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Stem cells are undifferentiated cells capable of generating,
sustaining, and replacing terminally differentiated cells and
tissues. They can be isolated from embryonic as well as al-
most all adult tissues including skin, but are also generated
through genetic reprogramming of differentiated cells.
Preclinical and clinical research has recently tremendously
improved stem cell therapy, being a promising treatment op-
tion for various diseases in which current medical therapies
fail to cure, prevent progression or relieve symptoms. With
the main goal of regeneration or sustained genetic correction
of damaged tissue, advanced tissue-engineering techniques
are especially applicable for many dermatological diseases
including wound healing, genodermatoses (like the severe
blistering disorder epidermolysis bullosa) and chronic
(auto-)inflammatory diseases. This review summarizes gen-
eral aspects as well as current and future perspectives of stem
cell therapy in dermatology. (Ann Dermatol 29(6) 667 ~ 687,
2017)
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INTRODUCTION

Stem cells (SCs), common to all multicellular organisms,
are specified as undifferentiated self-replicating cells pos-
sessing the ability to generate, sustain and replace termi-
nally differentiated cells. They show two key features:
self-renewal (cell divisions with maintenance of the un-
differentiated state), and capability of /n vivo and in vitro
reconstitution of a given tissue via differentiation into spe-
cialized cell types'. SCs are commonly subdivided into
two main entities, embryonic stem cells (ESCs) (pluripotent)
and adult SCs (multipotent or unipotent) (Fig. 1). A third
category of “embryonic-like” cells, so-called induced plu-
ripotent cells (iPSCs), has been added in the last years.
iPSCs are developed through genetic manipulation of dif-
ferentiated cells.

The attributes "pluri-, multi- and unipotent" describe the
SC’s potential to yield a range of cell lineages. While plu-
ripotent SCs are able to give rise to all cell types in an or-
ganism, multipotent and unipotent SCs remain restricted
to specific tissue(s) or lineages. The level of potency is
linked to the developmental stage of the organism and is
evaluated by functional assays and assessment of various
cellular/molecular markers'.

Potency defines subsets of stem cells

Totipotent cells are exclusively present in the earliest sta-
dium of embryonic development, mainly during the growth
of the fertilized oocyte (zygote) to the eight-cell embryo
(i.e., up to five days after fertilization of the egg)*’. They
possess the capability to generate terminally differentiated
cells of the whole trilaminar embryonic disc (ectoderm,
mesoderm, and endoderm). Thus, they are able to form an
embryo (i.e., a complete human body) as well as extra-
embryonal tissues such as the placenta along a series of
divisions and differentiations. The cells of the early em-
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Fig. 1. Classical hierachial model of stem cell differentiation. ESC: embryonic stem cell, iPSC: induced pluripotent stem cell, NSC:

neural stem cell, EpSC: epidermal stem cell,

bryo lose their universal potency after the 8-cell stage and
a subpopulation of their progeny becomes pluripotent.
Pluripotent stem cells (pSCs) are found in the blastocyt’s
inner cell mass (ESC) as well as in postnatal adult tissues
and are capable of differentiating into all cell types (somatic
and germline) of an organism. However, they don’t pos-
sess the capacity to generate a complete organism. pSCs
are defined by their potential to generate embryoid bodies
(i.e., non-adherent cell aggregates of pSCs/spheroids) /in vi-
tro, and teratomas /n vivo. Teratomas are benign tumors
comprising endodermal, mesodermal, and ectodermal de-
rivatives, each to a variable extent. Accordingly, embryo-
genesis and the subsequent phases of development of an
organism might be considered as a continual loss of po-
tency2'5

Once SCs are assigned to a specific tissue, they evolve in-
to multi- or unipotent adult SCs, as which they are capable
of forming tissues composed of cells at more specialized
stages. The variety of differentiated cells that originate
from adult SCs is restricted. Adult SCs reside in most or-
gans and tissues (including skeletal muscle, pancreas,
heart and central nervous system), but mainly at sites with
rapid cell turnover (skin, bone marrow, intestinal mucosa,
liver). They reside in (SC) niches with a specific micro-
environment necessary for their control and regulation’.
Based on their origin and differentiation capacity, it is pos-
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HSC: hematopoietic stem cell, MSC: mesenchymal stem cell.

sible to categorize adult SCs into many subpopulations.
The best investigated are hematopoietic SCs, emanating
from the bone marrow. They predominantly generate all
hematopoietic tissues and mesenchymal stem/stromal cells,
which mainly account for the regeneration of connective
tissues, although they are also found in many other tissues
(e.g., bone-marrow, adipose tissue, placenta, umbilical cord
blood)®.

In 2006, the field of SCs has been augmented by the dis-
covery of iPSCs. They are /n vifro manipulated somatic
cells, genetically reprogrammed to revert to a state of plu-
ripotency (immature, undifferentiated cells), preceding their
current differentiation status. Thereby iPSCs gain the po-
tential to self-renew and subsequently to undergo differ-
entiation into cells of endoderm, mesoderm or ectoderm.
This reprogramming process reverts differentiated cells to
the undifferentiated stage of ESCs. It is achieved through
transfer of various combinations of reprogramming factors,
typically including transcription factors like OCT4, SOX2,
KLF4, c-MYC (proto-oncogene), NANOG and LIN28, which
are known as major factors in the regulation of differ-
entiation and self-renewal of undifferentiated ESCs”'°. Up
to now, iPSCs have been yielded from several cell types
and by various reprogramming methods (retroviral, lenti-
viral or non-integrating adenoviral vectors'', plasmids'
recombinant proteins'>, modified messenger RNAs"*, small



epigenetic modifier molecules', transposons'® as well as
with different efficiencies. The range of the latter extends
in primary reprogramming systems from 0.01% up to 1%,
depending on the applied protocol and cell type. This is
caused by the different effects of the preexisting gene ex-
pression pattern of distinct adult cell types on the forced
expression of the reprogramming factors'”.

Identification of SCs

Generally, SCs resemble other mature cells and have no
unique morphologic feature. They tend to display a high
nuclear to cytoplasmic ratio and generate large cell-colo-
nies (@ SC with this ability is called "holoclone") when
placed in culture, which reflects their long-term self-re-
newal and regenerative potential""'®. Approaches to identi-
fy tissue specific SCs include the measurement of quies-
cence as a typical feature of SCs. This term describes a re-
versible state of reduced cellular turnover that is actively
maintained and regulated by signaling pathways and per-
mits rapid reactivation and reentry in the cell cycle. In ad-
dition, most SCs (except for hematopoietic SCs) show a
characteristic behavior in culture with formation of tightly
compact cell colonies that can be repeatedly passaged
and transplanted. /n vivo lineage tracing methodology uti-
lizes single SCs permanently marked by e.g. genetic mark-
ers, fluorescent proteins, transfection or viral transduction
to track labeled (clonic) progenies. Finally, SCs are de-
lineated by the use of specific markers. Their expression
profile, however, vary depending on (stem) cell type, their
state of activity and anatomical location. Moreover, these
markers are rarely unique and need not necessarily be
linked to SC function®.

As an example, bone marrow derived mesenchymal
stem/stromal cells (BM-MSCs) have no known single, ex-
clusively expressed phenotypic marker. Their isolation
from bone marrow or identification /n vitro cultures thus
relies on a negative selection with depletion of all other
BM-cells as well as a combination of SC markers. As for
the latter, BM-MSCs are void of hematopoietic and endo-
thelial markers, staining negative for CD45, CD34, all
hematopoietic lineage markers, and CD31. Characteristic
surface markers of BM-MSCs comprise CD29%, CD73",
CDY0*, CD105"%, CD106" and STRO-1*%".

Regulation of stem cell activity

SCs behavior is directed at multiple levels in response to
activating, amplifying and inhibiting signals arising from
local, environmental and systemic factors. Components of
the wingless-type (Wnt)/ 8-catenin, Sonic hedgehog and
Notch, transforming growth factor (TGF-8)/bone morpho-
genetic protein pathways as well as Nanog, MAPK, c-Myc
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and p63 receptor kinase cascades are of particular rele-
vance for SC function®'.

The Wnt signaling governs major developmental steps in
the embryonic state and controls maintenance, self-renew-
al and differentiation of adult SCs. Wnt pathways are ei-
ther B-catenin dependent (whereby [-catenin interacts
with other transcription pathways, including Sox family
members, FOXO, HIFI) or B-catenin independent. Anyway,
both cascades have an impact on SC fate in developing
and adult tissues>’.

