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Correction of recessive dystrophic
epidermolysis bullosa by homology-directed
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Genome-editing technologies that enable the introduction of
precise changes in DNA sequences have the potential to lead
to a new class of treatments for genetic diseases. Epidermolysis
bullosa (EB) is a groupof rare genetic disorders characterized by
extreme skin fragility. The recessive dystrophic subtype of EB
(RDEB), which has one of themost severe phenotypes, is caused
bymutations inCOL7A1. In this study, we report a gene-editing
approach for ex vivo homology-directed repair (HDR)-based
gene correction that uses the CRISPR-Cas9 system delivered
as a ribonucleoprotein (RNP) complex in combination with
donor DNA templates delivered by adeno-associated viral vec-
tors (AAVs). We demonstrate sufficient mutation correction
frequencies to achieve therapeutic benefit in primaryRDEBker-
atinocytes containing different COL7A1 mutations as well as
efficient HDR-mediated COL7A1modification in healthy cord
blood-derived CD34+ cells and mesenchymal stem cells
(MSCs). These results are a proof of concept for HDR-mediated
gene correction in different cell types with therapeutic potential
for RDEB.

INTRODUCTION
Epidermolysis bullosa (EB) is a group of rare genetic diseases charac-
terized by skin fragility. The generalized severe recessive dystrophic
EB subtype (RDEB-sev gen) displays an extremely severe phenotype,
with clinical manifestations including blistering of the skin and mu-
cosa, pseudosyndactyly, and a high risk of developing metastatic
squamous cell carcinoma. Mutations throughout COL7A1, the gene
encoding type VII collagen (C7), are present in all RDEB patients,
making this gene an important target for precision medicine
therapies.1

In recent years, different site-specific nucleases able to perform dou-
ble-stranded DNA breaks (DSBs), such as meganucleases, zinc-finger
nucleases, transcription activator-like effector nucleases (TALENs),
and clustered regularly interspaced short palindromic repeats
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(CRISPR)-CRISPR-associated protein 9 (Cas9), have been used as
tools to induce gene sequence modification. Genome-editing ap-
proaches take advantage of cellular DNA repair mechanisms trig-
gered by nuclease-induced DSBs to introduce insertions or deletions
(indels) in the gene sequence when DNA repair occurs through the
non-homologous end joining (NHEJ) pathway or to precisely correct
it by means of a DNA donor repair template when DSBs are repaired
via the homology-directed repair (HDR) pathway. NHEJ is the most
common DNA repair mechanism, but recent advances in molecular
tools have increased the efficiency of HDR-based gene correction
strategies, allowing for more precise modifications.2–4

Most cellular and molecular therapy protocols for EB have focused on
keratinocytes and fibroblasts, the main skin cell types. HDR-based pro-
tocols using TALENs and DNA oligonucleotide donors demonstrated
gene correction in fibroblasts derived from RDEB patients, albeit with
limited efficacy (2%).5 Similar approaches using meganucleases6 or
minicircle-based CRISPR-Cas9 delivery7 achieved comparable success.
Higher gene-editing rates have been reported using integration-defi-
cient lentiviral vectors both for the delivery of CRISPR-Cas9 and donor
DNA to correct a mutation in exon 2 of COL7A1 in keratinocytes and
fibroblasts.8 Recently, efficient HDR-based COL7A1 correction has
been achieved in induced pluripotent stem cells derived fromRDEBpa-
tient cells, showing bi-allelic correction in about 60% of treated cells.9

HDR-based strategies have also been deployed to restore the expression
of LAMB3, one of the genes whose loss of function causes junctional EB
.
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Figure 1. HDR-based COL7A1 gene-editing strategy

(A) HDR-based strategy using AAV6 for donor template delivery and electroporation of CRISPR-Cas9 RNPs. CRISPR-Cas9-induced double-stranded (ds) breaks in the

proximity of pathogenic mutations trigger HDR repair. The sg2 ds break is indicated (ray). LHA, left homology arm; RHA, right homology arm. (B) TIDE analysis of indel

generation within intron 79 of COL7A1 in primary keratinocytes nucleofected with CRISPR-Cas9 RNPs from three RDEB donors. Estimated percentage of sequences

carrying insertions or deletions is shown. Mean ± SD (bars) are shown. (C) Frequencies of most common indel variants generated by sg2 CRISPR-Cas9 RNP.
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(JEB), by using adenoviral vectors for expression of CRISPR-Cas9 in
immortalized keratinocytes.10Although these approaches represent sig-
nificant contributions to the establishment of protocols for the therapy
of different genodermatoses by HDR-based gene editing, gene correc-
tion has not yet been reported within useful therapeutic ranges in so-
matic stem cells derived from patients.

Our group recently demonstrated the highly efficient NHEJ-based
restoration of C7 expression after administration of dual guide
CRISPR-Cas9 ribonucleoproteins (RNPs) in primary RDEB kerati-
nocytes to delete an exon of COL7A1 that contains a pathogenic
mutation.11 Although this approach has clear clinical translation po-
tential for RDEB patients carrying mutations in small exons within
the COL7A1 collagenous domain, HDR-based protocols offer more
accurate gene sequence correction. Furthermore, a single set of
HDR gene-editing tools could allow correction of many different
mutations, provided they are within the length of the designed
donor template, which could be useful for a larger cohort of
RDEB patients. In this context, adeno-associated viral vectors
(AAVs), which mediate highly efficient delivery of single-stranded
DNA (ssDNA) and promote higher HDR rates than integration-
deficient lentiviral vectors (IDLVs) without compromising biosafety,
have taken the lead as vectors for donor template delivery. Hence,
the combination of AAVs with CRISPR-Cas9 is a promising
genome-editing toolkit for HDR-mediated correction in primary pa-
tient cells.

