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Inside out: regenerative medicine for recessive dystrophic
epidermolysis bullosa
Michael Vanden Oever1, Kirk Twaroski2, Mark J. Osborn1, John E. Wagner1 and Jakub Tolar1

Epidermolysis bullosa is classified as a genodermatosis, an
inherited genetic skin disorder that results in severe, chronic
skin blistering with painful and life-threatening complications.
Although there is currently no cure for epidermolysis bullosa,
concurrent advances in gene and stem cell therapies are
converging toward combinatorial therapies that hold the
promise of clinically meaningful and lifelong improvement.
Recent studies using hematopoietic stem cells and mesench-
ymal stromal/stem cells to treat epidermolysis bullosa have
demonstrated the potential for sustained, effective manage-
ment of the most severe cases. Furthermore, advances in the
use of gene therapy and gene-editing techniques, coupled
with the development of induced pluripotent stem cells from
patients with epidermolysis bullosa, allow for autologous
therapies derived from a renewable population of cells that
are patient-specific. Here we describe emerging treatments
for epidermolysis bullosa and other genodermatoses, along
with a discussion of their benefits and limitations as effective
therapies.

Epidermolysis bullosa (EB) belongs to a group of rare
genetic skin disorders primarily caused by mutations in

genes that encode for extracellular matrix proteins. EB is
characterized by persistent skin blistering and painful lesions.
Recessive dystrophic epidermolysis bullosa (RDEB), one of the
most severe forms of EB, is due to loss-of-function mutations
in the essential extracellular matrix protein type VII collagen
(C7) (1). Loss or diminished function of C7 leads to weakness
in the structural architecture of the dermal–epidermal junction
(DEJ) and mucosal membranes where C7 is deposited
(Figure 1). This loss of structural support leads to skin
blistering and complications, including esophageal strictures,
mitten deformities, itching, and painful blistering (2,3).
Children with RDEB are affected from birth, with little to no
respite despite constant care and extensive wound dressing (4).
In normal skin, fibroblasts and keratinocytes produce C7

near the DEJ and in response to injury or tissue damage (5–7).
Through local coordination between systemic immune cells
that regulate inflammatory and wound-healing responses,

human skin is capable of regenerating injured tissue and
maintaining a homeostatic state. However, in the case of
RDEB, the supporting cells near the DEJ are unable to
produce functional C7 and generate a normal healing
response. Furthermore, chronic wounds such as those found
in patients with RDEB have shown a limited ability to
remodel the extracellular matrix in a productive manner,
further limiting the ability for RDEB skin to regenerate itself.
Although many of the signs and symptoms of RDEB are

apparent at birth, certain aspects of the disease pathology are
progressive in nature. Loss of the physical barrier and
disruption of the immunologic function of the skin leads to
persistent chronic infections, acquired resistance to antibio-
tics, and can become refractory to interventional therapies.
Sustained TGF-β activity and resulting contractile fibrosis
from chronic wound healing leads to pseudosyndactyly (8). In
addition, RDEB patients struggle with eating solid food, which
leads to malnutrition, and develop corneal abrasions that
worsen with time (9). Furthermore, many RDEB patients
develop an aggressive form of squamous cell carcinoma later
in life (10–13). Due to the life-altering, severe nature of this
systemic disease, stem cell therapies—with the potential to
address the underlying cause of the disorder by providing a
lifelong source of normal C7—should be considered.