Signals downstream of the Wnt pathway can direct a SC in
different ways: (i) to stay dormant, (ii) to undergo an asym-
metric division (whereby a SC yields two distinct daughter
cells, one copy of the original SC and one cell programmed
to differentiate), (iii) to exert a non-differentiative sym-
metric division (generating two copies of the original SC)
or (iv) a differentiative division (SC divides into two differ-
entiating cells).

For instance, binding of nuclear S-catenin to the co-acti-
vator CREB-binding protein (CBP) forms a transcriptionally
active complex that favors symmetric proliferation and
preservation of multi(pluri-potency. In contrast, interaction
of [S-catenin with nuclear co-activator p300 induces tran-
scriptional sequelae that favor asymmetric SC division and
differentiation. These mechanisms are tightly regulated
and coordinated by innumberable microenvironmental
conditions in the vicinity, including cytokine milieu, vas-
cularity, temperature, niche conditions and occasional
presence of toxic materials. SCs are thus continuously re-
ceiving a myriad of chemical Wnt-related signals from sur-
rounding cells that themselves again interact with numer-
ous mediators™.

SKIN STEM CELLS

Continuous exposure of the skin to environmental me-
chanical and chemical stress requires permanent self-re-
newal of the epidermis, dermis and adnexa (hair follicles
[HFs], sebaceous glands, and sweat glands), even into
adulthood, to maintain its diverse functions (e.g., as a bar-
rier). This self-renew ability is contributed to the skin own
SCs, which are slow cycling multipotent cells located in
the epidermis, dermis and the HFs. In response to external
stimuli like wounding, they start to proliferate in order to
regenerate the skin tissue”*.

When primary cultures of keratinocytes are grown /in vitro,
three types of colony cell growth develop, i.e., holo-,
mero- and paraclones. They represent the proliferative
compartment of human squamous epithelia. However, on-
ly the holoclone-forming cells possess full self-renewing
capabilities and long-term regenerative potential, harbour-
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ing the features of epidermal SC. Notably, the term hol-
oclone only describes the proliferative capacity of a kerati-
nocyte /n vitro. Nevertheless the progeny of a single epi-
dermal holoclone can regenerate a fully functional epi-
dermis /n vivo. Their decendents, i.e., meroclone- and
paraclone-forming cells, instead show a gradual loss of SC
function with only limited proliferative capacity and self-re-
newal. Paraclone-forming cells are defined by a short rep-
licative lifespan (up to 15 cell generations) after which
they terminally differentiate, whereas meroclone-forming
cells represent a transitional stage between the holoclone
and the paraclone. The latter posses proliferative proper-
ties expected from transient-amplifying cells, which are an
undifferentiated population in transition between SCs and
differentiated cells*>*®.

The process by which adult epidermal SCs renew them-
selves and yield daughter cells depend on the tissue type
and various other conditions, to include developmental
stage, environmental injury, steady tissue turn-over and
remodeling. Two models of epidermal differentiation and
regeneration (hierarchical versus stochastical) have been
described, in order to elucidate the nature and behaviour
of interfollicular epidermal SCs, lying within the basal
layer. The conceptual framework for these SC niches, their
structure, compositions and operating process is steadily
being updated (Fig. 2)*".

Stem cell niches

Skin SCs reside in specialized morphological and func-
tional units with a specific microenvironment. These
so-called niches may contain various SCs as well as sup-
portive cells providing framework or signaling to the
SCs®'. Within human skin, at least five different niches
have been delineated (basal layer of the epidermis, HF
bulge, base of sebaceous gland, dermal papillae and der-
mis), that harbor different types of skin SCs**

a) Interfollicular epidermal SCs are scattered singly across
the dermal-epidermal junction. In the mucosa and on the
palms and soles, SCs are located at the base of the rete
ridges. They constitute about 1% ~ 7% of epidermal basal
cells. Several human SC markers have been described, in-
cluding high surface expression of @6 and A1 integrins
that may be relevant for sustaining the attachment of epi-
dermal SC to their basement membrane through hemides-
mosomes. Progenies from epidermal SCs that withdraw
from the cell cycle, show a suppression of integrin @6 ex-
pression, before they start differentiating and moving to-
wards the skin surface, where they slough off along termi-
nal differentiation after approximately 4 weeks”’. Further-
more, p63 (a homologue of tumor suppressor p53), a low
expression of transferring receptor (CD71) and desmoglein
3 as well as LRIG1, the scaffold protein FERM domain-con-
taining protein 4A (FRMD4A), and CD46 have been estab-
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Fig. 2. The hierarchical model states that the epidermis is built of discrete epidermal proliferative units with a central slow-cycling
stem cell that yields rapidly dividing TACs, which departs from the basal layer after several divisions to generate upward columnar
units of differentiating cells. The stochastic model suggests that the epidermal basal layer is composed of a single type of proliferative
progenitors whose daughter cells choose randomly to differentiate or remain as progenitors. Each division of basal cells can yield
three different outcomes: (1) one differentiated daughter that withdraws from cell cycle and leaves the basal layer, and one progenitor
that remains in the basal layer, continue to divide; (2) two differentiated daugthers; and (3) two basal progenitors. Although the fate
choices are random, the probabilities of different outcomes are similar, so that the generation of differentiated cells and the maintenance
of committed progenitor pools are balanced, guaranteeing long-term homeostasis. Predictions of lineage-tracing results from each model
are shown via the red stained cells; cells with prominent red colors are the ones retaining lineage-traced marks®. SC: stem cell,
TAC: transit amplyfying cell (rapidly dividing), PC: dividing progenitor cell.
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lished as interfollicular SC markers***°.

b) Beside tissue regeneration interfollicular SCs have been
shown to be invested with the ability of generating hairs*”.
In HFs, several distinct SC-types have been identified. One
multipotent SC population resides in the bulge located at
the base of the HF (during telogene phase of hair develop-
ment) or beneath the HF-associated sebaceous gland (in
anagen phase). This follicular component is established
during embryonic hair morphogenesis and resists periodic
degeneration during the hair growth cycle. Stimulation of
these SC to exit their niche as well as their proliferation
and differentiation to form mature HFs is closely linked to
the hair growth cycle. HF bulge SC show expression of
the molecular markers such as cluster of differentiation
200 (CD200), keratin 15 (K15), Lgr5" and pleckstrin ho-
mology-like domain family A, member 1 (PHLDAT1) as well
as transcription factors Sox9 ", Lhx2* and NFATc1°%*%7
Beside these epidermal SCs, another multipotent pre-
cursor cell population resides in HFs and dermal papillae
that originate from the embryonic neural crest. These epi-
dermal neural crest SCs (EPI-NCSCs) hold clonal multi-
potency that can give rise to melanocytic, neuronal and
myogenic cell lineages /n vitro and show differentiation
potential toward mesenchymal lineages, as they are able
to give rise to adipocyte, chondrocyte, and osteocyte
progeny. Because of their advantageous physiological
plasticity, multipotency, simple accessibility and non-con-
troversial ethical issues, these EPI-NCSCs are considered
promising donor cells for the repair of nervous system in-
juries®®.

a) Sebaceous glands, attached to the HFs, are supposed to
descend from different follicle SC populations, including
Krt15" bulge cells, LGR6" and junctional zone SCs. Other
studies describe the existence of periglandular Blump1-ex-
pressing sebaceous progenitors and a SC population with-
in the gland itself. Progenitors give rise to terminally differ-
entiated sebocytes that degenerate along holocrine secre-
tion, releasing lipid-rich sebum into the hair canal that
maintain an adequate lubrication of the skin surface®”.

b) Melanocyte SCs derive from the neural crest and perma-
nently reside in the HF bulge, basal epidermis and probably
also in the dermis. They give rise to pigment-producing
melanocytes in the epidermis and the hair matrix. The fate
of the melanocytes within the follicle is connected to the
HF phases, where melanocytes proliferate and differentiate
during anagen, and diminish through apoptosis in catagen.
Dysfunction of this SC population results in pigmentation
defects that phenotypically manifest as hair graying. The
latter underlies an increased apoptosis of melanocyte SCs
due to higher oxidative stress subsequent to the deficiency
of anti-apoptotic Bcl2 protein that occurs with aging'**.