Due to the extensive multi-organ involvement in patients with EB,
complementary clinical protocols to skin gene therapy have been at-
tempted.12–17 Recently, hematopoietic stem cell transplantation
(HSCT) with subsequent systemic infusions of mesenchymal stem
cells (MSCs) ameliorated the RDEB phenotype.12 Thus, given the po-
tential therapeutic value of CD34+ cells and MSCs in EB manage-
ment, we have also explored HDR-based gene editing in these cell
types, achieving high modification rates comparable to those reached
in primary keratinocytes.
Altogether, our data prove the feasibility of efficient ex vivo marker-
free HDR-based gene modification of different cell types relevant to
RDEB treatment.
RESULTS
Highly efficient DNA nuclease activity in the vicinity of the

c.6527insC mutation using a CRISPR-Cas9 RNP complex

delivered in primary RDEB cells

Since HDR is greatly enhanced by generating DSBs near target sites,
we tested the DNA cutting efficiency of CRISPR-Cas9 RNPs with an
RNA guide, sg2, which had been previously validated.11 For this pur-
pose, we used a chemically modified, single-molecule guide RNA
(sgRNA) rather than the dual component CRISPR RNA (crRNA):-
trans-activating crRNA (tracrRNA) guide used in our previous study.
This guide targets a sequence in COL7A1 intron 79 and directs cleav-
age 7 bp upstream of exon 80 (Figure 1A). Sg2-RNPs were delivered
by electroporation into primary RDEB keratinocytes derived from
three different donors (patient 1 [P1] and P3 were homozygous for
the c.6527insC mutation in exon 80, and P2 was homozygous for
the c.6501G>T mutation in exon 79) and NHEJ-mediated indel gen-
eration was assessed by Tracking of Indels by Decomposition (TIDE)
analysis of Sanger sequencing chromatograms of PCR amplicons
spanning the target region (Figure 1B). This analysis showed that
up to 94% of COL7A1 alleles carried indels in the predicted position
in RNP-nucleofected primary keratinocytes. The most frequent indel
variant was a T insertion at the CRISPR cutting site (c.6502-7insT)
(Figure 1C).
AAV transduction optimization and HDR-based gene correction

estimation in primary RDEB keratinocytes

To assess the most suitable AAV serotype for patient keratinocyte
transduction with donor template DNA, we first evaluated the effi-
ciency of a wide array of AAV serotypes (AAVs 1, 2, 5, 6, 7, 8, 9,
and DJ; Figure 2A) to transduce human keratinocytes with a
construct for GFP expression. Flow cytometry analysis revealed that
Molecular Therapy Vol. 29 No 6 June 2021 2009
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Figure 2. AAV transduction and genotyping of RDEB keratinocytes after

AAV and RNP treatment

(A) Transduction efficacy of eight different AAV serotypes in primary keratinocytes.

Percentage of GFP+ cells determined by flow cytometry for each serotype is shown.

AAV6 donor vector was used at a an MOI of 30,000. Mean ± SD (bars) are shown.

(B) Common mutations in COL7A1 region contained in AAV donor template con-

structs; exons are represented as red boxes. Symmetrical (Sym) and asymmetrical

(Asym) vector designs are shown; exons are represented as blue boxes. Primers

used for PCR genotyping were F (out) and R (in) (purple arrows). (C) PCR genotyping

in primary RDEB keratinocytes treated with the gene-editing protocol. Duplicate

experiments for each condition were performed. Upper (filled arrowhead) and lower

(open arrowhead) bands correspond to non-recombinant and intron 79-lacking

recombinant alleles, respectively; recombinants were found only in cells treated with

both AAV-donor template and CRISPR-Cas9 RNP. Frequencies of HDR are shown

below. R1, R2, experimental replicates 1 and 2.
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AAV6was themost effective serotype and was therefore used to pack-
age constructs for donor DNA delivery.

After optimization of the electroporation and transduction condi-
tions (Figure S1), RDEB primary keratinocytes were electroporated
with the sg2 RNP and subsequently transduced with AAV6 vectors
2010 Molecular Therapy Vol. 29 No 6 June 2021
carrying the HDR donor templates. Two different donor template de-
signs covering different exons were tested: one with symmetric (Sym)
and the other with asymmetric (Asym) homology arms, comprising
COL7A1 exons 74–84 and 77–88, respectively (Figure 2B). The
genomic region composed of both vectors together covers 35% of
the mutations described in the DEB registry.18 For both designs, ho-
mology arms flanked a fusion of exons 79 and 80, so that the recom-
binant allele would lack intron 79, thus avoiding the appearance
of indels in the recombinant allele and providing a simple genotyping
strategy. The experiments were performed in duplicate. The DNAs of
the edited keratinocytes were analyzed by PCR amplification of a re-
gion comprising exons 79 and 80. A smaller molecular weight band of
a size consistent with the recombinant allele was detected only in sam-
ples from keratinocytes treated with both AAV-donor templates and
the CRISPR-Cas9 RNP (Figure 2C). Cloning and Sanger sequencing
of the PCR products showed a correction frequency of between 35%
and 50% for the c.6527insC mutation in exon 80. No significant dif-
ference in gene correction efficacy was observed between the two
donor templates (Figure 2C).

To further characterize the HDR-based correction of the epidermal
stem cell compartment, we isolated 22 clones with proliferative abil-
ity. PCR genotyping showed that 5 out of 21 clones analyzed had been
biallelically corrected (Figure S2).

