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GENE THERAPY FOR RECESSIVE DYSTROPHIC EPIDERMOLY SIS
BULLOSA USING GENETICALLY CORRECTED AUTOLOGOUS
KERATINOCYTES

FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[0001] This invention was made with Government support under contract AR055914 awarded

by the National Institutes of Health. The Government has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority under 35 U.S.C. 119(e) to U.S. Serial No. 62/274,700,
filed January 04, 2016; and U.S. Serial No. 62/414,533, filed October 28, 2016, the contents of

each of which is incorporated herein by reference.

FIELD
[0003] The present disclosure generally relates to methods and compositions to treat

Epidermolysis Bullosa (EB) and corneal erosion.

BACKGROUND
[0004] Recessive Dystrophic Epidermolysis Bullosa (RDEB) is an inherited genetic blistering
skin disorder caused by mutations in the COL7A1 gene (collagen VII, C7) leading to lack of C7
function. Patients with this disorder are characterized by widespread blistering and erosions of
the skin and mucosal tissues, including oropharynx, conjunctiva, esophagus, as well as distal
aspects of the genitourinary and gastrointestinal tract. Painful blistering and erosions are a
major disability; however, scarring from healed wounds also causes significant morbidity,
including mitten hand deformities (pseudosyndactyly), symblepharon of the eyes, esophageal
strictures, microstomia, ankyloglossia, and strictures of the limbs. It is known that chronic
wounding and scarring predisposes to invasive squamous cell carcinoma invasion, and this is a
serious problem in RDEB, with invasive squamous cell carcinoma being the leading cause of
death in this population starting from the second decade. Therefore, an optimal therapy for this
disease would be one which could be implemented early to prevent disabling scarring from
occurring, as well as preventing blistering. Also, the ability to systemically correct both skin

and mucosal tissues would be highly desirable in an RDEB therapeutic approach.
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[0005] Type VII collagen (C7) is a large homotrimeric triple helical collagenous molecule,
which undergoes anti-parallel dimer formation at its NC2 end, followed by supramolecular
assembly into attachment structures termed anchoring fibrils, which connect the lamina densa of
the basement membrane zone (BMZ) to the papillary dermis. C7 contains a large NC1 domain,
which binds laminin-332 in the lamina densa and a collagenous domain, which wraps around
interstitial collagen fibrils in the papillary dermis. Thus, lack of C7 in RDEB produces
blistering between the papillary dermis and lamina densa.
[0006] Despite advances in the molecular diagnosis of this disease, current therapy is limited
to palliative care. While several approaches have been proposed to replace C7, all have their
limitations. Topically applied, rC7 cannot penetrate intact skin and is limited to wounded areas.
Intradermal rC7 protein injections for RDEB patients are another alternative; however, limited
diffusion from conventional needle injection necessitates rC7 microneedle array delivery, which
is not yet available for clinical use.
[0007] For therapeutic purposes, local delivery of C7 to the skin is desirable. The present
invention addresses this issue. Systemic therapy of C7 may cause systemic toxicity. (See Hou
et al. (2015), Journal of Investigative Dermatology 135, 3060-3067.)

SUMMARY

[0008] Compositions and methods are provided for the treatment of Epidermolysis Bullosa
(EB) in a human subject. In the treatment methods of the invention, a population of human
keratinocytes is engineered to express C7 by integrating a genetic construct encoding wild-type
human C7. In some embodiments the level of expression is greater than normal human
keratinocyte levels of expression. In some embodiment, the level of expression is smaller,
similar, or same with normal human keratinocyte levels of expression. Included in the invention
is an isolated population of keratinocytes engineered by the methods of the invention to express
wild-type C7, which may be provided in a pharmaceutical unit dose composition. In some
embodiments, the subject is a human suffering from a genetic defect in C7 causing the
Epidermolysis Bullosa (EB). In the embodiments, the genetic defect is RDEB.

[0009] In some embodiments, the keratinocytes utilized in treatment are autologous
keratinocytes. Methods of ex vivo engineering may be selected from, without limitation, virus-
driven, including, but not limited to, retrovirus (e.g., gammaretrovirus), AAV virus, and
lentivirus, or virus-free integrative methods, which include non-viral vectors, transposons, mini-
circle integration, CRISPR/Cas9 genome editing system, and the like. In some embodiments,

the gammaretrovirus comprises, consists essentially of, or yet further consists of, murine
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leukemia virus (MLV or MuLV), feline leukemia virus (FeL'V), gibbon ape leukemia virus
(GALYV), and xenotropic murine leukemia virus-related virus (XMRYV). In some embodiments,
the non-viral vectors comprise, consist essentially of, or yet further consist of episomal vectors
or integrating vectors with capacity of the genome editing features. In some embodiments,
GMP-grade GalV-pseudotyped LZRSE-COL7A1 virus containing a functional COL7A41 cDNA
under control of the MLV LTR is used to integrate the C7 gene into the keratinocytes. In some
embodiments, the functional COL7A41 cDNA is a full-length wild-type human COL7A1 cDNA.
In one embodiment, the functional COL741 cDNA include a genetic modification from the full-
length wild-type human COL741 cDNA. In some embodiments, viral transduction is performed
by overlaying viral supermatant over cell culture. In some embodiments, the keratinocytes thus
treated meet pre-release criteria of virus transduction efficiency (VTE) >50% and proviral
genome copy number (PGCN) < 3. In some embodiments, the PGCN is more than 3, 10, 20, 40,
or 60. In some embodiment, the PGCN is less than 2, 1.5, 1, or 0.5.

[0010] In some embodiment, the endogenous mutated, dysfunctional, or truncated C7 gene is
replaced, using a CRISPR/Cas system (or vector encoding said CRIPSR/Cas system) as
described herein and a “donor” sequence (e.g., a functional COL7A1 cDNA or C7 gene ) that is
inserted into the gene following targeted cleavage.