Stem Cells in Dermatology

¢) The steady remodeling of the dermis and fibroblasts as
their primary cellular component is managed via mesen-
chymal SCs. They are located in the connective tissue
within the dermis, surround HFs (especially in the fol-
licular sheath and papillae) or are found among pericytes
around blood vessels. Beside fibroblasts, dermal mesen-
chymal SCs generate myofibroblasts, endothelial cells,
nerves, blood vessels, osteoblasts, chondrocytes and adi-
pocytes. Morevoer, they are crucial for the coordination of
the complex process of wound healing by attracting other
host cells, growth factors and extracellular matrix (ECM)
secretory proteins. Dermal SCs lack uniform distinctive
markers but adhere to plastic in contrary to other SCs*'.

APPLICATIONS OF STEM CELLS FOR THE
TREATMENT OF DERMATOLOGICAL
DISEASES

General remarks on the therapeutic spectrum of skin
stem cell populations

1) Epidermal stem cells (EpSC)

Advantages of using EpSC for research, diagnostic and
therapeutic purposes include their readily accessibility
and relatively simple isolation from (bioptic) skin tissues in
comparison to ESCs. EpSC are further considered to be
less “artificial” than iPSCs. Immune rejection following au-
tologous transplantation is not expected and the tumor-
igenicity of these cells is considered to be low, due to
their lesser degree of potency and absence of (epi-)genetic
manipulations. In contrast, iPSCs reprogramming with tu-
morigenic c-Myc increases the frequency of transformed
cells during iPSC generation. Tumor formation risk in-
creases when the c-Myc transgene remains in established
iPSCs and becomes reactivated™®.

EpSCs demonstrate further favorable features, such as their
high proliferation rate with the ability to double their num-
ber within 3~4 days of culture. At the same time they are
able to keep their potency and differentiation potential for
longer periods, although progressive aneuploidy (a state in
which cells have abnormal numbers of chromosomes) and
polyploidy (a state in which cells have one or more extra
fully duplicated sets of chromosomes) as well as accumu-
lation of mutations occur after several passages in cell
culture. Notably, ethical issues do not restrict their use.
This is in contrast to the serious ethical concerns that arise
in ESCs research when referring to human dignity and
ideas of personhood along the creation as well as destruc-
tion of embryos as the earliest forms of human life specifi-
cally for research purposes. All these characteristics make
skin derived adult SCs an ideal population for the use in
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SC-based therapies
Grafts generated from autologous epithelial cultures that
encase an appropriate number of EpSCs as holoclones
were shown to permanently recover massive epithelial de-
fects (e.g., in skin and ocular burns or epidermolysis bullo-
sa). Therewith, EpSCs also prove to provide both, a cel-
[ular environment and normal ECM to mediate restoration
of a normal dermal-epidermal junction***’.

2) Multipotent mesenchymal stromal cells (MSCs)

Since their first identification as fibroblast precursors in
bone marrow in the 1950s, mesenchymal (stem) stromal
cells (MSCs) have been obtained from several tissues, in-
cluding adipose tissue, skin, umbilical cord blood, pla-
centa, peripheral blood, endometrium, dental pulp, der-
mis, amniotic fluid, as well as from tumors*®*°. MSC of
different origin share similar features but are not identical.
Even in the skin several MSC subtypes exist. Regardless of
their origin, MSCs possess a broad differentiating potential
and some degree of plasticity, since they generate cells of
not only mesodermal origin (i.e., osteocytes, adipocytes,
chondrocytes, myoblasts, and tenocytes) but also of ecto-
dermal (e.g., neurocytes, melanocytes) and endodermal
lineages (e.g., hepatocytes, thyroid cells)®

In 2006, the International Society for Cellular Therapy es-
tablished guidelines for MSC characterization to counter-
act controversies concerning its name, definition, isolation
and characterization criteria. The name “multipotent mes-
enchymal stromal cells” was favoured and three minimal
criteria were delineated: i) adherence to plastic in culture;
ii) expressing a combination of surface antigens (CD737,
CD90", CD105%, CD34 , CD45 , CD11b , CD14
CD19 , CD79a and HLA-DR ); and iii) /n vitro differ-
entiation-capability into adipocytes, osteoblasts and chon-
drocytes’’. However, MSC populations isolated from dif-
ferent tissues significantly differ in their proliferation, dif-
ferentiation and molecular phenotype.

Besides the differentiation-capability 7n vitro, the trophic,
paracrine and immunomodulatory functions of MSCs are
those that hitherto may have the biggest therapeutic im-
plication in vivo®>*>*.

One of the main functions of MSCs is to support repair of
damaged tissues. In response to inflammation MSCs mi-
grate towards injured sites, differentiate into cells (mainly
fibroblasts) and operate through the release of molecules
participating in tissue regeneration such as cytokines (i.e.,
PGE2, GM-CSF, interleukin [IL]-1, RA, IL-7, IL-8, IL-10, and
IL-11), growth factors and chemokines. In addition, MSCs
modify tissue healing through pro-angiogenic, anti-fi-
brotic, and anti-apoptotic pathways. In stromal vascular-
ized tissues, their perivascular amount correlates with the
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blood vessel density and the number of pericytes as mes-
enchymal progeny**.

The immunomodulatory abilities of MSCs reside on the
secretion of anti-inflammatory cytokines and the inhibition
of CD4+ and CD8+ T cell, B-cell, and natural killer (NK)
cell proliferation. These features depend on the micro-
environmental milieu that MSCs encounter after their
application. Thus, MSCs have been shown to exert even
opposite effects in response to different inflammatory
cues”*?°,

Although it is not fully determined whether MSCs are im-
munoprivileged or immunoevasive, they are specified as
hypo-immunogenic due to their menial expression of ma-
jor histocompatibility complex (MHC) class | molecules,
as well as lack of MHC class 1l and co-stimulatory mole-
cules, inclusive CD80, CD86, and CD40. These character-
istics reduce the risk of immune rejection so that MSCs are
considered to be safe when used in an allogeneic environ-
ment””’.

Up to date more than 600 clinical trials are listed in the U.
S. National Institutes of Health database (www.clinical-
trials.gov) dealing with MSC therapy for various diseases
such as different forms of cancer, spinal cord injury, multi-
ple sclerosis, Parkinson’s disease, myocardial infarction,
rheumatoid arthritis and graft-versus-host-disease (GVHD)®.
Current research strategies try to increase the efficiency of
therapeutically administered MSCs by mainly encounter-
ing their limited persistence /n vivo’>°. Various methods
have been applied to generate “optimized” MSCs, includ-
ing genetic modification through viral and non-viral mod-
ifications, bioengineering of surface receptors, and pri-
ming with biological agents. For example, MSCs activated
by nucleotide oligomerization domain 2 (NOD2; involved
in the regulation of differentiation of umbilical cord de-
rived MSCs and able to modulate inflammatory responses)
or MSCs overexpressing SOD3 (a powerful antioxidant
molecule) have been shown to exert much higher ther-
apeutic efficacy than naive MSCs in experimental immune
modulatory models of atopic eczema and psoriasis, re-
spectively. Although a confirmation of these results in the
clinic is still missing, development of exceedingly efficient
MSCs with augmented benefit and minimum risk along
genetic modifications gives promising therapeutic per-
spectives®°'.

3) Bone marrow stem cells

Bone marrow comprises at least two different lineages of
cells: hematopoietic and associated supporting stroma
with mesenchymal cells. Hematopoietic cells are pro-
duced by hematopoietic stem cells (HSCs), which are situ-
ated in the bone marrow SC niche. The mesenchymal



compartment contains a subset of cells (1 in 107 to 10°%
with probably (pluri-)multipotent differentiation capacity,
referred to as MSCs.

4) Bone marrow derived mesenchymal stromal cells
(BM-MSCs)

The BM-MSCs are similar but somewhat different to mes-
enchymal stromal cells isolated from other tissues. The
former can be isolated, enriched and transfused into allo-
geneic or autologous recipients along bone marrow trans-
plantation (BMT) and exert a substantial role in producing
erythrocytes, leukocytes, and platelets. They show also
plasticity with their ability to differentiate into tissues of
mesodermal, endodermal, and ectodermal origin, includ-
ing skin®*®* and have been implicated to contribute to
skin development®. Nevertheless, the nature and function
of these cells is still beeing controversial discussed.

BMT has been introduced as a kind of SC therapy over
four decades ago. Although the initial implementation
were for leukemia, lymphoma, hemoglobinopathies and
aplastic anemia, the medical indications for BMT have ex-
tended and roughly 50,000 people worldwide receive this
form of therapy annually®. Nevertheless, safety issues lim-
it the application of BMT, since high morbidity and sig-
nificant mortality is associated with BMT, even aggravated
in patients with increased susceptibility to infections and a
higher risk of tumor development®®.