C7 expression after HDR-based correction in RDEB primary

keratinocytes

Highly efficient COL7A1 gene correction should lead to C7 expres-
sion in a significant proportion of patient cells within the bulk popu-
lation of edited keratinocytes. To verify C7 restoration after HDR
gene editing, we analyzed C7 expression by immunofluorescence
and western blot in RDEB keratinocytes treated with the sg2 RNP
and transduced with the two different donor templates. The number
of C7-expressing cells detected by immunofluorescence analysis (Fig-
ure 3A) was consistent with the high frequency of HDR-mediated
gene correction shown by PCR and Sanger sequencing (approxi-
mately 40%) (Figure 2C). To verify that the highly proliferative cell
pool within the treated keratinocyte population had been targeted,
we performed anti-C7 and Ki-67 co-staining in treated P1 keratino-
cytes, and found abundant co-localization demonstrating the growth
potential of corrected cells (Figure S3).

Consequently, western blot analysis of extracts from patient cells
treated with AAVs and Cas9 RNPs showed that C7 expression after
correction with both donor templates was similar to that found in
the keratinocyte sample from healthy donors (Figure 3B). This
shows that both tested donor template designs are useful for cor-
recting primary RDEB cells, thereby potentially increasing the pop-
ulation of RDEB patients who could benefit from this gene therapy
strategy.

To further study COL7A1 gene expression after HDR correction, we
analyzed the COL7A1 transcripts by RT-PCR and next-generation
sequencing (NGS) and found that the accurately corrected transcripts



Figure 3. C7 expression in gene-corrected RDEB polyclonal keratinocytes

population

RDEB primary keratinocytes were treated with CRISPR-Cas9 and donor template

containing AAV6, and C7 expression restoration was assessed by immunofluo-

rescence and western blot from cellular extracts. (A) C7 immunofluorescence

analysis. Left, upper panel: positive control, healthy donor keratinocytes (Co). Right

upper panel: untreated RDEB P1 keratinocytes, showing lack of C7 expression.

Left, lower panel: AAV6-symmetrical donor plus RNP-treated RDEB keratinocytes.

Right lower panel: AAV6-asymmetrical donor template plus RNP-treated RDEB

keratinocytes. Scale bars, 50 mm. (B) Western blot analysis of C7 restoration in

untreated (P1), healthy (Co), and treated RDEB patient cells (two experimental

replicates). Graphs show C7 expression normalized to vinculin and relative to

control as mean ± SD (n = 3). **p < 0.01. (C) NGS analysis of COL7A1 transcripts in

gene-edited keratinocyte populations. Precisely corrected transcripts (green) are

the most abundant in all of the treated samples. Transcripts lacking E80 (blue) are

also present. Non-corrected transcripts are shown in red.

Figure 4. Histological appearance and C7 expression in gene-corrected

grafts

(A–F) Sections from representative grafts generated from (A and B) uncorrected

RDEB (P1), (C and D) HDR-corrected RDEB (P1 HDR), and (E and F) healthy donor

control (Co) cells. (A, C, and E) Hematoxylin and eosin (H&E) staining; insets show

immunohistochemistry (IHC) detection of human involucrin. (B, D, and F) Anti-C7

IHC staining. The asterisks in (A) and (B) and the inset in (A) indicate the epidermal-

dermal separation in uncorrected grafts. Scale bars, 100 mm.
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in the treated samples ranged from 60% to 80% (Figure 3C). This fre-
quency is higher than the DNA modification determined by PCR
(Figure 2C), probably because corrected transcripts are more stable
than un-corrected ones, which are degraded by the nonsense-medi-
ated mRNA decay (NMD) cellular mechanism. Our analysis also re-
vealed the presence of transcripts lacking exon 80 (DE80), most likely
as a consequence of indel generation by the sg2 guide, which can
potentially affect the splice acceptor site at the 50 of the exon. Tran-
scripts lacking mutant exon 80 would thus contribute to the detected
total C7 protein. Taken together, in all of the treated samples, at least
85% of the COL7A1 mRNA expression could lead to functional C7,
taking into account both internally truncated and full-length variants
(Figure 3C). However, in a fraction of treated cells that co-express
both variants, C7 secretion might be hampered.

Long-term skin engraftment of gene-corrected RDEB

keratinocytes and expression of C7 in regenerated skin

Todeterminewhether the observedhigh frequency of gene correction is
sufficient to achieve skin adhesion restoration, in vivo skin regeneration
assays were performed. Healthy, non-treated, and bulk populations of
gene-edited patient keratinocytes, combined with COL7A1-null
RDEB fibroblasts from the same RDEB patient, were used to generate
skin equivalents that were transplanted onto immunodeficient mice.
Histological analysis showed normal skin architecture in grafts from
healthy and gene-edited keratinocytes 12 weeks after transplantation
(Figures 4C and 4E), while blisters were observed in grafts from un-
treated P1 keratinocytes (Figure 4A). Immunohistochemical analysis
did not detect C7 in regenerated tissue from untreated RDEB
Molecular Therapy Vol. 29 No 6 June 2021 2011
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Figure 5. Gene-editing frequencies and evaluation of C7 expression and

proliferation status in P2 keratinocytes

(A) PCR genotyping of P2 and P1 RDEB cells treated with RNP plus donor template-

detected uncorrected (upper band, filled arrowhead) and corrected (lower band,

open arrowhead) alleles. Similar gene correction rates (shown below) were

observed in cells from both patients. C+ HK P1, HDR-corrected P1. IX and l are

molecular weight markers. (B) C7 immunofluorescence (red) detection after

genome-editing treatment (Sym and Asym). Ki-67 immunostaining (green) shows

proliferative status. Nuclei visualized by DAPI (blue). Scale bars, 100 mm. (C) Intra-

cellular and extracelullar (s-C7) C7 expression determined by western blot analysis

in treated cells.
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P1 keratinocytes (Figure 4B). In contrast, grafts from edited RDEB ker-
atinocytes (P1 HDR) displayed C7 continuous deposition along the
basement membrane zone (BMZ) of the regenerated skin (Figure 4D;
Figure S4), similar to grafts regenerated from healthy donor keratino-
cytes (Figure 4F). All of the tissue samples showed expression of human
2012 Molecular Therapy Vol. 29 No 6 June 2021
involucrin, thus demonstrating human skin regeneration in mice (in-
sets in Figures 4A, 4C, and 4E).

