If delayed damage of the ischemia zone can be 
prevented via pharmaceutical agents or another method such as stem cell treatment. 
Necrosis and deepening of progressive burns can be prevented and can be healed 
faster. Burns smaller than 3–5 mm heal within 3–4 weeks, but larger burns require 
grafting. Chemical burns can form through external contact (Ertekin et al. 2005) or 
accidental ingestion of harmful substances such as alkali cleaning agents and cause 
epithelial burns in digestive tract, especially at esophagus epithelia. Chemical burns 
may be classified under four groups as acid, alkali, phosphorus burns, and chemical 
injections, which require slightly different treatment methods (Norton et al. 2003).

10.4.1.3  Grafting Methods

Grafting techniques, used in burns or other wound types, include transplantation of 
a part of a patient’s own skin, taken from another appropriate area of the body or 
artificial grafts. However, grafting is not 100% successful and may cause the forma-
tion of two scarred areas instead of having just one original wounded site. On the 
other hand, artificial grafts, or artificial skin, are quite useful when donor skin areas 
are small or need to be decreased. Artificial grafts are matrices that constitute GAGs 
and collagen fibers, which function as dermis and therefore create a 3D network for 
wound healing while protecting the wound area from heat and fluid loss and infec-
tions via additional materials such as silver. Epithelization of artificially grafted 
areas can be enhanced by grafting thinner epidermal grafts of a patient’s own tissue, 
which is considerably smaller than full skin grafts. Artificial grafts can be obtained 
as allografts and xenografts (Ertekin et al. 2005; Norton et al. 2003).

10.4.2  Chronic Wounds

Wounds that do not heal within 3 months are called chronic wounds. They can be 
classified under three categories as diabetic wounds, decubitus ulcers, and wounds 
caused by venous hypertension.

Evidence for the treatment of chronic ulcers in the elderly is still limited. 
Dressings containing calcium alginate may shorten healing period of pressure ulcers 
in the elderly; however, other dressings in this age group are not studied sufficiently 
(Madec et al. 2009a).

10.4.3  Diabetic Wounds

Diabetes mellitus (DM) is a complex, chronic metabolic disorder which affects 
almost all age groups. Diabetes mellitus affects several organs, including the muscle, 
skin, heart, brain, and kidneys, and requires continuous medical care beyond 
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glycemic control due to prolonged and uncontrolled diabetes may lead various com-
plications which are divided generally into microvascular complications and macro-
vascular complications due to damages to small blood vessels and arteries, 
respectively.

Patients with diabetes are prone to the development of chronic wounds, espe-
cially diabetic foot ulcers (DFUs), due to the deficiencies in either peripheral tissue 
homing and engraftment of bone marrow or endothelial progenitor cells. 
Additionally, diabetes impairs wound healing at various steps. During the prolifera-
tion step, macrophage number and activation decrease which results in the reduced 
lymphatic vessel formation. Diabetes mellitus also affects signaling mechanism, 
responsible for coordinating/regulating angiogenesis and vasculogenesis. DFU is 
considered as a major source of morbidity and a primer cause of hospitalization in 
diabetic patients. DFUs are caused by neuropathic, ischemic, or combined neu-
roischemic abnormalities. The most common pathway to develop foot problems in 
diabetic patients is autonomic and peripheral sensorimotor neuropathy that causes 
foot deformities, high foot pressure, and gait instability, which increases the risks of 
developing ulcers. Primary management goal for DFU is to obtain wound closure as 
fast as possible. Proper education  of the patient and blood sugar control are the 
initial techniques for DFU therapies. Most common therapy method is debridement, 
which is the removal of necrotic tissues as well as foreign and infected materials 
from the wound. Different kinds of debridement exist such as surgical, enzymatic, 
autolytic, mechanical, and biological (use of maggots of the green bottle fly). 
Debridement decreases in the possibility of limb amputation; however, all debride-
ment methods have their own drawbacks. Dressings are highly important in the 
treatment of DFU, which vary according to the classification and degree of 
DFU. Other advanced therapies such as hyperbaric oxygen treatment, negative pres-
sure, or artificial skin grafts are also in use for DFU (Arya et al. 2014; Yazdanpanah 
et al. 2015). We will discuss in detail the use of stem cells in DFU treatment with 
examples from both literature and our studies.