This therapeutic application has increasing relevance for
skin diseases since several studies have reported that the
BM poses a source of fibroblast-like cells in the dermis
(along hematopoietic and mesenchymal lineages) and that
their number augments in skin after wounding®”®.

In addition, BM SCs may also serve as a reservoir for skin
epithelial cells®”. After BMT, donor cells differentiating in-
to keratinocytes were detected in human epidermis of re-
cipients for at least 3 years before vanishing. However,
such BM-derived keratinocytes seem to be an extremely
rare finding, perhaps contributing to only ~0.0001% ~
0.0003% of all epidermal cells in this setting®. Since
BM-derived epithelial cells are sparse, the physiological
role of BM cells in regeneration of the skin has been
called into question.

Potential drawbacks of BM-MSC therapy refer to immune
modulating abilities in context of a tumor microenviron-
ment leading to an unfavourably alteration of anti-tumor
response and angiogenesis. Furthermor MSCs may serve
as precursors of tumor-associated fibroblasts and possess
the capability to skew neutrophils and inflammatory mon-
ocytes or tissue macrophages into an immunosuppressive
and tumor-promoting phenotype®”°.

Stem Cells in Dermatology

5) Induced pluripotent stem cells

Reprogramming of somatic cells to iPSCs provides an im-
portant (and ex vivo infinitely expandable) cell source to
develop customized, patient-specific cells with a broad
spectrum of cellular phenotypes for potential therapeutic
applications’.

Skin cells like dermal fibroblasts, keratinocytes, dermal
papilla cells or melanocytes are preferentially used for this
technique, since they are easily accessible in the patient
via isolation from punch biopsies. Especially fibroblasts
further have plain culture conditions. Adult adipose SCs,
yielded via lipoaspiration, pose another source for iPSCs".
The differentiation of both, mouse and human iPSCs into
keratinocytes’?, melanocytes”, and fibroblasts” has already
been successfully shown. This thus opens the possibility
of extending iPSC technology into the field of dermatol-
ogy'’.

Interestingly, fibroblasts differentiated from iPSCs may dis-
play specific properties that exceed those of the parental
fibroblasts from which these iPSCs were originally re-
programmed, such as an increased production and assem-
bly of ECM”. Acquisition of an augmented biological po-
tency of modified cells when compared to their parental
origin is probably related to a modified epigenetic sig-
nature following differentiation of iPSCs and is an im-
portant functional feature for using these cells in regenerative
therapies.

Fibroblasts are essential in maintaining normal tissue ho-
meostasis and wound repair through their synthesis of
ECM proteins and secretion of growth factors. Their in-
corporation into tissue-engineered biomaterials seems promi-
sing for the use in repairing damaged or diseased tissues
by fabricating dermal substitutes’. In this context, iPSC-de-
rived fibroblasts offer a novel source of autologous cells
for dermal regeneration.

Although iPSCs have enormous potential for cell-based
drug designs, cell therapy, and disease modeling, their
transition into the clinic is still hindered by the missing
evidence of safety and reliability of the reprogramming
technology.

Although cell identity can be modified by the exogenous
expression of transcription factors, the efficiency of nu-
clear reprogramming remains low (0.1% to 3%). This low
outcome is probably associated with residual epigenetic
memory of the tissue from which iPSCs were derived, de-
tected via gene profiling studies in iPSCs. It is known that
differentiated somatic cells have distinctive epigenetic pat-
terns to maintain their cell identity. Cellular reprogram-
ming works to change this epigenetic status of differ-
entiated cells back to an undifferentiated state. Further,
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there is evidence that through the reprogramming process
a restructuring of the existing somatic epigenetic memory
takes place, followed by the generation of a new "epigenetic
signature" adapted to the type of cell to be differen-
tiated”®””.

In addition, currently available cell purification tech-
nologies may not fully succeed in separating the differ-
entiated cells from undifferentiated iPSCs. Undifferentiated
or partly differentiated iPSC could consequently be trans-
planted into the patient, carrying an increased risk of tu-
mor/teratoma formation®.

Furthermore, it remains unclear to what extent the re-
programming process affects the genomic integrity of a
cell. Several recent genomic analyses have signified that
genomic abnormalities such as the accumulation of muta-
tions and aberrant DNA methylation of distinct single bas-
es emerge in iPSCs, either by the reprogramming process
or following culture conditions®'*>. To address this issue,
genome integration-free approaches are already widely
used aiming at the reduction of the tumorigenic risk of in-
sertion mutagenesis®®*. However, it is necessary to per-
form more extensive and thorough genomic and epi-
genetic studies before using iPSCs in the clinic.
Interestingly not only iPSCs but also dermal fibroblasts
themselves were demonstrated to have features of /in vitro
pluripotency without the necessity to be reprogrammed
back to immaturity via activation of embryonic stage genes.
Canadian researchers yielded a hematopoietic progenitor
cell from a fibroblast through the /n vitro implementation
of specific cytokines. Consequently this hematopoietic
precursor cell was able to give rise to granulocytic, mono-
cytic, megakaryocytic and erythroid lineages, besides ex-
hibiting the capability to repopulate the bone marrow by
grafting®.

A recent study shows that terminally differentiated cells
descending from mouse iPSCs do not provoke an immune
response in syngeneic recipients®®. This suggests that
iPSC-derived cells might be well tolerated by the immune
system. Again, more studies will be needed to definitively
exclude a iPSC-mediated immune response in patients.
Immune rejection related to iPSC-based genetic correction
is another problematic aspect, especially in skin diseases
with homozygous null mutations of relevant genes. If a
protein, that is unfamiliar to the host, is reintroduced, it
may provoke an immune response and rejection of cor-
rected iPSC-derived cells. This problem might be miti-
gated via prescreening for patients with compound hetero-
zygous mutations or expression of nonfunctional, trun-
cated variants of the protein of interest®>®’.
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Stem cell therapy to enhance wound healing in the
skin

Wound healing is a complex, dynamic process whereby
the skin attempts to repair itself after injury. The delicate,
coordinated wound repair process can be broadly divided
into three phases (inflammation, proliferation and matura-
tion) which all are susceptible to multiple interference fac-
tors that may result in chronic wounding®. In this context,
initial approaches of SC-based wound therapies give a
promising perspective”’.

1) Epidermal stem cells (EpSCs)

EpSCs are a convenient target to use in wound therapies
because they already reside within the skin and participate
in the normal healing response. They have been shown to
support healing by increasing proliferation and migration
of fibroblasts and keratinocytes as well as enhancing an-
giogenesis by human vascular endothelial cells. In a type
2 diabetic nude mouse model, subcutaneous injection of
allogeneic EpSC into acute full-thickness wounds have sig-
nificantly shortened the healing time®. In a clinical study,
a significant decline in wound size with increased re-
epithelialisation and vascularisation signs on histology tak-
en after 4 months has been observed in 10 patients with
non-healing leg wounds, after receiving autologous scalp-end
terminal hair follicular grafts®. Terminal HFs (as a major
SC niche) seem to play a decisive role in epidermal re-
generation. This assumption is supported by a randomised
controlled trial that compared the implantation of grafts
containing scalp HFs with non-hairy skin grafts on chronic
wounds in 12 patients. A significant reduction in wound
size in the terminal HF-treated group was described”' 2.
Notably, outer hair shafts diminish in most cases after a
couple of weeks, hampering the development of HFs and
subsequent cosmetic impairment by growing hair in en-
grafted transplants. Bulge SCs are highly relevant for epi-
dermal renewal. In response to skin injury, these cells mo-
bilize, leave their SC niche and contribute to repopulation
of the epidermis while their progenies behave as transient
amplifying cells with short lifespans®’.

2) Multipotent mesenchymal stromal cell (MSC)

therapy

MSC therapy is another emerging option to treat acute and
chronic non-healing wounds. Beneficial effects are accom-
plished through structural repair via cellular differentiation,
immunomodulatory responses, direct secretion of growth
factors, advanced neovascularization and reepithelializa-
tion, as well as mobilization of resident SCs. Thereby,
MSC play a pivotal role in all three healing phases. At the



wound margins they stimulate the formation of gran-
ulation tissue by enhancing epidermal cell proliferation
and growth of new blood capillaries. Further, endothelial
cell recruitment is stimulated through the release of
pro-angiogenic factors and growth factors such as vascular
endothelial growth factor and angiopoietin-1. MSCs modify
tumor necrosis factor-@ production and lower NK cell
function in the inflammatory phase, thereby reducing in-
terferon- 7 activity. In the last healing phase, scar for-
mation is reduced through PGE2 secretion and lowering
of TGF- 81 to TGF- (3 ratio, IL-10 up-regulation as well as
IL-6 and IL-8 down-regulation. These effects are accom-
panied by a decline in collagen production and fib-
rosis®?. In addition, MSCs exert also antimicrobial activ-
ity via secretion of antimicrobial proteins or immune-mod-
ulating factors®**%°.