HDR-based correction in RDEB patient cells with a mutation in

exon 79 of COL7A1

The different donor templates tested covered a large number of exons
within the COL7A1 gene, which potentially enables gene correction
for different RDEB-causing mutations. Therefore, after demonstrating
high correction efficacy in cells from P1, who has a mutation in exon
80,19 we tested the exon 79–80 fusion strategy to correct cells from a pa-
tient carrying a biallelic mutation in E79 (P2) that results in near com-
plete absence of C7 expression (Figure S5). PCR genotyping showed
correction rates similar to those achieved with P1 cells (Figure 5A).
Consistently, a high proportion of these treated P2 keratinocytes were
C7-positive, as shown by immunofluorescence analysis (Figure 5B).
Detection of extracellular and intracellular C7 by western blot analysis
indicated that the restoredC7proteinwas properly secreted (Figure 5C).

HDR-based gene editing in CB-CD34+ cells and BM-MSCs as

potential sources for systemic infusion of autologous stem cells

Allogenic HSCT has been considered as a therapeutic option for EB
treatment. Although HSCT could offer benefits for symptom amelio-
ration, it is a high-risk procedure with a high probability of severe
complications. However, autologous HSCT using gene-corrected cells
could offer a safer therapeutic alternative to treat EB systemically.
Therefore, we decided to treat cord blood (CB)-isolated CD34+ cells
and bone marrow-derived MSCs (BM-MSCs) from three healthy do-
nors with the same HDR toolkit successfully tested in keratinocytes.
Five days after treatment, HDR-mediated gene modification in
CD34+ cells was assessed by PCR. Forty-eight percent of COL7A1 al-
leles were found to be modified, a frequency of gene modification
similar to that found in treated keratinocytes. Two different AAV6
MOIswere tested, 5,000 and 10,000, in cells from three healthy donors,
showing similar modification rates in all treated samples (Figure 6A).

To prove that gene editing-based modification is maintained in clo-
nogenic progenitors, gene-edited CD34+ bulk cells were cultured in
methylcellulose and burst-forming unit erythroid (BFU-E) cells and
colony-forming unit granulocyte-macrophage (CFU-GM) cells were
analyzed (Figure S6). PCR genotyping showed the presence of the
HDR-introduced modification in most of the colonies analyzed.

In addition, MSCs from three healthy donors were treated with the
same reagents, and all treated samples showed genetic modification
in close to 50% of COL7A1 alleles (Figure 6B). Comparable gene-edit-
ing frequencies for different donors were also observed, showing the
reproducibility of the approach. Therefore, this study provides a proof
of concept that BM-derived stem cells are susceptible to correction by
following the same strategy proposed for keratinocytes.

DISCUSSION
Genetically modified stem cells offer new therapeutic solutions for
currently untreatable genetic diseases. Ex vivo genetic manipulation
and subsequent grafting of CD34+ cells from patients to regenerate



Figure 6. Gene editing-based correction in CB-CD34+ cells and BM-MSCs

(A) CD34+ HDR-based gene-editing frequencies in CD34+ cells from three healthy

donors (HD 1–3), showing HDR percentages in all samples. (B) MSC HDR-based

gene-editing frequencies in three healthy donors (HD 1–3). Treated P1 keratinocytes

(C+ HK P1) were included as reference. MOIs of 5,000, 10,000, and 30,000 were

used.
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their hematopoietic system has shown great benefits for the clinical
treatment of severe blood disorders.20–22 Additional strategies for ge-
netic disease correction based on gene-editing techniques are currently
entering clinical trials (ClinicalTrials.gov:NCT03745287),which could
presage a revolution in modern medicine. In addition, MSC-based cell
therapy shows clinical benefits for wound healing defects and treat-
ment of inflammatory disorders, which offers new cell therapy ap-
proaches for a wide array of conditions.23,24

Keratinocytes and fibroblasts are the main skin cell types and have
been the focus of many ex vivo gene and cell therapy approaches
for cutaneous genetic disease. EB is one of the most devastating
rare skin diseases, and the RDEB subtype, with complete absence of
C7 expression, is considered the most severe form. A large number
of COL7A1 gene mutations have been described in these patients,
making this gene the most prominent target for EB gene therapy.1

Recently, a phase I clinical trial showed benefits in patients trans-
planted with skin equivalents containing autologous epidermal
stem cells treated with gamma-retroviral vectors for COL7A1 expres-
sion, a classical gene replacement approach. Patients showed wound
healing amelioration and C7 deposition and anchoring fibril forma-
tion.25–27 Although the addition of functional copies of COL7A1 is
the simplest and most proven gene therapy approach, several short-
comings of this strategy, including possible insertional mutagenesis
and inappropriate transgene expression resulting from random inte-
gration, warrant the development of strategies for precise modifica-
tion of pathogenic gene mutations. Altering the genome sequence
accurately and efficiently has only recently been achieved thanks to
the advancement of gene editing techniques that have made it
possible to address gene correction in cell populations without the
need for drug selection, with ease and cost comparable to gene
replacement protocols. In fact, previous work from our group11