STEM CELL THERAPY FOR RDEB
Stem cells have the capacity to address the diverse nature of
RDEB symptoms. Initial research in animal models
showed that hematopoietic cell transplantation (HCT) of
donor-derived cells contributed to wound healing in the skin
(14). In this study, green fluorescent protein-labeled bone
marrow was transplanted into non-green fluorescent protein-
labeled mice following cutaneous wounding. Interestingly,
wounding stimulated bone marrow cell engraftment and
induced production of non-hematopoietic skin structures
from bone marrow-derived cells. HCT in an RDEB mouse
model demonstrated an improvement in animal survival and
skin strength (15), and transplanted CD150+/48− cells
homed to injured skin. Deposits of C7 protein and
rudimentary anchoring fibrils—structures required for skin
integrity that are absent in RDEB mice—were found in treated
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mice, providing evidence that a subset of cells of hemato-
poietic origin are capable of correcting the basement
membrane zone defect in a murine RDEB model. This work
was the foundational platform upon which the first-in-human
studies were based (16). Six children with RDEB received
allogeneic HCT, all of whom exhibited improved wound
healing and a reduction in blister formation. Between 30 and
130 days after transplantation, an increase in C7 deposition
was found at the DEJ in five of the six recipients; however,
there was no observed normalization of the anchoring fibrils
at the times measured. In all six recipients, substantial
numbers of donor cells were found in the skin. This initial
experience not only supported the potential effectiveness of
allogeneic HCT but also the future use of gene-corrected
autologous hematopoietic stem cells (17). Although HCT
appears to be a viable option for RDEB patients, the inherent
risks and safety concerns of HCT are still present, and other
approaches with stem cells of non-hematopoietic origin could
be used as an alternative or auxiliary approach to HCT.
Because of the role of mesenchymal stromal/stem cells
(MSCs) in wound healing and their beneficial effect in animal
models of EB, we and others hypothesized that MSCs may
play a supportive role in the transplant setting. Initial work
studied the role of MSCs in wound healing (18). The
differentiation potential of MSCs allowed them to be recruited
to sites of skin injuries and to transdifferentiate into multiple
skin cell types, improving the natural healing process.
Preconditioning of murine MSCs increased expression of
Col7a1 and demonstrated their utility for future transplant

studies (19). Systemic application of bone marrow-derived
MSCs in a 10-patient clinical trial showed moderated blister
severity and surface area for 4–6 months after transfusion and
an improved quality of life for the patients (20). Although
HCT reduces the number and severity of blistering episodes,
it is not a panacea. The mechanisms involved in these
outcomes are poorly characterized. Some insight has been
gained with the discovery of PDGFRα+ cells from bone
marrow contributing to epithelial regeneration after skin
grafting in mice (21). PDGFRα+ cells have also been found to
restore C7 deposition in EB mouse models (22). Beyond
identifying the inherent mechanism of how HCT is capable of
improving RDEB, there are other questions regarding the
long-term outcomes of HCT in these patients and whether
changes in the HCT protocol can be made to reduce the
severity of the conditioning regimen.
One of the major challenges facing the use of stem cells as a

treatment option for RDEB is the donor source. In addition to
expansion of skin cells (23,24), the derivation of induced
pluripotent stem cells (iPSCs) (25,26) has opened the
possibility of autologous cell transplantation in EB. This
method has been demonstrated as a potential therapy in
models of other diseases including sickle cell anemia, limb-
girdle muscular dystrophy, and macular degeneration (27–
29). Terminally differentiated skin and bone marrow cells
from iPSCs appear to elicit little or no immune response in
strain-matched murine models following transplant (30).
Importantly, iPSCs have been derived from patients with
RDEB (31) and junctional epidermolysis bullosa (32). This
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Figure 1. An illustration of the differences between healthy skin (a) and RDEB skin (b) at the dermal–epidermal junction (80). Copyright © 2015
Massachusetts Medical Society. Reprinted with permission. RDEB, recessive dystrophic epidermolysis bullosa.
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suggests an opportunity for personalized, patient-specific cell
transfer. It also demonstrates that functional C7 is dispensable
for stem cell renewal and differentiation into both hemato-
poietic and non-hematopoietic lineages. More recently, iPSCs
have been derived from RDEB patient T cells (33). Although
generating iPSCs from EB patients is an important first step,
these cells still harbor the mutations in the COL7A1 gene. A
promising option has been to reprogram naturally revertant
skin cells (in which the genetic mutations were self-corrected)
from RDEB patients (34,35). For those without detectable
gene reversion, gene-editing technology has emerged as a
powerful corrective tool through zinc-finger nucleases (36).
The continued advances in gene editing using TALEN and
CRISPR/Cas9 have improved the speed and efficiency of
deriving and correcting RDEB iPSCs (37–39).
The true potential of iPSCs to treat RDEB comes in deriving

transplantable cells with functional C7. In addition, the ability
of iPSCs to derive cells of the endoderm, mesoderm, and
ectoderm makes them useful for RDEB and other diseases
with widespread effects (40,41). Generating functional
hematopoietic cells from iPSCs that are capable of engraft-
ment is also an area of research progress (42–45). Local
injection of fibroblasts into the margins of chronic erosions in
RDEB patients increases wound healing for the first 28 days
(46). However, after the initial improvement window, changes
in healing are not significantly different between sites of
fibroblast or vehicle injection.
As skin blistering and the resulting chronic open wounds

are a major complication in RDEB patients, much work has
been done to address this issue, from the formation of a three-
dimensional skin equivalent tissue (47) to generation of
keratinocytes from corrected RDEB iPSCs (39). Though
promising, many hurdles exist in the use of iPSC-derived cells
for autologous cell therapy, including genetic and epigenetic
instability, and post-transplantation efficacy and safety (48).