Several studies have already confirmed the positive effects
of MSC (in particular MSC isolated from the skin, fat and
bone marrow) on healing of acute and chronic wounds
via induction and acceleration of regenerative processes”’.
Preclinical data demonstrated that local injection of
BM-MSCs into an incisional full-thickness wound sig-
nificantly shortens the healing time while stimulating an-
giogenesis, reepithelialization, and granulation®. Accelerated
wound healing of diabetic ulcers has been also shown in
preclinical and early human trials when BM-MSCs were
used91,94,97.

In an additional clinical study, autologous BM-MSCs were
topically delivered via a fibrin spray to acute surgical
wounds and chronic lower extremity wounds”. When as-
sessed 20 weeks later, an accelerated healing of acute
wounds and a significant reduction in size or complete
healing of chronic wounds was observed. Efficacy of au-
tologous BM-MSCs was further provided in the treatment
of chronic non-healing ulcers of the lower extremities
(diabetic foot ulcers, Buerger disease), reflected by a sig-
nificant decrease in ulcer size compared to standard
wound care”.

Several studies investigated the wound-healing effect of
human adipose-derived mesenchymal stem cells (AD-MSCs)
both /n vitro and in vivo. AD-MSCs are clinically attractive
as they can be easily isolated in relatively high quantity
and possess satisfactory recovery potency'®. In addition, it
has been shown that the proliferative phase of healing in-
volves the repopulation of adipocytes within skin wounds.
Likewise, an /n vivo mouse study suggested that immature
adipocytes are activated during the proliferative phase
alongside with mature adipocytes and fibroblast migration.
Interestingly, lipoatrophic mice display impaired wound
healing in comparison to controls, supposing adipocytes
to be key elements of the intercellular communication
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during wound repair that mediate fibroblast migration and
function'’'. The wound-healing effect of AD-MSCs by re-
ducing wound size and accelerating reepithelialisation has
been confirmed in several studies'*'*.

However, limitations to this data include short durations
of /in vivo experiments, small sample sizes, short follow-up
periods, lack of randomized control trials and the use of
animal model, as it is not always possible to directly ex-

trapolate findings to the human wound physiology'®*.

3) Cell- and collagen-derived dermal scaffolds

Because the delivery of MSCs through direct injection or
topically through gel matrices is detrimental for cell sur-
vival and usually causes significant rapid cell death, new
strategies have been developed to improve MSC cell ad-
hesion, proliferation and migration. These techniques are
based on the use of MSC-seeded micro-or nanostructured
scaffolds with natural biomaterials, such as collagen and
cellulose derivatives”**'%'%_ Thereby, pronounced to
complete regeneration of non-healing wounds (burns, de-
cubitus ulcers, diabetic ulcers) has been reached in pre-
clinical and clinical studies'®”'%,

For example, electrospun nanofibers of collagen and poly
(d,h-lactic-co-glycolic acid (PLGA) containing BM-MSCs
were used to mimick the multilayer structure of the skin in
the treatment of full-thickness skin wounds'®’. While the
electrospun scaffold (i.e., highly porous) mesh constructs
(generated by electospinning techniques using high-volt-
age electrostatic fields) provided mechanical support and
protection of the wounds against external stresses, the hy-
drogel offered a physiological environment for MSCs pro-
liferation. After implantation of collagen-PLGA scaffolds in
vivo, MSCs promoted collagen synthesis and reepitheliali-
zation of the injured skin, while the biomaterial scaffolds
were slowly degraded”'"°.

Stem cell therapies directed at autoimmune and
inflammatory skin disease

MSCs have been employed with largely beneficial out-
comes in the treatment of several autoimmune and in-
flammatory skin diseases particularly unresponsive to con-
ventional therapy, to include acute and chronic GvHD
with skin manifestations' ', systemic lupus erythematosus'"
and severe generalized systemic sclerosis (55¢)*°
ber of further studies have demonstrated efficiency of
MSC-based therapies for allergic immune disorders, like
allergic rhinitis, atopic dermatitis and asthma. This data
suggests that MSCs exert consistent anti-inflammatory/im-
mune modulatory activities and are effective against dis-
ease-specific inflammation®’.

The large majority of studies in this field used intravenous
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administration of allogeneic BM-SCs as the primary regi-
men to examine the effects on cutaneous inflammation
and disease severity. In patients with severe psoriasis, allo-
geneic or autologous BMT was applied and showed clin-
ical improvement. However, the risk of developing secon-
dary autoimmune diseases, such as thyroiditis, autoimmune
cytopenias, ulcerative colitis, systemic lupus erythemat-
odes, insulin-dependent diabetes mellitus and myasthenia
gravis was also increased. A switch in the T-cell sub-
populations with suppression or delayed recovery of Tregs
and elevation of Th17 as well as consecutive formation of
autoantibodies due to a transient immune response im-
balance during the reestablishment of normal immune
and hematopoietic systems, were thought to underlie this
phenomenon®’.

It becomes increasingly manifest that MSCs from other tis-
sues also possess immunomodulatory qualities similar to
BM-MSCs, and that MSCs delivered via non-lV routes (i.e.,
topically, locally injection) can abate skin inflammation as
We||113,114.

For example, subcutaneously administered human um-
bilical cord blood-derived MSCs (hUCB-MSCs) can effec-
tively ameliorate the phenotype in an experimental mouse
model of atopic dermatitis as well as imiquimod-induced
psoriasis-like skin inflammation'"'". In a clinical study,
patients with moderate-to-severe atopic dermatitis benefit-
ted from subcutaneous injection of allogeneic hUCB-MSCs,
without developing considerable side effects''®. There is
one clinical trial (NCT02491658) currently underway, us-
ing hUC-MSCs intravenously for patients with moder-
ate-to-severe psoriasis vulgaris. Preliminary results report
on one patient that remained relapse free of psoriasis for
five years after one dose of UCB-MSCs (1 x 10°/kg), and a
second proband who showed no symptoms of psoriasis
for four years after receiving 3 infusions of UCB-MSCs
(over 3 successive weeks) and 2 more infusions three
months later'"’.

An additional case report from the Philippines investigated
intravenous injection of autologous AD-MSCs in patients
with psoriasis vulgaris. This study showed a significant im-
provement comparable to methotrexate treatment for mean
292 days without serious adverse events''°

Finally, transplantation using BM-MSCs in autoimmune
diseases like lupus has resulted in significant clinical miti-
gation and functional amelioration of the affected or-
gans' .

Given that no considerable adverse events have been re-
ported in relation to MSC-based cell therapies, they seem
to be safe and applicable for the treatment of severe, re-
fractory immune-related diseases, especially for severely
affected patients refractory to current first-line medi-
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cations 7 7.

Lastly, comparing nonablative autologous transplantation
of BM-SCs with the traditional treatment regimen compris-
ing cyclophosphamide in a randomized study for SSc, the
former therapeutic approach demonstrated reduction of
skin and pulmonary symptoms for more than two years
post transplantation, in comparison to conventional treat-

122
ment .

Stem cell therapy for epidermolysis bullosa

1) MSC-cell therapies

SC therapies are increasingly established in the ex-
perimental treatment of genetic diseases, recently also in
patients with recessive dystrophic EB (RDEB), a rare genet-
ic blistering disease. RDEB patients lack genes for syn-
thesis of Collagen VII. These symptoms mainly account for
more severe disease complications, such as mitten deform-
ities of hands and feet and aggressive epithelial cancers.
Therapeutic approaches, either with intravenous infusion
or direct local administration of MSCs to chronic wounds
have started however, to provide novel insight into key
BM cells and mechanisms germane to repair and re-
generation of the epithelium.

Initially, intradermal injections of human BM-MSCs showed
a dose-dependent, significant higher production and in lo-
co deposition of type VII collagen associated with restora-
tion of immature anchoring fibrils and superior dermal-ep-
idermal integrity compared to controls with intradermal
phosphate-buffered saline-injections in DEB mouse mod-
e|5123-125.