described a highly efficient NHEJ-based gene-editing approach for
COL7A1 correction in RDEB patient cells. This work established
CRISPR-Cas9 delivered as RNP as the most efficient tool for genome
editing in primary keratinocytes. The therapy proposed was specific
for exon 80 of COL7A1, which contains a highly prevalent mutation
in the Spanish RDEB patient cohort.19 Although similar approaches
based on exon removal are transferable to other exons within the
collagenous domain of COL7A1, it would be desirable to have a
unique set of tools capable of genetically correcting more exons. In
this context, the HDR-based strategy presented in this study consti-
tutes an interesting therapeutic option to potentially treat a large
number of mutations within COL7A1, regardless of the location of
the exon in the gene. The approach, which consists of an AAV vector
to deliver the donor template DNA along with a CRISPR-Cas9 system
delivered by electroporation as RNP, has been tried before in other
cell types.2,3,28 Previous studies showed that AAVs based on engi-
neered serotype 2 capsids work efficiently for transduction of human
skin keratinocytes.29,30 In the present study, we tested a large collec-
tion of AAV serotypes to determine the most efficient transduction
conditions in primary keratinocytes and found that the AAV6 sero-
type performed best. We found similar HDR-based correction ratios
for the two different homology donor designs tested in primary ker-
atinocytes. In our study, the symmetrical donor could correct muta-
tions in any exons ranging from E74 to E84 and asymmetrical donor
template from E77 to E88. Therefore, these reagents may be used to
treat patients affected by a wide number of mutations within
COL7A1. Furthermore, a large collection of AAVs spanning different
gene regions of COL7A1 could be developed, aiming to precisely cor-
rect any mutation throughout the gene. This is an important advan-
tage over the previously proposed NHEJ-based approach11 because
some exons are not amenable to exon removal strategies, including
at least exons 1, 2, 3, 24, 27, or 113,31 and correcting mutations in
these will require precise HDR-mediated gene modification. Beyond
EB treatment, this approach could be transferred to any genome-ed-
iting application in primary keratinocytes to treat mutations causing
other skin diseases or knock-in genes (reporters, therapeutic mole-
cules) to create models of skin pathologies.

Previous work from our group demonstrated the feasibility of
achieving HDR correction in a patient-derived keratinocyte cell line
by using tropism-modified AAV2 vectors to deliver targeting con-
structions in which selection cassettes were flanked by genomic
DNA sequences homologous to the COL7A1 exon 80 region, along
with TALEN nucleases to trigger recombination. After selection treat-
ment, most isolated keratinocyte clones were genetically corrected.29

However, although we demonstrated the feasibility of C7 restoration
by HDR in a RDEB keratinocyte cell line, drug selection and clone
isolation were necessary, which makes translation into the clinic
very difficult. Izmiryan et al.8 used integration-deficient lentiviral
Molecular Therapy Vol. 29 No 6 June 2021 2013
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vectors to deliver CRISPR-Cas9 and a donor template DNA sequence
for correction of a mutation in exon 2 of COL7A1 in RDEB keratino-
cytes and achieved 11% and 15% of the normal level of COL7A1
mRNA expression in keratinocytes and fibroblasts, respectively.
When skin equivalents made with these cells were transplanted
onto immunodeficient mice, C7 deposited at the dermal-epidermal
junction was sufficient to prevent blistering. In addition, a recent
study in induced pluripotent stem cells (iPSCs) derived from RDEB
patients showed biallelic correction efficiencies close to 60% using
an HDR-based protocol.9 Although this approach achieves a very
high gene-editing correction efficacy, it needs reprogramming of
iPSCs to keratinocytes, which still represents a big hurdle since there
is as yet no definitive evidence that epidermal stem cells capable of
supporting long-term skin regeneration can be derived from iPSCs,
and risk of tumorigenesis from iPSC-derived keratinocytes has to
be considered. Thus, primary keratinocytes are still the most suitable
cell type for skin regeneration in terms of clinical translation.

In this study, we overcame the limitations of previously reported proto-
cols and implemented a selection marker-free, highly efficient
approach, with a DNA correction frequency of between 35% and 50%
in RDEB primary keratinocytes. Accurately corrected transcripts
ranged from60% to80%of totalCOL7A1mRNA.A significantpercent-
age of transcription, 13%–31%, corresponded to DE80 transcripts.
These are most likely originating from COL7A1 alleles carrying
NHEJ-induced sequence alterations at the splice acceptor site of exon
80, which is in the vicinity of the cutting site of the sg2 guide. This
DE80 transcript population could probably be reduced by using a guide
RNA farther apart from exon 80, where most NHEJ-induced indels
wouldnot affect splicingofCOL7A1, so the frequencyof internally trun-
cated variants would be negligible relative to full-length COL7A1
mRNA expression.

The co-expression of truncated and full-length C7 variants in a frac-
tion of treated keratinocytes could potentially hinder triple-helix for-
mation and hence proper C7 secretion. However, we have found that
grafts from treated patient keratinocytes displayed C7 deposition at
the BMZ and extracellular, secreted C7 was detected by western
blot analysis of bulk-edited patient cells, which proves that our poly-
clonal HDR-based protocol can provide enough secreted C7 to sus-
tain dermal-epidermal attachment.

Bulk populations of keratinocytes edited with this protocol were able
to achieve normal human skin regeneration with restoration of
dermal-epidermal adhesion when transplanted onto nude mice. Us-
ing a polyclonal population greatly facilitates translation into the
clinics, since it avoids the technically challenging and labor-intensive
epidermal stem cell clone isolation step. Therefore, we propose
CRISPR-Cas9 RNP electroporation in combination with AAV6-
mediated delivery of donor DNA templates as the optimal toolkit
for keratinocyte genome editing.