[0011] In some embodiments of the invention, a method is provided for treatment of EB, the
method comprising, consisting essentially of, or yet further consisting of, obtaining a population
of keratinocytes from a subject suffering from EB, modifying the keratinocytes by retroviral
transduction to express wild-type human C7, and reintroducing the keratinocytes into the
individual. In some embodiments, keratinocytes are obtained from skin punch biopsies, which
are cultured in vitro in keratinocyte media with or without serum. In some embodiments, the
keratinocytes are cultured in a media with or without the feeder layer of cells. The epidermis is
separated from the dermal layer and keratinocytes are obtained from the epidermal layer. At
least about 10° cells, at least about 2 x 10°, and/or at least 4 x 10° cells are used for transduction
to provide a population of genetically corrected cells. The cells are cultured to generate a sheet
of from about 25 cm’ to about 100 cm?® for grafting. The genetically corrected keratinocyte
sheets are placed on uninfected, eroded, and/or scarred wound sites that lacked clinical evidence
of squamous cell carcinoma (SCC). Wound sites may be from about 50 cm’, from about 100
cnt’, and/or from about 200 cm”. In some embodiments, wounds are generated for grafts. In
some such embodiments, the wound is electrocauterized to ablate residual non-corrected wound
bed keratinocytes. Grafts are affixed to wound beds via dissolvable sutures following wound

bed preparation.
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[0012] In another embodiment, the disclosure provides a composition comprising, consisting
essentially of, or yet further consisting of a population of keratinocytes genetically corrected to
express wild-type human C7 at a dose effective to reduce the symptoms of EB, and a
pharmaceutically acceptable carrier. In one aspect of the disclosure, the composition is frozen.
In some embodiments, the keratinocytes are autologous relative to an individual selected for
treatment.

[0013] In another embodiment, the disclosure provides a pharmaceutical composition
comprising, consisting essentially of, or yet further consisting of a keratinocyte sheet, which
comprises, consists essentially of, or yet further consists of skin cells ex vivo integrated with a
genetic construct encoding a functional COL7A1 protein. In some embodiments, the
keratinocyte sheet is placed on a bioengineered skin equivalent. In some embodiments, the
keratinocyte sheet is placed on an acellular matrix, a collagen matrix, an ECM protein or
chemical layer, or a biocompatible mesh. In one embodiment, the acellular matrix is made of
human and/or animal dermis. In some embodiments, the biocompatible mesh is made of
thermoplastic resin, polyethylene, ultra-high molecular weight polyethylene, high molecular
weight polyolefin, uncoated monofilament polypropylene, polyether ether ketone, polyethylene
terephthalate, polytetrafluoroethylene, expanded polytetrafluoroethylene, nylon, silicon, or any
combination thereof.

{8814} It is shown herein, autologous RDEB keratinocytes were isolated from skin biopsies
and transduced with retrovirus carrying functional (e.g., full-length) human COL7A1. For each
subject, autologous epidermal sheets (~35 cm?) were manufactured and grafted onto prepared
wound beds. Endpoints included safety, efficacy as a percent of wound healing compared with
baseline, and evidence of C7 expression at 3 and 6 months post transplantation. All grafts were
well tolerated by all subjects, and no serious adverse events were reported (systemic viral
infection, auto-immunity, skin cancer occurrence within grafts). At 3-6 months, a majority of
the grafts showed 75% healing. Biopsies from graft sites showed robust C7 expression at the
dermal-epidermal junction at 3 months, and at 6 months the presence of normal anchoring
fibrils. COL7A1 ex-vivo gene transfer had a favorable safety profile and displayed encouraging
efficacy in subjects with inherited RDEB.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG 1. (A) RDEB genetic correction flow chart. KC - epidermal keratinocytes,
LEAES — LZRSE-COL7A1 engineered autologous epidermal sheet grafts. (B) Indirect
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immunofluorescence (IIF) of LZRSE-COL7A1 virus transduced RDEB KC. Anti-type VII
collagen polyclonal antibody (orange); Hoechst 33342 nuclei (blue). Scale bar, 100 um. (C)
Quantification of the virus transduction efficiency (VTE) in corrected KC of 4 RDEB subjects.
(D) Quantification of an average proviral copy number (PGCN) in corrected KC of 4 RDEB
subjects. (E) Clinical representation of RDEB phenotype before and post graft transplantation.
Note blisters prior to corrected skin transplantation and in untreated wounds, compare to 3 and 6
months post LEAES grafting. (F) IIF analyses of type VII collagen expression in skin grafts.
Anti-type VII collagen NC2 Mab LH24 and NC1 Pab FNC1 (green); Hoechst 33342 nuclei
(blue); Note linear green staining of type VII collagen at the dermal-epidermal junction of the
corrected tissue grafts. Scale bar, 100 um. (G) Immuno-EM analyses of a corrected RDEB skin
grafts. Tissue sections were labeled en bloc with anti-type VII collagen NC2 Mab LH24,
followed by anti-mouse IgM-conjugated immunogold particles (black dots, indicated by
arrows). Scale bar, 200 nm.

[0016] FIG. 2. CONSORT diagram of subject enrolment in Phase I trial.

[0017] FIG. 3. Western blot analyses of cultured KC supernatant using anti type VII collagen
polyclonal antibody specific to NC1 domain. Note truncated C7 protein expression containing
NC1 domain in all subjects enrolled in the trial.

[0018] FIG. 4. Mature LEAES prior to harvest, assembled and final LEAES graft shown.
[0019] FIG. 5. (A) Clinical representation of RDEB phenotype before and post graft
transplantation. (B) IIF analyses of type VII collagen expression in skin grafts. Anti-type VII
collagen NC2 Mab LH24 (green); Hoechst 33342 nuclei (blue);, keratin 14 (anti-K14 Pab,
orange); keratin 1 (anti-K1 Pab, orange) and loricrin (anti-loricrin Pab, orange). Note linear
green staining of type VII collagen at the dermal-epidermal junction of the corrected tissue
grafts at all time points. Scale bar, 100 pm.