In line with this preclinical data, Conget et al.'*® described
the replenishment of type VII collagen at the dermal-epi-
dermal junction upon intradermal BM-MSC injection pro-
vided from healthy donors into chronic wounds of two
RDEB individuals. The administration led to a reduced
blister formation (up to 6 months) and an increased re-
epithelialisation of chronic ulcers. Tissue remodeling ac-
tivity of the transplanted MSCs, owing to both, their in-
tegration into the skin and their secretion of growth factors
and cytokines participating in the regulation of tissue re-
generation, might activate self-healing mechanisms in
RDEB skin.

Subsequent studies questioned a predominant impact of
SC on phenotypic amelioration. Petrof et al.'”” showed
that a single intradermal injection of allogeneic fibroblasts
accelerated the initial rate of wound healing in patients
with RDEB within the first 28 days although this effect di-
minished thereafter. In another study, both the injection of
allogeneic cultured fibroblasts in suspension solution as
well as of the suspension solution alone led to a similar in-



crease in type VIl collagen expression and improved
wound healing in chronic non-healing ulcers of RDEB pa-
tients, independently of type VII collagen regeneration'?.
The mechanical stimulus in the course of intradermal in-
jection itself was thus supposed as a potential cause of im-
proved wound healing, reflecting an elevated expression
of heparin binding-EGF-like growth factor in response to
subclinical inflammations that occur after injections into
the human skin'?’.

Providing a clinically feasible approach of systemic treat-
ment, also the infusion of allogeneic BM-derived SCs led
to a phenotypic improvement in RDEB patients, showing
reduced blistering and tissue fragility. Transplanted SCs
from healthy donors are believed to engraft into the skin,
differentiate to fibroblasts and keratinocytes, synthesize
the missing type VII collagen anchoring fibers and thereby
improve the fragile skin and shearing off of the epi-
dermis®. In this respect, it has been shown that low levels
of restored expressions of collagen VII (below 30%) are
sufficient to significantly improve the RDEB phenotype
and even a correction of about 3% COL7A1 mRNA
seemed to be adequate for phenotypic reversion in a
mouse model'**"°.

Ten RDEB children who received systemic (intravenous)
allogeneic (wild-type) BM-MSCs showed improved wound
healing, reduced skin redness, a subjective improvement
in quality of life and high tolerability. As skin biopsies at 2
months post-treatment revealed no increase in type VI
collagen nor new anchoring fibrils, phenotypic improve-
ment possibly reflected a predominant immune sup-
pressive and immune modulating effect of MSCs"". In an-
other study with RDEB patients fewer blistering and sig-
nificantly shortened healing time after treatment with
BM-MSCs was demonstrated, either with or without con-
comitant cyclosporine'*. In this cohort, electron micro-
scopic examination additionally confirmed an increase in
anchoring fibrils after treatment.

In summary, intradermal or intravenous injections of
MSCs have shown some clinical benefits for RDEB patients.
However, feasible application techniques as well as opti-
mal cell dosage and frequency schedules for admin-
istration of allogeneic MSCs still have to be established
and evaluated in future clinical trials. Further, biological
and pratical limitations, like the ephemerality of the trans-
planted cells and potential immune rejection towards
neo-antigens hitherto hinder the clinical applicability.

2) Bone-marrow transplantation

Following the demonstration of successful BM SC trans-
plantation in murine RDEB, a clinical trial of whole BMT
was performed in children with RDEB'*>. The first step in-
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cluded a high-dose chemotherapy to immunoablate pa-
tients to ensure more dependable lymphohematopoietic
engraftment. Unfiltered cell populations of the donor BM
were used based on previous observations that both hem-
atopoietic and mesenchymal BM-derived SCs have the po-
tential to increase the production of C7"**. All six patients,
who underwent BMT had some clinical improvement and
five of the six showed increased C7 at the DEJ at the time
biopsies where taken between day 100 and 200. Three of
the six individuals showed an immense clinical improve-
ment, with a reduction from 50% blistering area of the
body surface to less than 10%. The remaining three pa-
tients exhibited a moderate improvement with less than
25% of the body surface area affected. However, toxicities
occurred, as one patient died before the BMT due to heart
failure possibly related to cyclophosphamide toxicity and
pre-existing renal failure. Another individual died 6 months
after transplantation because of an infection related to
graft failure. Therefore, BMT protocols are currently re-
fined by considering the use of reduced intensity con-
ditioning and targeting of distinct subpopulations of BM
cells implicated to be more effective, such as BM-derived
Circulating PDGFR @ mesenchymal cells)®*"**.

BMT has been also investigated in other forms of EB in-
cluding severe generalized junctional epidermolysis bullo-
sa (JEB)'*. An important consideration in this form is, how-
ever, that the defective protein (laminin-332) is not synthe-
sized by fibroblasts but keratinocytes. Thus, whether rec-
tified donor BM-derived cells in the dermis are able/suffi-
cient to regenerate the missing basement membrane pro-
tein, or a concurrent correction of epithelial cells is essen-
tial, still remains to be determined.

BM-derived MSCs were previously shown to differentiate
into keratinocytes. Likewise, BM-derived hematopoietic
and MSCs were demonstrated to be able to produce lam-
inin-332. Former clinical studies have further indicated
that BMT increases laminin-332 expression at the dermoe-
pidermal junction in some individuals'*®. Also other epi-
thelial synthesized proteins involved in forms of EB asso-
ciated with severe morbidity may be therapeutically tar-
geted by BM-derived stem-cells. Thus, phenotypic im-
provement of type XVII collagen-deficient mice after BM-SC
therapy suggests human studies in generalized inter-

mediate junctional EB with deficient type XVII colla-
gen63,137-139

3) Gene therapy

A low worldwide incidence of rare (or "orphan") genetic
skin diseases limits the accrual of data for research and
suspends advancements in developing therapeutic con-
cepts for these skin conditions. But since all of the most
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devastating forms of such inherited skin diseases like EB
are mostly resulting from monogenic defects, in theory,
their remediation at the genetic level should be more
feasible. Sustained gene correction of continuously renew-
ing tissue like skin, however, relies on the efficient molec-
ular targeting of SCs.

A proof-of-principle study with somatic gene therapy in EB
has been published*. Via a retroviral vector, a LAMB3
transgene has been inserted into autologous keratinocytes
that were then grafted back as a confluent sheet onto the
thigh of an adult patient with generalized intermediate
junctional EB. In the following years, the graft has con-
tinued to express laminin-332 at the dermoepidermal
junction, leading to a clinical improvement and long-term
epidermal stability. This remarkable benefit was achieved
although the number of holoclone SCs was reduced in the
patient, probably a repercussion of long-term skin blister-
ing resulting in niche destruction and SC depletion or ex-
haustion®* ',

In the future, optimized protocols, with the goal to effec-
tively isolate a sufficient amount of autologous EpSC, be-
fore being corrected by gene transfer, might facilitate the
procedure. These cells, after building grafts and being
transplanted, have the potential to induce long-term (if not
permanent) regeneration of wounded skin. So far, promis-
ing observations of the use of genetically corrected skin
grafts include (1) a total engraftment, yielding a morpho-
logically and functionally normal, non-blistering skin that
is able to resist mechanical stress, (2) continuing laminin
beta-3-protein and laminin 332 expression that consequently
strengthens the epidermal-dermal junction over a period
of at least 8 years, (3) the ability to persistently and effec-
tively restore the epidermis with only a few transgenic
EpSC, which accounted only for a small subpopulation of
transduced cells (most transduced keratinoctes have been
shorter-living transit-amplifying progenitors)"*'.

Additional gene therapy studies, notably for RDEB and
junctional EB, are currently at preclinical or early clinical
stages. They mostly include keratinocyte grafting follow-
ing ex vivo the introduction of a transgene or correction of
both keratinocytes and fibroblasts with subsequent gen-
eration of a skin equivalent. Approaches to local gene
therapy also include the injection of genetically corrected
autologous fibroblasts harbouring the reparative transgene.
Thereby potential pitfalls of wound infection (along the
transplantation of skin equivalents) and graft loss (due to
lower immunogenicity) in RDEB should be avoided. In
contrast, intravenous gene therapeutic (systemic) approaches
may be more feasible, tolerable and of systemic impact
since the systemic nature of the disorder can be ad-
dressed®’.
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With regard to hitherto limited and/or transient efficacy as
well as safety/tolerability issues, , optimal therapy for EB is
doubtful to involve just allogeneic cells. More promise
may hold a combination of gene, protein, drug, and cell
therapies.