Although the guide RNAs that direct Cas9 to specific genomic se-
quences can tolerate some mismatches to the DNA target and thus
2014 Molecular Therapy Vol. 29 No 6 June 2021
potentially promote unwanted off-target mutagenesis, our previous
study of putative off-target activity directed by the guide RNA used
to promote HDR in our protocol did not identify any off-target indels
inmultiple genomic loci bearing different combinations ofmismatches
with the guide RNA, including sites with up to three mismatches, 1 or
2 bp bulges, and coding region sites with four mismatches.11 Paired
ssDNAbreaks elicited byCas9mutants have been shown to reduce un-
wanted repair outcomes while still promoting highHDR correction ef-
ficiencies.32–34 Although the use of recombinant mutant Cas9
“nickases” in CRISPR-Cas9 RNP electroporation experiments has yet
to be demonstrated in keratinocytes, these reagents could provide addi-
tional safety in HDR correction protocols.

Although AAV vectors remain in transduced cells primarily as conca-
temeric episomalDNA, they are known to integratewith low frequency
into host mammalian genomes, and some studies have suggested that
integration of vector fragments could potentially represent a genotox-
icity risk.35 However, vector integration studies in human gene therapy
clinical contexts have shown that AAV vector integration events
occurred at very low frequencies with random distributions, and no
serious side effects or cancer development have been described in
any patient treated with rAAV gene therapy.36,37

Cell types other than keratinocytes might also be therapeutic targets.
In the last decade HSCT has been considered for EB treatment,17

although the mechanisms underlying the benefits of this intervention
have yet to be elucidated and BM ablation in patients with severe skin
fragility pathology can be lethal.38 Recently, Ebens et al.12 showed that
HSCT followed by MSC infusions could ameliorate the RDEB pheno-
type. MSCs can potentially express C7 and have an immunoregula-
tory role in wound healing, which could contribute to decreased
inflammation and dermal-epidermal adhesion restoration.24,39 Graft-
ing of autologous gene-edited CD34+ cells andMSCs could be consid-
ered to improve safety in future trials. Herein, we show efficient gene
editing in both CD34+ cells and MSCs from three different healthy
donors, demonstrating that efficient HDR-based correction is attain-
able in these cell types, which could be useful for EB or other pathol-
ogies treated with HSCT.

Overall, our study offers an effective ex vivo genome-editing platform
that enables genetic correction of various cell types relevant for EB
therapy, which opens the way for developing new therapeutic
approaches.

MATERIALS AND METHODS
Keratinocyte cell culture and isolation of clones

Patient keratinocytes were originally obtained from skin biopsies
from three RDEB (RDEB-sev gen) patients bearing mutations in
the COL7A1 gene. Skin biopsies were obtained from patients after
approval from the Ethics Committee of the collaborating hospital
upon informed consent. P1 and P3 are homozygous carriers for the
c.6527insC frameshift mutation in exon 80, and P2 is a homozygous
carrier for the c.6501G>T mutation in exon 79 (ClinVar:
VCV000977652).
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Primary human RDEB and healthy donor keratinocytes were
cultured as previously described.10 Human primary RDEB keratino-
cytes were plated onto lethally irradiated 3T3-J2 cells and cultured in
keratinocyte growth cFAD medium (KCa), a 3:1 mix of Dulbecco’s
modified Eagle’s medium and Ham’s F12 medium (Gibco-BRL, Bar-
celona, Spain) containing fetal bovine calf serum (HyClone, GE
Healthcare, Logan, UT, USA) (10%), penicillin-streptomycin (1%),
glutamine (2%), insulin (5 mg/mL; Sigma-Aldrich), adenine
(0.18 mmol/L; Sigma-Aldrich), hydrocortisone (0.4 mg/mL; Sigma-
Aldrich), cholera toxin (0.1 nmol/L; Sigma-Aldrich), triiodothyro-
nine (2 nmol/L; Sigma-Aldrich), epidermal growth factor (EGF)
(10 ng/mL; Sigma-Aldrich), and Y-27632 ROCK inhibitor (Sigma-Al-
drich) at 10 mM. P1 and P3 are homozygous for the c.6527insC mu-
tation. P2 is homozygous for the c.6501G>T mutation.

Production of AAV vectors for delivery of donor template DNA

Homology arms were amplified by PCR from wild-type genomic
DNA. For the symmetric donor construct, the left homology arm
(LHA) comprises 1,008 bp including exon 79 and the upstream
sequence, and the right homology arm (RHA) comprises 798 bp
including exon 80 and the downstream sequence. For the asymmetric
design, LHA is 556 bp and RHA is 1,461 bp. For each construct, both
arms were assembled with an AAV backbone plasmid containing
AAV2 inverted terminal repeats (ITRs) using the Gibson assembly
method (New England Biolabs). For vector production, 293 cells
were transfected in five 15-cm2 plates with 6 mg of AAV vector plas-
mids and 22 mg of pDGM6 plasmid (an expression vector for AAV6
capsid [cap], AAV2 replication [rep], and adenoviral helper genes, a
gift fromD. Russell) using 120 mL of 1mg/mL polyethylenimine (PEI)
per plate (molecular weight [MW] of 25 kDa) (Polysciences). 72 h af-
ter transfection, vectors were purified using a Takara AAVpro purifi-
cation kit following the manufacturer’s protocol. Vector titers were
assessed by digital drop PCR (ddPCR) using probes on the ITR region
of the AAV vector.