10.5  Stem Cells

Stem cells can be classified according to their source or differentiation potential. 
Stem cells are acquired from early-stage embryos called embryonic stem cells 
(ESCs), whereas adult stem cells (ASCs) can be obtained from adult tissues, as well 
as later-stage embryos or fetuses (Ozturk and Karagoz 2015). ESCs, which are 
acquired from later-stage embryos, generally from the inner cell mass of blasto-
cysts, are characterized by their ability to form colonies when cultured, superior 
proliferation ability, and, most importantly, in vitro and in vivo differentiation into 
all types of cells of three germ layers. They can form chimeric organisms when 
transferred into early-stage embryos (not applicable for humans) and can form 
embryonic bodies when cultured in appropriate conditions. In contrast, ASCs have 
a limited differentiation capacity but still can self-renew (Maehr et al. 2009; Melton 
and Cowan 2009; Draper et al. 2007).
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Another classification of stem cells is based on their differentiation ability, which 
is called potency. Most potent cells are called totipotent stem cells, including zygote 
and first blastomeres, which can differentiate into all types of cells present within 
the body and also placenta. Pluripotent stem cells (PSCs), like ESCs, can differenti-
ate into all cell types except placental cells. PSCs can be acquired more conve-
niently by reprogramming somatic cells back to the embryonic stage via viruses 
(Takahashi and Yamanaka 2006) or other methods (Polo et al. 2010). Different types 
of pluripotent cells also exist such as embryonic carcinoma cells and embryonic 
germ cells. Cells generated via reprogramming are called induced pluripotent stem 
cells (iPSCs) and do not carry the ethical problems of ESCs because they do not 
require human embryos (Balbach et al. 2009).

Pluripotent human stem cells are characterized through their surface markers, 
stage-specific embryonic antigen-3 (SSEA-3), SSEA-4, and keratan sulfate proteo-
glycans TRA-1-60 and TRA-1-81, which are also useful for sorting these cells. 
Pluripotent stem cells also express key pluripotency genes; Oct4 and Nanog (Draper 
et al. 2007; Harrison et al. 2011). A limited but increasing number of clinical trials 
can be found for PSC; however, a less potent but more easily accessible stem cell 
type, multipotent stem cells, has been used for a quite more number of clinical trials 
(Yolanda et al. 2014).

Multipotent stem cells are more specialized stem cells that can still differentiate 
into various cell types such as neural, adipogenic, osteogenic, and chondrogenic 
cells, as well as blood cells. Hematopoietic stem cells (HSC) reside within bone 
marrow and continuously produce all types of blood cells. MSCs are the most com-
mon multipotent stem cell type within the body, except bone marrow (Gupta et al. 
2016 and Xue et al. 2013). Other than differentiation into various cell types, MSCs 
play key roles in the regeneration of adult tissues and have functions such as immu-
noregulation, angiogenesis, and epithelialization augmentation. MSCs have been 
shown to accelerate wound closure and correct chronic wound inflammation, as 
such they carry great promise in wound healing (Khosrotehrani 2013; Duscher et al. 
2016; Lee et al. 2016). Though stem cells are known for their ability to home dam-
aged areas within the body and differentiate into required cell types, only a small 
percentage of these survive in the host organism. However, latest research empha-
sizes the paracrine effects of MSCs, which will be detailed later in this chapter 
(Jayaraman et al. 2013).

10.6  Stem Cell Therapies on Acute Wounds

Shumakov et al. were the first to use mesenchymal bone marrow-derived stem cells 
(BM-MSC) in burn wound healing and compared them to embryonic fibroblasts on 
rats (Ghieh et al. 2015). Where BM-MSCs were applied, wounds showed decreased 
cell infiltration of the wound and an accelerated formation of new vessels and gran-
ulation tissue in comparison with embryonic fibroblasts and controls. Another study 
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done by Rasulov et  al. on rats also showed the superiority of stem cells in burn 
wound healing (Ozturk and Karagoz 2015). In another study, the application of 
MSC on burns reduced cell infiltration, improved neoangiogenesis, and reduced the 
formation of granulation tissue (van Zuijlen et al. 2015).