GENE THERAPY FOR RDEB
The most common form of gene therapy for treating genetic
disorders uses viral vectors. Retroviral, lentiviral, and
adenoviral vectors have been developed for RDEB gene
therapy. Retroviral vectors were used to transduce fibroblasts,
which were then evaluated and used for injection into a
mouse model of RDEB. Transduced fibroblasts were shown to
express functional C7, deposit it as mature anchoring fibrils,
and provide improvement based on both in vitro and in vivo
evaluations (49). In similar studies, skin equivalents were also
made from genetically corrected RDEB cells (50,51). The first
use of gene therapy for RDEB patients was a retroviral vector
used to transduce keratinocytes containing full-length human
COL7A1 (52). The transduced keratinocytes were then grown
in a GMP facility to generate corrected epidermal sheets used
for autologous therapy. These external autologous grafts were
tolerated for 12 months with positive outcomes. Adenoviral
vectors were similarly used to correct RDEB cells, both
fibroblasts and keratinocytes, and subsequently to establish
iPSC lines for future therapeutic use (38). Corrected iPSCs

were then used to differentiate into keratinocytes that were
capable of expressing C7 and developing into stratified layers
both in vitro and in vivo. Lentiviral vectors have also been
developed for C7 gene therapy (53). Recently, a lentiviral
vector was developed containing a codon-optimized COL7A1
gene and was used to correct RDEB fibroblasts (54).
Corrected fibroblasts were shown to express full-length,
functional C7 in vitro and to deposit C7 at the DEJ in skin
grafts on immunodeficient mice. These approaches have the
potential to be useful in developing the combinatorial
therapies needed to address the systemic problems of this
disease.
Non-viral strategies have also been developed for correcting

RDEB cells, including the use of synthetic knot polymers for
genetic transfection (55). Synthetic knot polymers allow for
efficient transfection and lower toxicity in comparison to
standard transfection reagents. Transfection of RDEB kerati-
nocytes led to efficient expression of C7 in vitro. The use of
non-viral-mediated gene therapy also includes the use of
transposons, including Sleeping Beauty, to correct RDEB cells.
Full-length COL7A1 was recently inserted into RDEB
keratinocytes via Sleeping Beauty transposons with stable
integration (56). RDEB cells containing this cassette were
capable of producing functional C7 in vitro and in vivo.
Another non-viral approach for treating RDEB involves
correcting parts of the mutated COL7A1 transcript through
targeted exon skipping or trans-splicing. Exon skipping allows
for truncated, functional C7 to be produced in RDEB cells
through skipping C7 mutations in regions that are non-
essential (57). Recent strategies include developing antisense
ribonucleotides to target skipping of the mutated exon 73 or
exon 80 of COL7A1 (58). This results in a portion of the
mutated transcript being re-expressed and thus restoring
partial C7 protein production. In vivo, these oligonucleotides
can be injected into skin to restore anchoring fibril formation.
Similarly, exon skipping was used to target exon 105, which
also proved useful in an in vivo model (59). Another approach
is trans-splicing, which involves combining the original
mutated COL7A1 pre-mRNA and a synthetic 3′ trans-
splicing molecule that results in a full-length, functional
COL7A1 mRNA (60). Screening methods allow for assembly
of trans-splicing constructs for particular types of RDEB-
causing mutations (61).
Recently, there have been advances in gene-editing