CRISPR-Cas9 delivery and AAV6 transduction in primary

keratinocytes

Electroporation conditions were optimized by electroporating 1 mg of
GFP mRNA with the 4D-Nucleofector system (Lonza, Switzerland)
using established Amaxa electroporation codes for human keratino-
cytes and the Neon system (Invitrogen) with a 1,700-V/20-ms/1-pulse
configuration. Sg2 gRNA1 is a chemically modified sgRNA (Synthego,
Redwood City, CA, USA) complementary to the DNA sequence 50-
CCTGCAGACCCTACATAGAG-30.11 1.6 mg of sgRNA mixed with
6 mg of Cas9 protein (Integrated DNA Technologies, IA, USA) was
delivered to 1 � 105 primary keratinocytes in Opti-MEM medium
(Thermo Fisher Scientific). The electroporation platform used for de-
livery of the RNPs was the 4D-Nucleofector system (Lonza,
Switzerland), electroporation code CM137.

After electroporation, cells were transduced in suspension for 1 h with
the AAV vectors at an MOI of 30,000 in a final volume of 50 mL of
Opti-MEM medium (Thermo Fisher Scientific). Cells were then
plated onto feeder layer-containing plates. For MSCs and CD34+
cells, 3.2 mg of sgRNA and 6 mg of Cas9 were used. The Amaxa elec-
troporation codes were CM119 and DZ100 for MSCs and CD34+

cells, respectively. For viral transduction, MSCs were incubated
with the AAV6 vectors for 15 min in suspension and then plated in
culture medium. For CD34+ cell transduction, AAV6 was added
directly to the well.

Genotyping of gene-targeted keratinocytes

Six days post-treatment, genomic DNA was isolated by isopropanol
precipitation of keratinocyte lysates (lysis buffer was 100 mM Tris
[pH 8], 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 1 mg/mL Proteinase
K; Roche Diagnostics, Mannheim, Germany) and resuspended in
Tris-EDTA (TE) buffer. Approximately 50 ng of genomic DNA was
used for PCR amplification. PCR primers used for out-in genotyping
were forward (F) 50-CACCAGCATTCTCTCTTCC-30 and reverse
(R) 50-GTTCTTGGGTACTCACCA C-30 (F is located outside and
R is within the homology arms). The PCR program was as follows:
98�C for 1 min, 5 cycles of 98�C for 30 s, 68�C for 30 s, 72�C for
45 s, decreasing annealing temperature 1�C every cycle, followed by
30 cycles of 94�C for 30 s, 63�C for 30 s, 72�C for 45 s, and then
72�C for 10 min. PCR products were analyzed in 1.5% agarose gel.
The molecular weight marker was IX (Sigma-Aldrich). For
sequencing, PCR products were treated with illustra ExoProStar
(GE Healthcare, UK), sequenced using a BigDye Terminator v1.1 cy-
cle sequencing kit (Thermo Fisher Scientific, Waltham, MA, USA),
and examined on a 3730 DNA analyzer (Life Technologies, Carlsbad,
CA, USA). Chromatograms were analyzed using Sequencher (Gene
Codes, Ann Arbor, MI, USA). Bio-Rad Image Lab software 6.0 was
used for PCR band densitometry.

Western blot analysis

Keratinocytes were lysed in protein extraction buffer (50 mM Tris-
HCl [pH 7.5], 100 mM NaCl, 1% Nonidet P-40, 4 mM EDTA) con-
taining proteinase inhibitors cocktail (cOmplete Mini, EDTA-free;
Roche Diagnostics, Mannheim, Germany). Lysates were incubated
for 30 min on ice and centrifmged at 15,000 � g for 30 min at
4�C. Supernatants were collected and protein concentrations were
measured using the Bradford assay (Bio-Rad, Hercules, CA,
USA). For each sample, 40 mg of total protein was resolved
on NuPAGE Novex 3%–8% Tris-acetate electrophoresis gels (Invi-
trogen, Carlsbad, CA, USA) and electro-transferred to nitrocellu-
lose membranes (Invitrogen, Carlsbad, CA, USA). For type VII
collagen analysis, blots were probed with a monospecific polyclonal
anti C7 antibody (a generous gift from Dr. A. Nystrom, University
of Freiburg). An antibody against vinculin was used as a loading
control. Visualization was performed by incubating with horse-
radish peroxidase (HRP)-conjugated anti-rabbit antibody (Amer-
sham, Burlington, MA, USA) and West Pico chemiluminescent
substrate (Pierce, Rockford, IL, USA). Blots from three different
cell lysates were densitometrically quantified using ImageJ (NIH,
Bethesda, MD, USA).40 Vinculin was used for normalization, and
mean values were expressed relative to control. An unpaired t
test with Welch’s correction was performed using GraphPad Prism
version 9.0.1 (GraphPad, La Jolla, CA, USA).
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Immunofluorescence and immunohistochemical staining

For immunofluorescence detection of C7 in keratinocytes, cells grown
on glass coverslips were fixed in methanol/acetone (1:1) for 10 min at
�20�C. After washing three times in phosphate-buffered saline (PBS)
and once in PBSwith 3%bovine serum albumin (BSA) (Sigma-Aldrich,
St. Louis,MO,USA) for 30min, cells were incubatedwithmonospecific
polyclonal anti C7 antibody at 1:5,000 dilution. Secondary antibody
(Alexa Fluor 488, Invitrogen, Carlsbad, CA, USA) was used at 1:1,000
dilution. After the final washing step in PBS, preparations were
mounted using Mowiol (Hoechst, Somerville, NJ, USA) mounting me-
dium and 20 mg/mL DAPI (Sigma-Aldrich, St. Louis, MO, USA) for
nuclei visualization. Immunoperoxidase detection of C7 in paraffin-
embedded, formalin-fixed sections was carried out with Proteinase K
antigen retrieval as described.41 Immunoperoxidase staining for human
involucrin was performed using rabbit SY5 monoclonal antibody
(Sigma) and 4A4 monoclonal antibody, respectively, on paraffin sec-
tions without antigen retrieval. The ABC peroxidase kit (Vector Labo-
ratories) with diaminobenzidine as a substrate was used.