10.7  Stem Cell Therapies on Chronic Wounds

Various experimental or clinical studies in the literature have demonstrated the ben-
efits of stem cells, especially MSCs. Here we will give examples of various studies 
on various wound types with or without underlying diseases.

10.7.1  Stem Cell Therapies for Ischemic Wounds

Ischemia, related to the various diseases such as Buerger’s, may cause the occlusion 
of arteries at the extremities and conclusively, ischemia and necrosis of related tis-
sues. Untreated ischemia may cause chronic wounds in these patients, which are 
difficult to heal due to low nourishment and cellular support. Stem cell therapies 
have shown clinical improvement in these disease in both double-blinded random-
ized studies (Shumakov et al. 2003), phase I (Lu et al. 2011a) or phase II clinical 
trials (Bura et al. 2014).

In a study study included 15 male patients with critical limb ischemia (CLI) 
Rutherford’s class II-4, III-5, or III-6 and patients with ischemic resting pain in one 
limb with/without nonhealing ulcers and necrotic foot. Adipose tissue-derived mes-
enchymal stem cells (ATMSCs) were isolated from adipose tissue of patients with 
thromboangiitis obliterans (TAO), otherwise known as Buerger’s disease 
(B-ATMSC), patients with diabetes (D-ATMSC), and healthy donors (control 
ATMSC). In a colony-forming unit assay, the stromal vascular fraction of patients 
with TAO and diabetes yielded lesser colonies than those of healthy donors. 
D-ATMSCs showed lower proliferation ability than B-ATMSCs and control 
ATMSCs but showed similar angiogenic factor expression to control ATMSCs and 
B-ATMSCs. Multiple intramuscular ATMSC injections caused no complications 
during the follow-up period (mean follow-up time: 6 months). Clinical improve-
ment occurred in 66.7% of patients. Five patients required a minor amputation dur-
ing follow-up, and all amputation sites healed completely. At 6 months, significant 
improvement was noted on pain rating scales and in claudication walking distance. 
Digital subtraction angiography before and 6 months after ATMSC implantation 
showed formation of numerous vascular collateral networks across affected arteries 
(Lee et al. 2012).
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10.7.2  Stem Cell Therapies for Diabetic Wounds

Diabetes is a common medical problem in modern communities. Diabetic foot 
ulcers (DFUs) are the significant complications of diabetes, affect the life quality, 
and can be life-threatening. DFUs are a chronic significant health problem which 
presents with nonhealing wounds on foot (Fritschi 2001; Sener and Albeniz 2015). 
Various studies indicated that the prevalence of diabetic foot ulcer is around 2% 
(Besse et al. 2011). About 15% of diabetic patients have a tendency of developing 
diabetic foot ulcer throughout their life. Therefore, clinical studies carry great 
importance in fighting against diabetes. MSC has been used to produce insulin- 
releasing cells, fighting against autoimmunity, to provide islet compatibility and 
their living, and in treatment of diabetic ulcers and arm and leg ischemia (Karnieli 
et al. 2007; Madec et al. 2009b; Fiorina et al. 2009; Ding et al. 2009; Berman et al. 
2010; Lu et  al. 2011b). Studies have also shown that MSCs may also repair the 
glomerular cells which are damaged due to acute renal failure (Morigi et al. 2004; 
Black and Woodbury 2001; Jiang et al. 2010). These findings show that clinically, 
the MSCs may be used in treatment of diabetic foot ulcers.

