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The road to gene therapy 
for recessive dystrophic 
epidermolysis bullosa

M Peter Marinkovich, Ngon T Nguyen &  
Zurab Siprashvili

Severe generalized recessive dystro-
phic epidermolysis bullosa (RDEB) 
has long been recognized as one 
of the most debilitating subtypes 
of the family of blistering diseas-
es known as epidermolysis bullosa 
(EB). It is characterized by painful 
blistering and scarring due to ab-
sence of the basement membrane 
protein type VII collagen (C7). De-
spite the critical need for corrective 
therapy, the current medical stan-
dard of care is purely supportive, 
centering on wound care, nutrition 
and treating infections when they 

arise. The recent publication ‘Safety 
and Wound Outcomes Following 
Genetically Corrected Autologous 
Epidermal Grafts in Patients With 
RDEB’ [1] is the first clinical trial 
to directly address RDEB at the 
molecular level, using ex vivo gene 
therapy to restore C7 expression 
and reverse the severe blistering skin 
disease in patients with RDEB.

The pathway towards a Phase 1 
clinical trial of gene therapy for EB 
had been a long journey, built upon 
a large foundation of previous work. 
It’s taken over 140 years, since EB 

was first recognized [2], to fully un-
cover the molecular etiology of the 
individual EB subtypes, with some 
rare variants of this disorder having 
been molecularly characterized only 
in the last few years [3]. The first 
breakthrough on the molecular eti-
ology of dystrophic EB came with 
the discovery of C7 [4], which was 
shown to localize to anchoring fi-
brils [5], ultrastructural entities that 
wrap around interstitial collagen fi-
brils and appear to connect the pap-
illary dermis to the basement mem-
brane [6]. C7 was then discovered to 

It’s taken over 140 years since epidermolysis 
bullosa was first recognized to fully uncover the 

molecular etiology of the disease.
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be missing from the skin of patients 
with severe RDEB [7] implicating 
C7 defects in the pathogenesis of 
RDEB. Following the cloning of 
COL7A1, the human C7 gene [8], 
COL7A1 mutations were identified 
in RDEB patients [9,10], setting the 
stage for genetic molecular correc-
tion RDEB. 

Gene replacement therapy for 
EB was first performed in a sin-
gle case study of a junctional EB 
patient caused by missense muta-
tion of the LAMB3 gene [11]. The 
LAMB3 gene, following retroviral 
gene transfer, continued to show 
protein expression in patient skin 
even after 6.5-year follow-up [12]. 
Following the treatment of this 
junctional EB (JEB) patient, other 
reports of retroviral-mediated inser-
tional mutagenesis arose associated 
with the development of leukemia 
after gene therapy of severe com-
bined immunodeficiency patients 
[13,14]. However, retrovirally engi-
neered skin grafts had key advantag-
es over virally treated immune cells 
in that suspicious skin lesions could 
be more easily monitored, biopsied 
and removed. This added measure of 
safety contributed towards approval 
of retroviral keratinocyte graft ther-
apy by the US Recombinant DNA 
Advisory Committee in 2007.

Compared to retroviral JEB stud-
ies, retroviral therapy for RDEB 
proved more challenging due to the 
extremely large size of the COL7A1 
gene and the difficulty of generat-
ing a high titer retroviral vector. 
This was addressed by the systemic 
removal of non-essential viral ele-
ments, to create enough space to 
accommodate the large COL7A1 
gene, several mutations within the 
viral packaging signal and choice 
of the virus envelop protein. This 
ultimately proved successful in 

preclinical studies, demonstrating 
basement membrane associated C7 
expression for up to 1 year in prima-
ry regenerated human RDEB skin 
equivalents xenografted to immu-
nodeficient mice [15].

Having achieved pre-clinical ob-
jectives for RDEB gene therapy, the 
next step on the road to clinical tri-
als was to make the transition from 
laboratory grade to a clinical grade 
manufacturing process. First, it was 
necessary to produce recombina-
tion free master cell bank and Good 
Manufacturing Process (GMP) 
grade retrovirus with similar titer to 
the virus used in the laboratory. At 
the same time, animal-

derived culture reagents and 
supplements deemed to be free of 
adventitious viruses, including bo-
vine spongiform encephalopathy 
and others, had to be sought for 
and tested to support robust graft 
production.