[0020] FIG. 6. Subject 2 wounds prior and post grafting. (A) Clinical representation of
RDEB phenotype before and post graft transplantation. (B) IIF analyses of type VII collagen
expression in skin grafts. Anti-type VII collagen NC2 Mab LH24 (green); Hoechst 33342 nuclei
(blue); keratin 14 (anti-K14 Pab, orange); keratin 1 (anti-K1 Pab, orange) and loricrin (anti-
loricrin Pab, orange). Note linear green staining of type VII collagen at the dermal-epidermal
junction of the corrected tissue grafts at 3 months. Scale bar, 100 pum.

[0021] FIG. 7. Subject 3 wounds prior and post grafting. (A) Clinical representation of
RDEB phenotype before and post graft transplantation. (B) IIF analyses of type VII collagen
expression in skin grafts. Anti-type VII collagen NC2 Mab LH24 (green); Hoechst 33342 nuclei

(blue); keratin 14 (anti-K14 Pab, orange); keratin 1 (anti-K1 Pab, orange) and loricrin (anti-
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loricrin Pab, orange). Note linear green staining of type VII collagen at the dermal-epidermal
junction of the corrected tissue grafts at all time points. Scale bar, 100 um.

[0022] FIG. 8. Subject 4 wounds prior and post grafting. (A) Clinical representation of
RDEB phenotype before and post graft transplantation. (B) IIF analyses of type VII collagen
expression in skin grafts. Anti-type VII collagen NC2 Mab LH24 (green); Hoechst 33342 nuclei
(blue); keratin 14 (anti-K14 Pab, orange); keratin 1 (anti-K1 Pab, orange) and loricrin (anti-
loricrin Pab, orange). Note linear green staining of type VII collagen at the dermal-epidermal
junction of the corrected tissue grafts at 3 months with LH24 Mab and 6 months with NC1 Pab.
Scale bar, 100 um.

[0023] FIG. 9. Anti-C7 LH24 monoclonal antibody characterization. Western blot analysis
of the enzymatically digested C7 showing LH24 Mab cross-reactivity to the carboxyl-terminal
peptide containing NC2 domain. The NC2 domain presence in the pepsin digested C7 fraction
confirmed with NC2 specific pAb (NC2-10) 5. The NC1 domain in collagenase digested C7
fraction identified using FNC1 pAb 6.

[0024] FIG. 10. Clinical representation of uncorrected wounds from subject 4. Characteristic
spontaneous blisters development in untreated wounds.

[0025] FIG. 11. Subject 4 serum reactivity to type VII collagen. (A) Western blot analysis
showing cross-reactivity of subject 4 serum to the full-length C7 prior and post graft
transplantation (3 months). (B) Subject 4 serum obtained pre- and 3 months post grafting is
specific to the enzymatically (pepsin) digested C7 protein containing NC2 domain. Control
(right lane) confirms NC2 domain presence in the digested C7 fraction using NC2 specific Pab
(NC2-10) 5.

[0026] FIG. 12. Subject 1 wounds prior and 12 months post grafting. Clinical representation
of wounds at baseline and 12 months post grafting. IIF analyses of type VII collagen expression
in skin grafts. Anti-type VII collagen NC1 Pab (green); Hoechst 33342 nuclei (blue); keratin 14
(anti-K 14 Pab, orange); keratin 1 (anti-K1 Pab, orange) and loricrin (anti-loricrin Pab, orange).
Note linear green staining of type VII collagen at the dermal-epidermal junction of the corrected
tissue graft. Scale bar, 100 um.

[0027] FIG. 13 depicts the map of the pPLZRSE-COL7AL1 retroviral plasmid.

DETAILED DESCRIPTION
[0028] It is to be understood that this invention is not limited to the particular methodology,
protocols, cell lines, animal species or genera, and reagents described, as such may vary. It is

also to be understood that the terminology used herein is for the purpose of describing particular
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embodiments only and is not intended to limit the scope of the present invention, which will be
limited only by the appended claims.

[0029] As used herein, the singular forms “a,” “an,” and “the” include plural referents unless
the context clearly dictates otherwise. Thus, for example, reference to “a cell” includes a
plurality of such cells and reference to “the culture” includes reference to one or more cultures
and equivalents thereof known to those skilled in the art, and so forth. All technical and
scientific terms used herein have the same meaning as commonly understood to one of ordinary
skill in the art to which this invention belongs unless clearly indicated otherwise.

[0030] Any embodiment of any of the present methods, devices, and systems may consist of,
or consist essentially of—rather than comprise/include/contain/have—the described steps and/or
features. Thus, in any of the claims, the term “consisting of ” or “consisting essentially of” may
be substituted for any of the open-ended linking verbs recited above, in order to change the
scope of a given claim from what it would otherwise be using the open-ended linking verb.
[0031] The use of the term “or” in the claims is used to mean “and/or” unless explicitly
indicated to refer to alternatives only, or the alternatives are mutually exclusive, although the
disclosure supports a definition that refers to only alternatives and “and/or.”

[0032] Throughout this application, the term “about™ is used to indicate that a value includes
the standard deviation of error for the device or method being employed to determine the value.
[0033] Conditions of interest for treatment with engineered keratinocytes of the present
invention include, without limitation, various forms of Epidermolysis Bullosa, including
acquired and congenital forms, the latter of which may be recessive or dominant.

[0034] Based on the recent classification system, Dystrophic Epidermolysis Bullosa (DEB)
includes three subtypes: recessive DEB, severe generalized (RDEB-sev gen) (formerly called
Hallopeau-Siemens type (RDEB-HS); recessive DEB, generalized other (RDEB-O) (formerly
called non-Hallopeau-Siemens type (RDEB-non-HS); and dominant DEB (DDEB). In RDEB-
sev gen, blisters affecting the whole body may be present in the neonatal period. Oral
involvement may lead to mouth blistering, fusion of the tongue to the floor of the mouth, and
progressive diminution of the size of the oral cavity. Esophageal erosions can lead to webs and
strictures that can cause severe dysphagia. Consequently, severe nutritional deficiency and
secondary problems are common. Corneal erosions can lead to scarring and loss of vision.
Blistering of the hands and feet followed by scarring fuses the digits into “mitten” hands and
feet, a hallmark of this disorder. The lifetime risk of aggressive squamous cell carcinoma is over

90%. In DDEB, blistering is often mild and limited to hands, feet, knees, and elbows, but
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nonetheless heals with scarring. Dystrophic nails, especially toenails, are common and may be
the only manifestation of DDEB.