Li XY et  al. transplanted human cord blood mesenchymal stem cells (hCB- 
MSC) to patients diagnosed as having type 2 diabetes and diabetic foot ulcer and 
evaluated the Tregs/Th17/Th1 cell distribution. hCB-MSC was injected directly 
into quadriceps muscle in diabetic foot ulcer patients, and the rates of Treg/Th17, 
Treg/Th1, and Th17/Th1 cells were calculated in flow cytometry. In addition, their 
correlation with various cytokines (FoxP3, IL-17, INF-γ, C-RP, TNFα, and VEGF) 
was evaluated. There was a significant increase in the rates of CD4+CD25hiFoxP3+ 
Treg/Th17 and CD4+CD25hiFoxP3+ Treg/Th1 cells 4 months after transplant; the 
rates of Th17/Th1 cells did not change (Li et al. 2013). This data is supportive for 
Treg T cells in the initiation and proceeding of T2D (Lau et al. 2009a).

Plasticity of MSC is the basic feature of stem cells for use in treatment of disor-
ders. hCB-MSC has differentiated into epidermal cells within the microenviron-
ment of skin injuries. Also several existing bioactive factors, including cytokines 
and chemokines, can transform stem cells into skin cells in the wound region. Thus, 
both methods may enhance the recovery rate of injury and the quality. Conversely, 
MSC are reported to inhibit wound inflammatory reaction. MSCs have been reported 
to regulate IL-10, TGF-B1, IL-6, and TSP-1 constructs via paracrine pathway in the 
chemically burned cornea model, which does not result in healing enhancement.

Type 2 diabetes mellitus (T2DM) is one of the most complex and common types 
of diabetes. The most frequently linked factors to insulin resistance that progress 
to T2DM include obesity, aging, cell dysfunction, tissue lipid accumulation, oxida-
tive stress, endoplasmic reticulum stress (ER stress) in cells, tissue inflammation, 
and physical inactivity (Akash et  al. 2013). In a diabetes study, Li et  al. trans-
planted hCB-MSCs into patients with T2DM who had diabetic foot ulcers and 
evaluated the distribution of Tregs/Th17/Th1 cells. hCB-MSCs were injected 
directly into the patients’ quadriceps femoris muscle (2 × 106 cells per point). 
Proportions of Treg/Th17, Treg/Th1, and Th17/Th1cells were measured using flow 
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cytometry, and their correlations with various cytokines (FoxP3, IL-17, INF-g, 
C-RP, TNF-a, and VEGF) were analyzed. While the proportions of CD4 + 
CD25hiFoxP3+ Treg/Th17 and CD4 + CD25hiFoxP3+ Treg/Th1 cells displayed a 
significant increase at 4 weeks posttransplantation, the percentage of Th17/Th1 
cells did not change. These data suggest a role for Treg cells in the initiation and 
progression of T2DM (Li et al. 2014).

Xue et  al. transplanted human BM-MSCs carrying yellow fluorescent protein 
into a mouse burn model to enhance healing with 30 mice in each group. BM-MSCs 
carry minimal to no immunogenetic markers, which is their advantage. Obvious 
wound healing was observed in 14 days, whereas controls took approximately 25 
days to reach the same stage. Allogenic MSC increased wound healing as well as 
blood vessel intensity and angiogenesis (Metcalfe and Ferguson 2007).

Oskouei et al. showed that cardiac stem cells (C-kit, SCA1, anbg2 positive) had 
ameliorating effects and reduced scar formation, which was enhanced when they 
were used with BM-MSC (Stem Cells Transl Med 2012).

Singer et al. used BM-MSCs in a totally necrotic mice burn model with 48 ani-
mals in their experimental group. Burns of the 54 animals of control group com-
pletely necrotized, and 29 animals in the experimental group survived. Tissue 
amount and angiogenesis increased 20% in the area of necrosis. The authors also 
tested the effects of MSCs on tail biopsy wounds of diabetic mice and observed a 
near-complete regain of physical abilities (Lau et al. 2009b).

Zhao et al. isolated MSCs from human cord blood, which helped treatment of 
foot ulcers of rats (Lau et al. 2009b; Reed et al. 2000). hCB-MSCs were injected 
through left femoral artery into streptozotocin-induced diabetic rats. The foot ulcers 
of the rats significantly reduced when evaluated on the 7th and 14th days of the 
experiment. The number of inflammatory cells and development of new blood ves-
sels on the third day, granulation on the seventh day, and increase in epithelization 
on the 14th day were significantly higher than in the controls. This study showed 
that MSCs could target and localize at wounded sites and increase ECM production 
and via cytokeratin 19-induced epithelization (Zhao et al. 2014).