Figure 1 represents the steps tak-
en in the approximately 26-day 
process from skin biopsy to final 
graft completion prior to placement 
on patient wounds. Following cell 
isolation from skin, and expan-
sion, RDEB keratinocytes were 
retrovirally transduced at a greater 
than 70% transduction rate. Carri-
er parents of RDEB patients, who 
typically display no blistering ten-
dencies, contain 50% of normal C7 
expression. From this knowledge, 
the level of 70% was deemed suffi-
cient to reverse blistering and main-
tain dermal-epidermal cohesion. 
To minimize transduction of oth-
er cell types beside keratinocytes, 
cells were grown under serum free 
conditions in the absence of feed-
er layers. In this way, if insertion-
al carcinogenesis were to occur, it 
would most likely be an epidermal 
derived squamous cell carcinoma at 
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the skin surface. In the advent of 
such a cancer arising in the graft 
site, primers specific to the retrovi-
ral vector backbone were prepared 
in order to determine whether the 
cancer was derived from transduc-
ed or non-transduced cells. It is 
important to point out that RDEB 
patients typically produce squa-
mous cell carcinomas at a very high 
incidence as a result of their severe 
wounding. By reducing the wound-
ing it was expected that C7 gene 

therapy would reverse the tendency 
towards squamous cell carcinoma 
development far more than the the-
oretical possibility that insertional 
carcinogenesis could provoke it. In 
accordance with this hypothesis, no 
cancers were discovered in the graft 
sites throughout the study.

For these studies, a special graft 
production facility needed to be es-
tablished and maintained, which, 
although was not certifiably GMP, 
nevertheless adhered to many 

ff FIGURE 1
Overview of ex vivo C7 gene transfer and autologous keratinocyte monolayer graft construction in RDEB 
gene therapy.
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GMP requirements, such as a low 
air particle count supported by a 
HEPA filtration unit, material qual-
ity control, equipment monitoring, 
etc.  Numerous protocols and test 
readouts needed to be sequentially 
followed during the graft manufac-
turing process as required by the 
US FDA, and as overseen by a data 
safety monitoring board, including 
formation of the recombinant com-
petent retrovirus, safety, sterility, 
endotoxin and mycoplasma levels. 
The study demonstrated durable 
expression of C7 in the grafts, fol-
lowing placement on the patient in 
the OR, resulting in linear incor-
poration of the therapeutic gene 
product into the basement mem-
brane, specifically into anchoring fi-
brils as shown by immune-electron 
microscopy. 

An important part of this study 
was demonstrating expression of 
C7 using both NC1 and NC2 do-
main antibodies. One important 
advance was in demonstrating that 
the monoclonal antibody LH24 
[16] recognized a portion of the C7 
molecule near the NC2 domain [1]. 
Previous studies of C7 molecular 
delivery all relied solely on reac-
tivity with C7 NC1 domain anti-
bodies and could not rule out the 
possibility that what was purport-
ed to be full length C7 could have 
been degraded NC1 domain frag-
ments. The Siprashvili et al. study 
confirmed, in fact, that stable NC1 

containing degradation products of 
C7 do indeed exist [1]. Therefore, 
the LH24 antibody will prove use-
ful in future molecular therapies to 
demonstrate, in combination with 
NC1 antibodies, the presence of in-
tact C7 in tissues. 

Immune reaction to a therapeutic 
gene product is an important con-
cern, particularly in null patients. 
Patients with EB acquisitia (EBA), 
a group of patients with acquired 
C7 autoimmunity, demonstrate a 
predominance of autoantibodies 
against what appeared to be the 
most antigenic domain on the C7 
molecule, the NC1 domain [17]. 
For this reason, it was hypothesized 
that RDEB patients who expressed 
even small amounts of NC1 domain 
might have a reduced chance of de-
veloping an autoimmune reaction 
to the full length C7 therapeutic 
gene product compared to RDEB 
patients who showed no expression 
at all. 