[0035] Conventional treatment of manifestations is primarily supportive, including wound
dressing and nutritional support. Occupational therapy may help prevent hand contractures.
Surgical release of fingers often needs to be repeated.

[0036] Keratinocytes engineered to express wild-type C7 can find use in therapy for
Dystrophic Epidermolysis Bullosa.

[0037] In addition to inherited forms of EB, the acquired form of Epidermolysis Bullosa
(EBA) involves pathology in type VII collagen and may be treated with the engineered
keratinocytes of the disclosure. Circulating autoantibodies in patients with EBA recognize
epitopes in type VII collagen molecules, and molecular cloning of the type VII collagen cDNAs
have provided the tools to identify the predominant immunoepitopes within the amino-terminal
NC-1 domain of type VII collagen. The antigenic properties of the NC-1(VII) domain are
further highlighted by the fact that monoclonal antibodies, such as H3A and L3D, which are in
clinical use to map type VII collagen in the skin of patients with inherited forms of EB, also
identify epitopes in this portion of the protein. In addition to circulating autoantibodies
recognizing type VII collagen epitopes in EBA, bullous lesions in some patients with systemic
lupus erythematosus have also been associated with anti-type VII collagen antibodies.

[0038] Collagen. As used herein the term “collagen” refers to compositions in which at least
about 50%, at least about 60%, at least about 70%, at least about 80%, at least about 90%, at
least about 95%, or more of the protein present is collagen in a triple helical configuration. The
folding of the individual a—chains into the triple-helical conformation is predicated upon the
characteristic primary sequence, including repeating Gly-X-Y triplet sequences. Collagens are
widely found in vertebrate species and have been sequenced for many different species. Due to
the high degree of sequence similarity between species, collagen from different species can be
used for biomedical purposes, e.g., between mammalian species, although the human protein
may be preferred.

[0039] FACIT collagens (fibril-associated collagens with interrupted triple helices) include
types IX, XII, XIV, XIX, XX, and XXI. Several of the latter types of collagens associate with
larger collagen fibers and serve as molecular bridges, stabilizing the organization of the
extracellular  matrix. Collagen VII, (COL7A1, Chromosome 3, NC 000003.10
(48576510..48607689, complement)) is of particular interest. Type VII collagen is a major

component of anchoring fibrils.
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[0040] Type VII collagen is a long, 424 nm, triple-helical domain with flanking non-
collagenous sequences. Type VII collagen molecules include a central collagenous, triple-
helical segment flanked by the non-collagenous NC-1 and NC-2 domains. Unlike interstitial
collagens, the repeating Gly-X-Y sequence is interrupted by 19 imperfections due to insertions
or deletions of amino acids in the Gly-X-Y repeat sequence. Most notably, in the middle of the
triple-helical domain, there is a 39-amino acid non-collagenous “hinge” region which is
susceptible to proteolytic digestion with pepsin. The amino-terminal NC-1 domain of type VII,
approximately 145 kDa in size, includes sub-modules with homology to known adhesive
proteins, including segments with homology to cartilage matrix protein (CMP), nine consecutive
fibronectin type Ill-like (FN-IIT) domains, a segment with homology to the A domain of von
Willebrand factor, and a short cysteine and proline-rich region. The carboxy-terminal non-
collagenous domain, NC-2, is relatively small, ~30kDa, and it contains a segment with
homology to Kunitz protease inhibitor molecule.

[0041] The human type VII collagen gene, COL7Al has a complex structure with a total of
118 separate exons. The gene is, however, relatively compact, and most of the introns are
relatively small; consequently, the size of the entire human COL7A1 gene is only ~32 kb,
encoding a messenger RNA of ~8.9 kb. COL7AI has been mapped to the short-arm of human
chromosome 3, region 3p21.1. The type VII collagen gene structure and the encoded primary
sequence of the protein are well conserved, and for example, the mouse gene shows 84.7%
homology at the nucleotide and 90.4% identity at the protein level.

[0042] Type VII collagen is synthesized both by epidermal keratinocytes and dermal
fibroblasts in culture. Upon synthesis of complete pro-al(VII) polypeptides, three polypeptides
associate through their carboxy-terminal ends to a trimer molecule which in its collagenous
portion folds into the triple-helical formation. The triple-helical molecules are then secreted to
the extracellular milieu where two types of VII collagen molecules align into an anti-parallel
dimer with the amino-terminal domains present at both ends of the molecule. This dimer
assembly is accompanied by proteolytic removal of a portion of the carboxy-terminal end of
both type VII collagen molecules and stabilization by inter-molecular disulfide bond formation.
Subsequently, a large number of these anti-parallel dimers aggregate laterally to form anchoring
fibrils.

[0043] Glycine substitution mutations in the triple helical domain of COL7A1 (especially in
exons 73, 74, and 75) predominate in Dominant Dystrophic Epidermolysis Bullosa (DDEB).
Mutations p.Gly2034Arg and p.Gly2043Arg are the most common DDEB-causing mutations,

making up 50% of the dominant mutations reported in the largest US cohort. Glycine
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substitutions as well as other amino acid substitutions and splice junction mutations outside of
this region may also be found in dominant DEB.

[0044] More than 400 recessive DEB-causing mutations spanning the entire gene have been
described for all forms of DEB. Each mutation, however, accounts for no more than 1%-2% of
the total number of mutations. Null mutations predominate in RDEB, though glycine
substitutions and other amino acid substitutions have been described. Milder forms of RDEB
are often caused by splice junction mutations or other missense mutations.

[0045] A “native sequence” polypeptide is one that has the same amino acid sequence as a
polypeptide derived from nature. Such native sequence polypeptides can be produced by
recombinant means according to the methods set forth herein. Thus, a native sequence
polypeptide can have the amino acid sequence of, e.g., naturally occurring human polypeptide,
murine polypeptide, or polypeptide from any other mammalian species, and the like. The term
“native sequence collagen VII protein” includes the native proteins with or without the initiating
N-terminal methionine (Met).