10.7.3  Stem Cell Therapies for Nondiabetic Chronic Wounds

Chronic wounds may also occur due to the continued pressure at patients with 
movement disabilities, who are hospitalized for very long periods, or had inade-
quate medical care. This type of wounds, known as bed sores, are called decubitus 
ulcers. Decubitus ulcers are often seen at elder patients whom tissues regenerate 
very slowly and paralyzed or comatose patients. Several studies (Leung 2007; Game 
et al. 2012) were published, and one patented product also exists for the treatment 
of decubitus ulcers (Van Koppen and Hartmann 2015) which show clinical improve-
ment of patients’ chronic wounds.
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10.7.4  Grafts Used in Combination with Stem Cells

The most recent in vivo studies reported the power of dermal autologous micro-
grafts in ameliorating the healing of venous, diabetic, pressure, and post-traumatic 
ulcers. Various wounds are completely healed after a few weeks of treatment mean-
while increased the quality of life for the patients. In vitro final analyses showed that 
these micrografts express MSC markers such as CD34, CD73, CD90, and CD105 
and are able to form a viable and proliferative biocomplex with collagen sponge. 
Finally, the sites of ulcers displayed varying expressions of several cytokines such 
as epidermal growth factors, insulin-like growth factors, platelet-derived growth 
factors and their receptors, and tumor necrosis factor-β, each one is different than 
normal tissues (De Francesco et al. 2016).

10.7.5  Exosome Applications in Wound Healing

Exosomes are nano-sized vesicles, usually between 30 and 100  nm in diameter. 
They are secreted by many cell types. Exosomes contain various cell components 
such as proteins, mRNA, and microRNAs, which are packed with a membrane 
which also contains specific receptors and markers. Exosomes are transported at the 
extracellular matrix where they incorporate to target cells and therefore deliver their 
contents into target cells (Shabbir et al. 2015; Zhang et al. 2015a).

Zhang et  al. showed that human hCB-MSC-derived exosomes accelerated re- 
epithelization and enhanced proliferation and migration of keratinocytes via Wnt4 
pathway on experimental acute burn (Zhang et al. 2015b).

We are currently using hCB-MSC-derived exosomes in our GMP standard labo-
ratory for the treatment of various diseases such as muscular dystrophies, neurode-
generative diseases, and chronic wounds. Figure 10.2a shows that the diabetic foot 

Fig. 10.2 (a) Diabetic foot ulcer of an 86-year-old female patient. (b) Application of exosomes 
around the wound area. (c) Five months later, completely healed wound
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ulcer of an 86-year-old female patient. Exosomes are applied into connective tissue 
peripheral to the wound area (Fig. 10.2b). Exactly 5 months later, Fig. 10.2c shows 
complete healing of wound which otherwise could progress to amputation of foot. 
Our unpublished data also showed anti-inflammatory and antibacterial effects of 
MSC-derived exosomes in chronic wounds. We believe that the exosome treatment 
will be a future therapy method in many diseases.

10.8  Future Projections

Wound healing is a highly complex process with a combination of steps, which vary 
according to the cause and the amount of damage. Other factors such as age, malnu-
trition, diabetes, infection, kidney failure, hepatitis, chemotherapy, radiotherapy, 
and smoking negatively affect the healing process. Clinical trials with stem cells, 
conducted after many successful animal experiments have produced positive results, 
and therefore they are increasing in numbers. MSCs appear to be the best stem cell 
source for both availability and effectiveness. On the other hand, MSC-derived exo-
somes emerge as an alternative source in wound treatment. The development of new 
techniques for both acute and chronic wounds has shown that cell therapies are 
becoming the treatment method of the future. Various methods such as 3D-printed 
materials and robotic surgery methods that use stem cells may be the wound treat-
ment methods of the next decade.
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