4) iPSCs

iPSCs therapies are therapeutically promising for genetic
skin disease, because they can be rather easily exploited
to be genetically manipulated. In addition, this approach
makes modeling of skin diseases via targeted mutagenesis
of the relevant genes possible forgoing the usage of
ESCs'*.

The successful establishment of iPSC-based therapies for
hereditary skin diseases mainly relies on four steps: First,
via a patient’s skin biopsy cells have to be isolated.
Second, these cells have to be transformed into iPSCs via
genetic reprogramming. Third, genetic aberrations in ob-
tained iPSCs have to be (safely) corrected, preferably
through homologous recombination (HR). Fourth, these
genetically corrected patient-specific iPSCs need to be dif-
ferentiated into the desired cell type, followed by trans-
plantation onto the same patient as an autograft.

Notably, even uncorrected iPSCs are valuable as dis-
ease-relevant patient-specific cells. They are used to cus-
tomize /n vitro disease models and /n vivo xenograft mod-
els to gain new insights into disease mechanisms and drug
discovery”.

Up to now, human iPSCs have been generated from sev-
eral differentiated cell types derived from patients with
certain genetic skin disorders. Besides type VII collagen
(Col7)-deficient RDEB'*'** L AMB3 gene-deficient JEB'*
and EB simplex (EBS) with a dominant R125C keratin 14
mutation, these include, for instance, p63 mutant ecto-
dactyly, ectodermal dysplasia, and cleft lip/palate syn-
drome, epidermolytic hyperkeratosis with a dominant
N188S keratin 1 mutation, and dyskeratosis congenita, a
multisystemic telomere disorder with several pathogeneic
gene mutations'**'.

In cell culture models, successfully generated iPSc from ei-
ther gene corrected (autologous) RDEB fibroblasts or
healthy (allogenic) individuals are able to differentiate into
hematopoietic SCs and MSCs that can home to mucocuta-
neous blistering areas where they differentiate into kerati-
nocytes and fibroblasts®”'*. Additionally, autologous grafting
of in vitro generated 3-dimensional (3D) skin equivalents
by iPSCs shows generation of stratified epidermis /in vitro
and /n vivo (animal models)'**'*.

Up to now, several groups were able to show the ther-
apeutic potential using corrected patient derived iPS cells
in RDEB therapy studies /n vitro'. In one study the correc-



tion of JEB-keratinocytes by iPSCs was done through a
LAMB3-encoding lentivirus'*®. Another study used trans-
fection with an expression plasmid encoding the wild-type
human COL/ gene to yield a transient gene correction of
COL7AT gene-deficient RDEB-iPSCs'**. The manipulated
RDEB-iPSCs differentiated into structures resembling skin
as well as cells of a hematopoietic lineage for BMT. In
summary, corrected iPSCs have the potential to pose an
unlimited source of autologous cells of both epidermal
and mesenchymal lineages for the treatment of RDEB and
perhaps other hereditary skin diseases'”°.

Nevertheless, this molecular approach harbours the risk of
mutagenesis due to the application of viral and non-viral
mediated gene correction and long-term cultivation in-
volving multiple passages. Extensive genetic analysis
(including whole genome/epigenomic assessment) will be
necessary to purge the concern of off-target events that
may occur after correction of iPSCs with techniques like
ZFNs, TALENs and CRISPR/Cas systems. These drawbacks
significantly impair the current clinical feasibility of
iPSc-based strategies of gene correction'’.

To overcome these obstacles, spontaneous reverted skin
cells, so-called patient-specific naturally gene-reverted in-
duced pluripotent stem cells, could be an alternative
source of genetically corrected cells suitable for trans-
plantation in patients with RDEB. This approach relies on
the spontaneous reversions of inherited mutations that can
be seen in different forms of EB, like RDEB, JEB, EBS (and
many other genetic diseases and inherited skin dis-

151 . . . .
)”". Revertant mosaicism leads to somatic mosai-

orders
cism that shows up as areas of normal skin in patients oth-
erwise overwhelmingly affected by the disease-specific
phenotype. This pattern is caused by a clonal outgrowth of
cells harbouring acquired secondary mutations that re-
verse the effects of the primary mutation so that the phe-
notype locally diminishes. Several mechanisms are known
to underlie this second “correcting” gene mutation in re-
vertant cells, including gene conversion, second-site muta-
tion and intragenic crossovers. Thus, if spontaneously re-
vertant skin cells in EB are used to generate iPSCs, the risk
of tumorigenesis via e.g. insertional mutagenesis after dif-
ferentiation of these cells into hematopoietic (mesenchymal)
or epidermal cells is reduced. Moreover, an unlimited
source of naturally corrected cells for a cell replacement
therapy could be obtainable"'*2,

The first attempt to use revertant cell therapy in an in-
dividual with generalized intermediate junctional EB yielded
no functional benefits after (successful) grafting of isolated
revertant keratinocytes, which were expanded to epi-
dermal sheets. Of note, cultured keratinocytes showed
30% reversion, whereas the number of reverted keratino-
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cytes dropped to 3% in the graft, probably because of
lacking holoclones'®. An alternative approach using
punch graft transplantation of revertant skin, however, has
been used successfully to heal chronic erosions with en-
hanced expression of laminin-332 in a patient with a sim-
ilar form of junctional EB and mutated LAMB3 gene. The
improved skin integrity was maintained for at least 18
months'>*.

The future impact of this approach thus relies on methods
to more efficiently expand revertant keratinocytes in cul-
ture and to generate grafts containing adequate numbers
of revertant SC to yield functional repair and regeneration
of the skin.

Melanocytic diseases

McSCs are essential to maintain melanocyte populations
in human skin and its appendages. Studies on McSCs have
elucidated molecular mechanisms underlying ordinary
melanocytic development as well as melanocyte-related
pathological conditions like vitiligo and melanoma, al-
though still many questions regarding the characterization
of McSCs remain unsolved.

For example, it was traditionally assumed that cancer cells
of melanoma arise from melanocytes. Recently, however,
a hypothesis was posed that melanoma could also de-
scend in extrafollicular SCs altered by harming factors
such as ultraviolet (UV)A and UVB'>. Experimental stud-
ies are currently ongoing to investigate the mechanisms
capable of causing damage to the DNA of SCs, as to ascer-
tain this hypothesis'*°. Human iPSCs may be useful for the
characterization of human McSCs, since this application
allows the acquirement of a sufficient amount of pa-
tient-specific melanocytes along the differentiation of
iPSCs. These cells could then be applies for disease mod-
eling and evaluation of potentially therapeutic approaches'*®.
The use of HSCs transplantation, adjuvant to chemo-
therapy and immunotherapy for patients with metastatic
melanoma, has been already evaluated in clinical trials.
These strategies should allow the use of increased chemo-
therapy doses for more efficient eradication of tumor cells.
However, definitive results are still missing'*°.

A distinct type of pluripotent, non-tumorigenic (in vivo)
MSCs refer to the term multilineage-differentiating stress-en-
during cells (Muse cells). These cells can be conveniently
obtained from mesenchymal tissues (such as dermis and
bone marrow) and human mesenchymal cultured cells
(such as dermal fibroblasts). After culturing in a specific
differentiation medium containing ten factors (Wnt3a,
stem cell factor, endothelin-3, basic fibroblast growth fac-
tor, linoleic acid, cholera toxin, L-ascorbic acid, 12-O-tet-
radecanoyl-phorbol 13-acetate, insulin—transferrin-selenium,
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and dexamethasone), Muse cells derived from dermal fi-
broblasts have been shown to readily transform into func-
tional melanocytes. These differentiated Muse cells ex-
pressed melanocytic markers, grew in 3D cultured skin
and produced melanin after transplantation to the back
skin of immunodeficient mice. However, in contrast to
other pSCs such as ES cells and iPS cells, Muse cells show
low telomerase activity and are not able to grow tumors /n
vivo. This technique might be the basis for new treatment
approaches to melanocytic diseases like vitiligo'”’.

1) Cancer stem cells

Several years ago, it was discovered that a small sub-pop-
ulation of acute myeloid leukemia cells could reestablish
tumors in severe combined immunodeficiency mice,
while the vast majority of the tumor cells could not'.
This study underlies the cancer SC hypothesis, which im-
plicates that cancer SCs have characteristics comparable
to the SC population of their tissue of origin (i.e., self-re-
newal, differentiation potential). They are assumable very
rare within the tumor and are thought to produce progeni-
tor cells that can generate all types of cells comprising the
tumor. CSCs pose a challenge for cancer therapies, be-
cause eradicating the bulk tumor usually does not include
all CSCs, leaving enough of them at liberty to re-establish
the complete heterogeneity of cancer tissue.