[0046] A “variant” polypeptide means a biologically active polypeptide as defined below
having less than 100% sequence identity with a native sequence polypeptide. Such variants
include polypeptides wherein one or more amino acid residues are added at the N- or C-terminus
of, or within, the native sequence; from about one to forty amino acid residues are deleted, and
optionally substituted by one or more amino acid residues; and derivatives of the above
polypeptides, wherein an amino acid residue has been covalently modified so that the resulting
product has a non-naturally occurring amino acid. Ordinarily, a biologically active collagen VII
variant will have an amino acid sequence having at least about 90% amino acid sequence
identity with a native sequence collagen VII polypeptide, preferably at least about 95%, more
preferably at least about 99%.

[0047] A “functional derivative” of a native sequence collagen, VII polypeptide is a compound
having a qualitative biological property in common with a native sequence collagen VII
polypeptide. “Functional derivatives™ include, but are not limited to, fragments of a native
sequence and derivatives of a native sequence collagen VII polypeptide and its fragments,
provided that they have a biological activity in common with a corresponding native sequence
collagen VII polypeptide. The term “derivative” encompasses both amino acid sequence
variants of collagen VII polypeptide and covalent modifications thereof.

[0048] The term “wound bed” refers to the uppermost viable layer of wound. In one

embodiment, the wound bed is covered by slough or eschar. In another embodiment, the wound
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bed can be assessed for presence of granulation tissue fibrin slough, eschar, bone, tendon, and/or
other underlying structures.

[0049] The term “virus transduction efficiency (VTE) test” is a test to measure the ratio of the
number of viral transduced cells to the total cells subject to the transduction. In one
embodiment, the VTE is measured by immunofluorescent staining with antibody targeting a
protein expressed on the transduced virus. In another embodiment, the VTE is measured by
real-time PCR or quantitative PCR.

[0050] The term “proviral genome copy number” or “PGCN” refers to the number of proviral
DNA copies in the virally transduced cells. Thus, the PGCN test measures the copy number of
proviral DNA in a cell after viral transduction or infection. In one embodiment, the copy
number is measured by real-time PCR or quantitative PCR. In another embodiment, PGCN is
measured by southemn blot or a high-throughput method. In some embodiment, the PGCN is
less than 3, 2, 1, 0.5. In some embodiment, the PGCN is more than 3, 10, 100, or 1,000.

[0051] The term “sterility test” refers to a test which attempts to reveal the presence or absence
of viable contaminating micro-organisms in a sample, and is often used to eliminate false
positive results. In one embodiment, the false positive results are generated due to
contamination from the environment or errors.

[0052] The term “endotoxin”™ refers to a toxin associated with the outer membranes of certain
gram-negative bacteria, including, but not limited to, Brucella, Neisseria, and Vibrio species. In
one embodiment, the endotoxins are not secreted but are released only when the cells are
disrupted. The endotoxin can be measured or tested by a gel-clot method, a chromogenic
method, a turbidimetric method, or combination thereof.

[0053] The term “mycoplasma” refers to a population of bacteria that lack a cell wall around
their cell membrane such that the bacteria are less affected or unaffected by certain types of
antibiotics. The mycoplasma test includes, but is not limited to, Agar-and-broth procedure,
DNA detection, Enzymatic and ELISA methods, and PCR.

[0054] The term “gram stain sterility test” refers to a procedure for detecting bacteria and/or
fungi in the sample. In one embodiment, the gram stain sterility test can show the presence or
absence of bacteria or fungi in the sample, and/or their general types.

[0055] The term “viability test” refers to a test to determine the ability of organs, cells or
tissues to maintain or recover viability, which includes, but is not limited to, mechanical activity,
motility, contraction, mitotic activity of the organs, cells, or tissues. In one embodiment, the
LZRSE-COL7A1 Engineered Autologous Epidermal Sheets (LEAES) viability test is to test the

ability of cells or tissues on LEAES to maintain or recover viability.
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[0056] The term “replication competent retrovirus (RCR),” in this disclosure, refers to the
retrovirus that is capable of replication, even though the retroviral vectors are designed to be
replication defective. In one embodiment, the RCR is generated during manufacturing through
homologous or non-homologous recombination between the transfer vector, packaging
components and endogenous retroviral elements in producer cells. An RCR test is to detect the
RCR in a sample.

[0057] The term “cytotoxic T cell assay” refers to an assay for evaluating cell-mediated
immune functions.

[0058] The term “post-release test,” in this disclosure, refers to one or more tests after the
epidermal sheet is released from the plate, including, but not limited to, sterility test, RCR test,
mycoplasma test, viability test, and gram stain sterility test.

[0059] The term “genetic modification™ refers to a process of altering a gene of an organism or
inserting a gene from one organism into another organism. In one embodiment, the genetic
modification comprises, consists essentially of, or yet consists of insertion, deletion, and/or
mutation. The term “insertion” means addition of one or more nucleotide base pairs into a
nucleotide sequence. The term “deletion”™ refers to a part of a chromosome or a nucleotide
sequence that is removed or missing. The term “mutation” is alteration of nucleotide sequence
(e.g., DNA sequence). The mutation can occur in various sizes, including, but not limited to, a
single base pair (i.e., point mutation), several base pairs, or up to a large segment of
chromosome.

[0060] The term “conservative genetic modification” refers to genetic modification that
maintain same or similar biochemical properties of a polypeptide encoded by the genetically
modified gene. For example, both aspartic acid and glutamic acid are both small, negatively
charged residues. In some embodiment, it is a conservative genetic modification by mutate
aspartic acid to glutamic acid in a polypeptide.

[0061] Prolyl 4-hydroxylase (P4HA: EC 1.14.11.2) plays a central role in collagen synthesis.