approaches that are capable of correcting endogenous
mutations and restoring gene function for genetic disorders
(62–64). For the treatment of epidermolysis bullosa, both
TALEN and CRISPR/Cas approaches have been used to
correct mutations in RDEB patient cells (37,39). TALENs
designed to correct a homozygous mutation in an RDEB
patient fibroblast led to C7 expression with no off-target
effects. Corrected fibroblasts were capable of expanding long
term in culture, and being used to derive iPSC clones. A
CRISPR/Cas gene-editing strategy was also used to correct a
mutation in COL7A1 in cultured RDEB fibroblasts. These
cells were then used to make iPSC lines capable of being
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differentiated into keratinocytes, mesenchymal lineages, and
hematopoietic lineages. Off-target effects with this approach
were limited. Similarly, an in vivo editing approach using
CRISPR/Cas ribonucleoprotein was capable of correcting a
COL7A1 mutation in a mouse model of RDEB by causing an
in-frame deletion that restored function (65). Although there
are limitations to these approaches, they appear to have less
inherent risk than previous approaches for gene therapy. In
addition, both the cost and time required to develop these
tools are constantly shrinking. There are also a number of
non-genetic approaches for treating RDEB, including ami-
noglycoside treatment, C7 protein therapy, and modulating
RDEB disease using a pharmacological approach such as
losartan treatment that may prove useful in complementing
gene therapy and stem cell approaches (66–69). In particular,
C7 protein therapy has shown to be effective long-term via
both injection and topical application, and may prove useful
in a combinatorial approach for treating RDEB (67,69).

FUTURE STRATEGIES
Because the complex RDEB phenotype triggers a cascade of
secondary pathological consequences, successful treatments
will likely require combinatorial strategies (Figure 2).
Although HCT for treating RDEB shows promise, HCT is a
procedure with inherent risks including graft failure, graft-vs.-
host disease, a transiently compromised immune system and
side effects from the chemotherapy preparative regimen
(16,70). Although using HCT for treating RDEB has inherent
risks, and not all patients treated have shown dramatic
improvement, the potential for HCT or other stem cell
therapies is promising and should be pursued and improved

upon. Studying the biological mechanisms revealed by stem
cell therapies like HCT and gene therapy will be valuable in
guiding our future approaches. The subset or subsets of cells
derived from HCT transplant that are effective in producing
C7 and mediating wound healing have not been sufficiently
characterized, although certain studies have given some
insight into which cells may be responsible (21,71). Identify-
ing these subsets may help modify the transplant protocol or
augment the therapy in ways that promote more C7
production in patients who are not good responders to HCT.
Furthermore, wound healing is a complex process, and it is

unclear whether there are multiple cell types responsible for
the important processes needed for sufficient, long-term
improvement in RDEB skin, i.e., wound healing, C7
production, re-epithelialization, and long-term stability of
the DEJ (7,46,72). There certainly may be immune cells that
are important in the initial phase of wound healing and
extracellular matrix production, but that do not contribute to
long-term cellular populations in the skin (73–75). Con-
versely, there may be certain subsets of stem cells, such as
MSCs or hematopoietic stem cells, that contribute to the
cellular compartments of the wounded skin via differentiation
or transdifferentiation, but that require certain conditions and
time in order to provide meaningful therapeutic impact
beyond the initial waves of differentiated immune cells
(14,18,76). A thorough study of these aspects is needed to
understand the complexity of using stem cell therapies to treat
RDEB. Additional therapies, such as anti-fibrosis or anti-
inflammatory medications, C7 protein therapy, and treatment
with non-stem cell therapies such as genetically corrected
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Figure 2. A vision of combinatorial therapy for treatment of RDEB. (80). Copyright © 2015 Massachusetts Medical Society. Reprinted with permission.
RDEB, recessive dystrophic epidermolysis bullosa.
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keratinocyte sheets also have the potential to improve the
overall well-being of RDEB patients (52,68,77).
There may be other, as-yet-unused cellular therapies that

could be effective in treating certain conditions from which
RDEB patients suffer, e.g., using limbal stem cells or corneal
transplants to treat common and debilitating corneal abra-
sions (78,79). Long-term studies of these therapies, including
whether there is an alteration in the incidence of squamous
cell carcinoma, also need to be conducted (11,12).
Progress is being made, but there is much to be done to

achieve a cure for RDEB (Figure 3). Future approaches
should be forward thinking. For example, in regards to gene
therapy, it may be safer and more beneficial in the long term
to fix the gene on the inside than to provide an artificial,
outside source of cells. From a stem cell aspect, giving stem
cells that provide therapeutic benefit internally, such as
hematopoietic stem cells, may provide a more systemic
benefit than treatment with other cellular options. While
difficult, fixing the inside—both the genetic component and
the cellular component of RDEB—may be the best approach
toward lasting benefits on the outside.
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