In addition, these SCs might be more resistant to chemo-
therapy, and even targeted molecular therapies via their
relatively high expression of the multi-drug resistance
genes (e.g., MDR-1, BRCP1), a common feature of many
SCs. Furthermore, owing to their ability to rapidly induce
DNA repair mechanisms, CSCs are often highly resistant
to radiation therapy. Finally, they appear to be particularly
adept in stimulating angiogenesis, nurturing tumor devel-
opment*’,

CSCs can switch between quiescence (tumor dormancy)
and active cell division with subsequent varying chemo-
sensitivity, a behavior that mainly depends on changes in
the microenvironmental niche and involves complex sig-
naling pathways regulating tumorigenic growth and dor-
mant arrest'””.

CSCs further possess the capability to create new niches
during the metastatic process'®'®". These “metastatic niches”
are defined by specific locations (e.g., metastatic cells oc-
cupying native SC and perivascular niches), signaling
pathways (e.g., PI3K-AKT pathway as a critical survival in-
put for metastatic cancer cells), incorporated stromal (e.g.,
endothelial) cell types and ECM proteins (e.g., tenascin C
which strongly promotes SC functions). The components
of this micromilieu support the survival, self-renewal and
expansion of disseminated metastatic CSCs.
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Beside melanocytic SCs or melanoma cancer SCs prob-
ably involved in the pathogenesis of melanoma, CSCs
have also been demonstrated in non-melanoma skin can-
cer such as squamous cell carcinoma (SCC) in mice. The
proliferation and expansion of these CSCs are markedly
influenced by their ability to respond to TGF- 8 receptor Il
and integrin/focal adhesion kinase-mediated signaling at
the tumor-stroma interface. This pathway is crucially im-
portant in human cancer. It acts initially tumor suppressive
(inhibition of proliferation) but promotes metastasis in later
stages in response to a tumor associated altered cellular
context and variable environmental signaling profiles'®.
Studies have revealed that several distinct CSC pop-
ulations coexist in SCC and that tumor initiation and meta-
static potential of these populations can be uncoupled.
Therefor understanding CSC biology it is critical to devel-
op novel CSC-targeted therapies, especially for patients
with cancer and a poor prognosis'®’.

New therapeutics may be designed to specifically target
these cells to block cancer progression. At the moment
many chemotherapeutics attack rapidly dividing cells, so
that it is easy for slowly dividing cancer SCs to evade
these therapies®. Whether skin tumors like melanoma fol-
low a cancer SC model for tumor development or a hier-
archical model of tumor growth and progression (or com-
binatory/other models) remains to be determined. These
features of tumor dynamics, however, have implications
on drug development in order to increase the efficacy of
CSCs targeting'”.

Cancer SCs from solid tumors usually express organ-spe-
cific markers. However, many caveats impede the discov-
ery and identification of cancer SC markers for diagnostic
and therapeutic purposes, to include the potential that the
expression of these cell surface markers is not stable, that
daughter cells may express different markers, that markers
may not be unique to the cancer SCs but expressed in oth-
er cell types as well and that these surface protein markers
may not have any role in cancer SC biology.

Beside the isolation of CSCs by flow cytometry according
to CSC-specific cell surface markers, CSCs can be identi-
fied by so-called "side population chains (SP)" within a
tumor. The latters refer to a subpopulation of tumor cells
that is highly conserved in human cancer cell lines and
linked to SC characteristics (clonogenic). It further features
drug transport property with multidrug resistance and
might serve as a “evolutionary backup” to keep alive at
least a sub-fraction of cells when exposure to cytotoxic
compounds occurs. SP show differential efflux activity to
the main cell population usually measured by efflux of the
fluorescent DNA binding dye Hoechst 3334. Moreover,
CSCs may be determined through sphere assays, since tu-



morigenic cells showing SC characteristics have the ability
to grow as floating spheres in serum-free medium"’.

The significant role of aberrant Wnt signaling in cancer
and CSC has engendered substantial efforts into the devel-
opment of therapeutic approaches to target this pathway.
Several small molecules, involved in tumor signaling,
have been identified that selectively block the p300/5-
catenin interaction, thereby increasing the CBP/ 8-catenin
interaction, which maintains long-term pluripotency in a
variety of SC populations. Thus the therapeutic potential
of CBP/[-catenin antagonists (e.g., ICG-001) has been
studied in various preclinical tumor models, where it has
demonstrated the ability to safely eliminate drug-resistant
tumor-initiating cells'®".

Aging

Aging is a complex process which results from a multi-
factorial interaction of biological, biochemical and phys-
ical mechanisms that leads to structural and functional
damage at both molecular and cellular levels with im-
paired (inter- and intracellular) signaling. SCs of the aged
thus do not properly receive or respond to the normal,
youthful, chemical and environmental signals that usually
initiate normal differentiative SC responses. Notably, ag-
ing does not necessarily include an overall decline in the
number of SCs, gene signatures, nor in their self-renewal
capability. Instead, aging rather affects their function (i.e.,
differentiation and migration capability) which declines
with age. Deficiencies or defaults in repairing the DNA,
accumulation of toxic metabolites (e.g., reactive oxygen
species), mitochondrial dysfunctions and epigenetic alter-
ations have been suggested as underlying molecular
mechanisms of impaired SC functions'®"®".

The key mechanism of cell senescence and SC dysfunc-
tion during aging is believed to be oxidative damage.
Excessive oxidative stress promotes expression of p53 and
p16, molecules that trigger signaling pathways of cell
apoptosis and premature senescence and probably inhibit
directly or indirectly transcription factors that regulate
(preserve) the ability to selfrenew and differentiate'®.
There is an interesting relation of SC aging to hypoxia.
Generally, SCs are maintained in a low oxygen environ-
ment or hypoxia in their native, quiescent state (5% of
pO, is the physiologically-relevant O, concentration in
their micro-environment). These conditions induce gly-
colysis in order to prevent oxidative stress-induced sen-
escence. It has been shown that low oxygen atmosphere
with 5% of O, further promotes proliferation and main-
tains an undifferentiated state of umbilical cord MSCs in
culture (with consecutively signs of rejuvenation)'®. Since
cellular aging goes along often with telomere length loss,
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it was observed that bone marrow MSC, expanded under
hypoxia (3% O,) for 15 days, demonstrated telomere length
maintenance. In contrast, telomere length decreased over
time under normoxia (i.e., 20% O,), associated with a
switch of MSCs to oxidative phosphorylation and a three
to fourfold increase in senescense'’%"”".

Additionally, also the micro-environment of SCs changes
in the course of aging, with regard to the amount and
composition of ECM, an altered expression of membrane
proteins and lipids as well as changes in secretion of
molecules. These alterations probably aggravate the sig-
naling dysfunction, which gradually leads to a decline in
homeostasis and tissue regeneration. Consistently, the
preservation and rejuvenation of SC niches can reverse
some phenotypic manifestations of aging”>'”*'”*.

With time SCs fail to keep the skin young-appearing.
Consequently, normalizing the skin SCs activities could
help reverse aged and photoaged skin, e.g. through gen-
eration of new fibroblasts, which subsequently produce
new collagen, elastic fibers and further ECM substances.
An increase in Wnt signaling has been associated with
premature aging and decreased healing capability in
mouse models. This might be related to a higher CBP/cat-
enin interaction at the expense of the p300/catenin inter-
action, favouring symmetric divisions and quiescence.
Therefor encouraging binding of b-catenin to its coactivator
p300 in the nucleus or introducing small molecule CBP/cate-
nin antagonists could provide a more optimal (youthful)
balance in asymmetric versus symmetric divisions, so that
a youth-like SC response might be restored. Since thou-
sands of signals influence a SC’s choice to proliferate or
differentiate, supplying a single external/environmental
signal or growth factor alone, however, might not be suffi-
cient to restore proper SC function®'?’.

OUTLOOK

To date the preclinical and clinical studies on the use of
SCs are exponentially increasing. Likewise, applications of
SCs therapies are continuously expanding for various skin
diseases.

Nevertheless, our current understanding of SC with regard
to complex signaling cascades, environmental influences
or epigenetic modulation is still limited. Further research
is needed to improve the outcome and safety of SC thera-
pies, reduce adverse events and identify new, potent tar-
gets for drug design.
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