It catalyzes the formation of 4-hydroxyproline in collagens by hydroxylation of proline residues
in peptide linkages. The 4-hydroxyproline residues are essential for the folding of the newly
synthesized procollagen polypeptide chain into triple helical molecules. The active enzyme is a
tetramer of 2 alpha and 2 beta subunits with a molecular weight of about 240,000. The beta
subunit (P4HB) is identical to the enzyme disulfide isomerase (EC 5.3.4.1) and a major cellular
thyroid-binding protein. The alpha subunit contributes to a major part of the catalytic site of the

enzyme. The polypeptide is 517 amino acid residues and a signal peptide of 17 amino acids.
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[0062] The P4AHA gene covers more than 69 kilobases and consists of 16 exons. Evidence had
previously been presented for a mutually exclusive alternative splicing of RNA transcripts of the
gene. The present data indicated that the mutually exclusive sequences found in the mRNAs are
coded by 2 consecutive, homologous 71-bp exons, 9 and 10. These exons are identical in their
first 5 base pairs and the overall identity between them is 61% at the nucleotide level and 58% at
the level of the coded amino acids. Both types of mRNA were found to be expressed in all of
the tissues studied, but in some tissues the type coding for the exon 9 or exon 10 sequences was
more abundant than the other type.

[0063] By “nucleic acid construct” it is meant a nucleic acid sequence that has been
constructed to comprise one or more functional units not found together in nature. Examples
include circular, linear, double-stranded, extrachromosomal DNA molecules (plasmids),
cosmids (plasmids containing COS sequences from lambda phage), viral genomes comprising
non-native nucleic acid sequences, and the like.

[0064] In the present methods, collagen VII is produced by introducing into a cell population
on an integrating, usually viral expression construct. The DNA encoding collagen VII
polypeptide may be obtained from any cDNA library prepared from tissue expressing the
collagen VII polypeptide mRNA, prepared from various sources. The collagen VII polypeptide-
encoding gene may also be obtained from a genomic library or by oligonucleotide synthesis. An
alternative means to isolate the gene encoding is to use PCR methodology.

[0065] The nucleic acid (e.g., cDNA or genomic DNA) encoding the collagen VII polypeptide
is inserted into a construct for expression, operably linked to elements required for expression.
Many such constructs are available. The components generally include, but are not limited to,
one or more of the following: the coding sequence, one or more marker genes, an enhancer
element, a promoter, and a transcription termination sequence.

[0066] A “vector” is capable of transferring nucleic acid sequences to target cells. For
example, a vector may comprise a coding sequence capable of being expressed in a target cell.

% ¢

For the purposes of the present invention, “vector construct,” “expression vector,” and “gene
transfer vector,” generally refer to any nucleic acid construct capable of directing the expression
of a gene of interest and which is useful in transferring the gene of interest into target cells.
Thus, the term includes cloning and expression vehicles, as well as integrating vectors.

[0067] An “expression cassette” comprises any nucleic acid construct capable of directing the
expression of any RNA transcript including gene/coding sequence of interest as well as non-

translated RNAs, such as shRNAs, microRNAs, siRNAs, anti-sense RNAs, and the like. Such
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cassettes can be constructed into a “vector,” “vector construct,
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transfer vector,” in order to transfer the expression cassette into target cells. Thus, the term
includes cloning and expression vehicles, as well as viral vectors.

[0068] Nucleic acids are “operably linked” when placed into a functional relationship with
another nucleic acid sequence. For example, DNA for a signal sequence is operably linked to
DNA for a polypeptide if it is expressed as a preprotein that participates in the secretion of the
polypeptide; a promoter or enhancer is operably linked to a coding sequence if it affects the
transcription of the sequence; or a ribosome binding site is operably linked to a coding sequence
if it is positioned so as to facilitate translation. Generally, “operably linked” means that the
DNA sequences being linked are contiguous, and, in the case of a secretory leader, contiguous
and in reading phase. However, enhancers do not have to be contiguous. Linking is
accomplished by ligation at convenient restriction sites. If such sites do not exist, the synthetic
oligonucleotide adapters or linkers are used in accordance with conventional practice.

[0069] Expression vectors will contain a promoter that is recognized by the autologous
leukocyte, or a host cell for expression of mRNAs, and is operably linked to the collagen VII
coding sequence. Promoters are untranslated sequences located upstream (5') to the start codon
of a structural gene (generally within about 100 bp to 1000 bp) that control the transcription and
translation of particular nucleic acid sequence to which they are operably linked. Such
promoters typically fall into two classes, inducible and constitutive. Inducible promoters are
promoters that initiate increased levels of transcription from DNA under their control in
response to some change in culture conditions, e.g., the presence or absence of a nutrient or a
change in temperature. A large number of promoters recognized by a variety of potential host
cells are well-known. Heterologous promoters are preferred, as they generally permit greater
transcription and higher yields.

[0070] Transcription from vectors in mammalian host cells may be controlled, for example, by
promoters obtained from the genomes of viruses such as polyomavirus, fowlpox virus,
adenovirus (such as adenovirus 2), bovine papilloma virus, avian sarcoma virus,
cytomegalovirus, a retrovirus, hepatitis-B, simian virus 40 (SV40), from heterologous
mammalian promoters, e.g., the actin promoter, PGK (phosphoglycerate kinase), or an
immunoglobulin promoter, from heat-shock promoters, provided such promoters are compatible
with the host cell systems. The early and late promoters of the SV40 virus are conveniently
obtained as an SV40 restriction fragment that also contains the SV40 viral origin of replication.
The immediate early promoter of the human cytomegalovirus is conveniently obtained as a

HindIII E restriction fragment.
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[0071] Transcription by higher eukaryotes is often increased by inserting an enhancer
sequence into the vector. Enhancers are cis-acting elements of DNA, usually about from 10 bp
to 300 bp, which act on a promoter to increase its transcription. Enhancers are relatively
orientation and position independent, having been found 5' and 3' to the transcription unit, within
an intron, as well as within the coding sequence itself. Many enhancer sequences are now
known from mammalian genes (globin, elastase, albumin, a—fetoprotein, and insulin).
Typically, however, one will use an enhancer from a eukaryotic cell virus. Examples include the
SV40 enhancer on the late side of the replication origin, the cytomegalovirus early promoter
enhancer, the polyoma enhancer on the late side of the replication origin, and adenovirus
enhancers. The enhancer may be spliced into the expression vector at a position 5' or 3' to the
coding sequence, but is preferably located at a site 5' from the promoter.