NGS COL7A1 transcriptional analysis

Primers with NGS adapters used for the PCR amplification were as
follows: F, 50-ACACTCTTTCCCTACACGACGCTCTTCCGATC-
TAGGGGTCAGGACGGCAAC-3 and R, 50-GACTGGAGTTCA-
GACGTGTGCTCTTCCGATCTCAGCTCCAGTAGGTCCAGT-
CAG-30. Amplicons were measured by Qubit technology. NGS was
performed on an Illumina 2 � 250-bp configuration, with coverage
of 50,000�. Data analysis was conducted with NGS Genotyper
v1.4.0. From the data obtained, aberrant sequences also observed in
the non-treated sample were removed from the treated samples.

Generation of skin equivalents, grafting onto mice, and graft

analysis

Animal studies were approved by our Institutional Animal Care and
Use Committee according to national and European legal regulations.
Polyclonal keratinocytes corrected by HDR-based gene editing were
seeded on fibrin dermal equivalents containing P1 fibroblasts null for
C7 expression, prepared as previously described.42 Bioengineered skin
equivalents were grafted onto the back of 7-week-old female immuno-
deficient mice (nu/nu, NMRI background) purchased from Elevage
Janvier (France) as previously described.43 Grafting was performed un-
der sterile conditions, and mice were housed in pathogen-free condi-
tions for the duration of the experiment at the CIEMAT
Laboratory Animal Facility (Spanish registration no. 28079-21 A). All
handling was carried out under sterile conditions, and all experimental
procedures were according to European and Spanish laws and regula-
tions. Mice were sacrificed after 12 weeks post-grafting, and grafts
were harvested for skin histology and immunohistochemistry analyses.

CD34+ cell purification, culture, and modification

CD34+ cells from healthy donors were obtained from umbilical CB
samples provided by the Centro de Transfusiones de la Comunidad
de Madrid after informed consent. Hematopoietic stem and progen-
itor cells (HSPCs) from CB samples were obtained by fractionation in
Ficoll-Hypaque according to the manufacturer’s instructions (GE
2016 Molecular Therapy Vol. 29 No 6 June 2021
Healthcare) and purified by a magnetic-activated cell sorting
(MACS) CD34 MicroBead kit (Miltenyi Biotec). Human CD34+ cells
were grown under normoxic conditions in StemSpan medium
(STEMCELL Technologies) supplemented with 1% GlutaMAX
(Gibco), 1% penicillin/streptomycin solution (Gibco), 100 ng/mL hu-
man stem cell factor (hSCF, EuroBiosciences), human FMS-like tyro-
sine kinase 3 ligand (hFlt3-L, EuroBiosciences), human thrombopoie-
tin (hTPO, R&D Systems), 20 ng/mL human interleukin-3 (hIL-3,
Novus Biologicals), and 35 nM UM171 (STEMCELL Technologies).

Cells were electroporated with the DZ-100 4D-Nucleofector system
code (Lonza, Switzerland). 1.6 mg of sgRNA mixed with 4.5 mg of
Cas9 protein (Integrated DNA Technologies, IA, USA) was delivered
to 1 � 105 CD34+ cells. After electroporation, cells were transduced
with the AAV6 vectors at MOIs of 5,000 and 10,000.

900 CD34+ cells were resuspended in 3 mL of enriched methylcellu-
lose medium (StemMACS HSC-CFU complete with erythropoietin
[Epo], Miltenyi Biotec). Each mL of the triplicate was seeded in a
M35 plate and incubated under normoxic conditions. After
14 days, colonies were counted using an inverted microscope (Nikon
Diaphot), and CFU-GM and BFU-E cells were identified and
counted. PCR genotyping of the colonies was performed with the
following primers: F, 50-GGTCTACCAGGAGAGCGTGGTA-30

and R, 50-ACCCCACCAAGGAAACTGA-30.

Generation, expansion, and modification of BM-MSCs

BM samples were obtained from three volunteer donors. Five to
10 mL of BM was obtained by iliac crest aspiration under local anes-
thesia. All samples were collected after informed consent was ob-
tained. All procedures were approved by the Clinical Research Ethics
Committee of the Health Area of Salamanca and were in accordance
with the Helsinki Declaration of 1975. To obtain BM-MSCs, low-den-
sity mononuclear cells (MNCs) were isolated by Ficoll-Paque Plus
(GE Healthcare, Sweden) density gradient centrifugation and
cultured in a-minimum essential medium (a-MEM) (Gibco, USA)
supplemented with 5% platelet lysate (Cook Medical, USA), 1% peni-
cillin/streptomycin (Gibco), and 1 ng/mL human basic fibroblast
growth factor (bFGF, PeproTech, USA). Cells were seeded at a con-
centration of 10,000 cells/cm2 in culture flasks (Corning Life Sciences,
USA) and cultured at 37�C. For the expansion of BM-MSCs, cell me-
dium was changed every 2–4 days and adherent cells were serially
passaged using 0.25% trypsin/EDTA (Sigma-Aldrich, USA) upon
reaching near confluence (70%–90%).

Cells were electroporated with the CM-119 4D-Nucleofector system
code (Lonza, Switzerland). 3.2 mg of sgRNA mixed with 6 mg of
Cas9 protein (Integrated DNA Technologies, IA, USA) was delivered
to 1 � 105 MSCs. After electroporation, cells were transduced with
AAV6 at an MOI of 10,000.
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