Due to the finding of negative 
reactivity with various C7 antibod-
ies by indirect immunofluorescence 
microscopy, most RDEB patients 
were traditionally considered as 
C7 null. However, in preparation 
for gene therapy clinical trials, ex-
pression of C7 was examined in 
cultured RDEB patients’ skin cells 
using a more sensitive Western blot 
assay. While it was previously estab-
lished that both fibroblasts and ke-
ratinocytes produce C7 and deposit 
it into the basement membrane 
[18], fibroblasts downregulate C7 
to low levels after in vitro passaging 
[18], making RDEB keratinocytes 
more optimal for this assay. From 
these studies it was established that 
the majority of RDEB patients, 
even though they displayed negative 
staining for C7 on IDIF, are tech-
nically not true nulls because their 

The next step towards clinical translation of 
C7 gene therapy will involve demonstration 

of efficacy and safety of this treatment in 
larger numbers of patients, particularly in the 

pediatric population.
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keratinocytes demonstrated low but 
detectable expression of a fragment 
of C7 containing the large non-
collagenous 1 (NC1) domain [19]. 
Thus it was reasoned that NC1+ pa-
tients’ immune systems would have 
a better chance of recognizing the 
antigenic C7 NC1 as self, reducing 
the chance of immunologic reac-
tions following gene therapy. Thus, 
the lack of baseline C7 antibodies 
and the demonstration of positive 
expression of C7 NC1 domain by 
Western blot of patient keratinocyte 
cultures became two key inclusion 
criteria for the study.

Following placement on chron-
ic wounds, durable C7 expression 
was demonstrated in genetical-
ly engineered grafts, showing ex-
pression even at the 1-year point, 
the longest time measured in the 
study. Coincident with the molec-
ular correction was the observation 
of clinical improvement and resis-
tance to wounding and blistering 
noted both by global investigator 
assessments, photographic software 
analysis, as well as in the patients’ 
reports of the skin feeling stron-
ger. One patient was able to walk 
much further following placement 
of grafts on his feet, while another 
found that he could finally sleep on 
his side, following placement of a 
graft over a chronic erosion on his 
shoulder. However, there was vari-
ability from patient to patient and 
both C7 expression and clinical effi-
cacy gradually decreased over time.

Several factors may have con-
tributed to the gradual decline of 
C7 expression and variability from 
patient to patient. One factor that 
appeared to play a role in the trial 
was immobilization of the graft fol-
lowing placement in the OR. Grafts 
placed on limbs could be more eas-
ily immobilized and protected from 

pressure or mechanical disruption, 
and generally proved more suc-
cessful than grafts placed over areas 
more subject to trauma such as the 
back. An additional theoretical fac-
tor affecting graft durability was the 
possibility of non-transduced stem 
cells in the wound bed growing and 
then displacing/undermining the 
transduced cells in the graft. It is 
possible that controlled depth laser 
destruction of the wound bed, prior 
to grafting, such as that performed 
by the JEB retroviral study [11], 
could help to address this issue. One 
other possible factor is limitation 
of available stem cells during graft 
production. The previous study of 
JEB patients utilized the palm as a 
rich source of skin stem cells; how-
ever, the scarring pseudosyndactyly 
compromised available stem cells in 
RDEB patients palms. Instead stem 
cell rich areas of skin such as the 
scalp could be considered for graft 
production.

Immune surveillance was of crit-
ical importance in this trial. This 
is illustrated well in the findings 
noted in patient four. Immunoflu-
orescence (IF) microscopy revealed 
patient four’s serum immune re-
activity to C7 to be negative prior 
to grafting, but positive after graft-
ing. To further investigate, patient 
pre-grafting sera was further tested 
using a more sensitive Western blot 
assay, revealing that the patient in-
deed demonstrated pre-graft C7 
antibodies. The finding of pre-graft 
antibodies suggested, in this case, 
that C7 gene therapy exacerbated a 
preexisting immune response rath-
er than causing a de novo immune 
reaction. As a result of the findings 
with patient four, the protocol was 
subsequently changed to include 
Western blot evaluation of all pa-
tient sera pre- and post-grafting.
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In summary, the road towards de-
velopment of an optimal gene ther-
apy for EB has been long and many 
lessons have been learned along the 
way. In addition, many lessons still 
need to be learned. The current 
next steps towards translational de-
velopment of C7 gene therapy as 
applied to engineered keratinocyte 
grafts will involve demonstration of 

effectiveness and safety of this treat-
ment in larger numbers of patients, 
particularly in the pediatric popula-
tion, towards the goal of FDA ap-
proval of this molecular correction 
therapy to improve the pain, debili-
tation and quality of life for patients 
afflicted by RDEB.
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