[0072] Expression vectors used in eukaryotic host cells will also contain sequences necessary
for the termination of transcription and for stabilizing the mRNA. Such sequences are
commonly available from the 5' and, occasionally 3', untranslated regions of eukaryotic or viral
DNAs or ¢cDNAs. These regions contain nucleotide segments transcribed as polyadenylated
fragments in the untranslated portion of the mRNA.

[0073] Vectors and systems for integration of an expression cassette into a cell are known in
the art, and may include, without limitation, retroviral vectors. Many vectors useful for
transferring exogenous genes into target mammalian cells are available. Retrovirus-based
vectors have been shown to be particularly useful. Combinations of retroviruses and an
appropriate packaging line may be used, where the capsid proteins will be functional for
infecting the target cells. Usually, the cells and virus are incubated for at least about 24 hours in
the culture medium. The cells are then allowed to grow in the culture medium for short intervals
in some applications, e.g., 24-73 hours, or for at least two weeks, and may be allowed to grow
for five weeks or more, before analysis. Commonly used retroviral vectors are “defective,” i.e.,
unable to produce viral proteins required for productive infection. Replication of the vector
requires growth in the packaging cell line.

[0074] The host cell specificity of the retrovirus is determined by the envelope protein, env
(p120). The envelope protein is provided by the packaging cell line. Envelope proteins are of at
least three types, ecotropic, amphotropic, and xenotropic. Retroviruses bearing amphotropic
envelope protein, e.g., 4070A (Danos et al, supra.), are capable of infecting most mammalian
cell types, including human, dog, and mouse. Amphotropic packaging cell lines include PA12
(Miller et al. (1985) Mol. Cell. Biol. 5:431B437); PA317 (Miller et al. (1986) Mol. Cell. Biol.

6:2895B2902); GRIP (Danos et al. (1988) PNAS 85:6460B6464). Retroviruses packaged with
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xenotropic envelope protein, e.g., AKR env, are capable of infecting most mammalian cell
types, except murine cells. The sequences at the 5' and 3' termini of the retrovirus are long
terminal repeats (LTR). A number of LTR sequences are known in the art and may be used,
including the MMLV-LTR; HIV-LTR; AKR-LTR; FIV-LTR; ALV-LTR; etc. The 5' LTR acts
as a strong promoter, driving transcription of the introduced gene after integration into a target
cell genome.

[0075] Keratinocytes. Freshly collected primary keratinocytes may be collected, isolated from
a skin punch biopsy, and transduced following a period of culture to isolate the keratinocytes
from dermal cells. In vitro-expanded epithelial keratinocytes can form a sheet. In some
embodiments, the transduced cells are administered to the patient within about 1 to 100 days, 1
to 50 days, 1 to 20 days, 1 to 10 days, 1 to 5 days, 1 to 3 days, 1 to 2 days, or 1 day from the
time the cells were transduced.

[0076] Any of a variety of culture media may be used in the present methods as would be
known to the skilled person (see e.g., Current Protocols in Cell Culture, 2000-2009 by John
Wiley & Sons, Inc.). Illustrative media also includes, but is not limited to, keratinocyte medium,
which may be serum-free, and may contain appropriate keratinocyte supplements.

[0077] The disclosure provides a method for treating Epidermolysis Bullosa (EB) in a subject,
the method comprising, alternatively consisting essentially of, or yet further consisting of
obtaining the subject a population of skin cells; correcting the skin cells ex vivo by integration of
a genetic construct encoding functional (e.g., full-length wild-type) human collagen VII
(COL7A1) protein; culturing the genetically corrected cells to form a keratinocyte sheet; and
transplanting a graft of the keratinocyte sheet to a skin wound bed. The disclosure also relates to
use of a population of skin cells to treat Epidermolysis Bullosa (EB) in a subject, wherein the
population of skin cells is corrected by transduction with a virus comprising a genetic construct
encoding a full-length wild-type human collagen VII (COL7A1) protein to obtain a population
of transduced skin cells having a proviral genome copy number (PGCN) and wherein the PGCN
of the transduced population of skin cells is no more than 3. In some embodiments, the
genetically corrected cells are cultured in a DFF31 medium comprising, alternatively consisting
essentially of, or yet further consisting of Dulbecco’s Modified Eagle Medium and F12 medium.
In one embodiment, the skin cells are corrected by transduction with a virus comprising,
alternatively consisting essentially of, or vet further consisting of the expression construct,
wherein the virus comprises, alternatively consists essentially of, or yet further consists of
retrovirus, AAV (adeno-associated virus), or lentivirus. In another embodiment, the retrovirus is

LZRSE-virus. In one embodiment, the retrovirus is GalV-pseudotyped. In a further
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embodiment, the keratinocytes thus transduced meet pre-release criteria of virus transduction
efficiency (VTE) >50% and proviral genome copy number (PGCN) < 3. In some embodiments,
the PGCN is less than 2.5, 2, 1.5, or 1. In another embodiment, the PGCN is between 3-20, 20-
40, 40-60, 60-80, or 80-100. In another embodiment, the PGCN is more than 100. In some
embodiments, the keratinocyte sheet differs in size. One of ordinary skill in the art can
determine the size of the keratinocyte sheet.

[0078] In some embodiment, the endogenous mutated, dysfunctional, or truncated C7 gene is
replaced, using a CRISPR/Cas system (or vector encoding said CRIPSR/Cas system) as
described herein and a “donor” sequence (e.g., a functional COL741 cDNA or C7 gene or a full-
length wide-type COL741 cDNA or gene ) that is inserted into the gene following targeted
cleavage. CRISPR/Cas systems are found in 40% of bacteria and 90% of archaea and differ in
the complexities of their systems. See, e.g., U.S. Pat. No. 8,697,359, which is incorporated by
reference in its entirety. The CRISPR loci (clustered regularly interspaced short palindromic
repeat) is a region within the organism's genome where short segments of foreign DNA are
integrated between short repeat palindromic sequences. These loci are transcribed and the RNA
transcripts (“pre-crRNA™) are processed into short CRISPR RNAs (crRNAs). There are three
types of CRISPR/Cas systems which all incorporate these RNAs and proteins known as “Cas™
proteins (CRISPR associated). Types I and III both have Cas endonucleases that process the
pre-ctRNAs, that, when fully processed into crRNAs, assemble a multi-Cas protein complex that
is capable of cleaving nucleic acids that are complementary to the crRNA. CRISPR/Cas system
that binds to target site in a region of interest in an endogenous gene (e.g., an endogenous or safe
harbor gene, or a regulatory gene or its DNA target) in a genome, wherein the CRISPR/Cas
system comprises one or more engineered single guide RN As that recognize the target gene and
a functional domain (e.g., a transcriptional regulatory domain and/or a nuclease domain). In
some embodiment, the CRISPR/Cas system as described herein may bind to and/or cleave the
region of interest (e.g., endogenous C7 gene from EB tissues) in a coding or non-coding region
within or adjacent to the gene, such as, for example, a leader sequence, trailer sequence or
intron, or within a non-transcribed region, either upstream or downstream of the coding region.
In certain embodiments, the CRISPR/Cas binds to and/or cleaves a gene, e.g., the mutated,

dysfunctional, or truncated C7 gene.

[0079] In one aspect, the wound is free of non-corrected wound bed keratinocytes. In one

embodiment, the wound is treated to ablate non-corrected wound bed keratinocytes. In another
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aspect, the subject suffers from Recessive Dystrophic Epidermolysis Bullosa (RDEB). In a

different aspect, the subject is human.

[0080] In another embodiment, the keratinocyte sheet is subject to one or more tests selected
from a group consisting of VTE test, PGCN test, sterility test, endotoxin test, mycoplasma test,
gram stain sterility test, LEAES viability test, post-release test, RCR test, cytotoxic T cell assay,
anti-C7 LH24 mAb characterization, electron microscopy, Immuno-electron microscopy,
immunofluorescence staining, C7 expression, and AF analysis. In one aspect, the
immunofluorescence staining comprises, alternatively consists essentially of, or yet further
consists of direct or indirect immunofluorescence staining.

[0081] In some embodiments, the keratinocyte sheet is placed on an acellular matrix, a
collagen matrix, or a biocompatible mesh. In one embodiment, the biocompatible mesh is made
of thermoplastic resin, polyethylene, ultra-high molecular weight polyethylene, high molecular
weight polyolefin, uncoated monofilament polypropylene, polyether ether ketone, polyethylene
terephthalate, polytetrafluoroethylene, expanded polytetrafluoroethylene, nylon, silicon, or any
combination thereof.

[0082] In some embodiments, the skin cells comprise, alternatively consist essentially of, or
yet further consist of keratinocytes. In one embodiment, the skin cells comprise, alternatively
consist essentially of, or yet further consist of stem cells. In another embodiment, the method
further comprises, alternatively consists essentially of, or yet further consists of differentiating
the stem cells into keratinocytes. In one aspect, the stem cells are differentiated before, after or
during transduction. In some embodiments, the stem cells are differentiated (e.g., into
keratinocytes or corneal epithelial cells) before the transduction. In some embodiments, the
stem cells are differentiated after the transduction. In a further embodiment, the stem cells are
differentiated during the transduction.

[0083] Patients with RDEB can frequently develop debilitating painful corneal erosion. Thus,
provided in the disclosure is also a method for treating corneal erosion in a subject, the method
comprising, alternatively consisting essentially of, or yet further consisting of obtaining from the
subject a population of corneal cells; correcting the corneal cells ex vivo by integration of a
genetic construct encoding functional (e.g., full-length wild-type) human collagen VII
(COL7A1) protein; culturing the genetically corrected cells to form a corneal cell sheet; and
transplanting a graft of the corneal cell sheet to a comeal surface. In some aspect, the comeal
cells comprise, alternatively consist essentially of, or yet further consist of corneal epithelial

cells. In another aspect, the corneal cells comprise, alternatively consist essentially of, or yet
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further consist of stem cells. In some embodiment, the method further comprises, alternatively
consists essentially of, or yet further consists of differentiating the stem cells into corneal
epithelial cells.

[0084] In some aspect, the corneal cells are corrected by transduction with a virus comprising
the genetic construct, wherein the virus comprises, alternatively consists essentially of, or yet
further consists of retrovirus, lentivirus, or AAV. In one embodiment, the retrovirus is LZRSE-
virus. In some embodiments, the retrovirus is GalV-pseudotyped. In some embodiments, the
corneal cells thus transduced meet pre-release criteria of virus transduction efficiency (VTE)
>50% and proviral genome copy number (PGCN) < 3. In some embodiments, the PGCN is less
than 2.5, 2, 1.5, or 1. In another embodiment, the PGCN is between 3-20, 20-40, 40-60, 60-80,
or 80-100. In another embodiment, the PGCN is more than 100. In some aspect, the subject
suffers from Recessive Dystrophic Epidermolysis Bullosa (RDEB). In a different aspect, the
subject is human.

[0085] In one aspect, the corneal cell sheet is subject to one or more tests selected from a
group consisting of VTE test, PGCN test, sterility test, endotoxin test, mycoplasma test, gram
stain sterility test, LEAES viability test, post-release test, RCR test, cytotoxic T cell assay, anti-
C7 LH24 mAb characterization, electron microscopy, Immuno-electron microscopy,
immunofluorescence staining, C7 expression, and AF analysis. In one embodiment, the
immunofluorescence staining comprises, alternatively consists essentially of, or yet further
consists of direct or indirect immunofluorescence staining. In some embodiments, the comeal
cell sheet is placed on an acellular matrix, collagen matrix, or a biocompatible mesh.

[0086] In one aspect, the biocompatible mesh can be made from non-resorbable materials,
including, but not limited to, biocompatible metals such as titanium alloys, stainless steel,
cobalt-chromium alloys, and nickel-titanium alloys. In another aspect, the layer of
biocompatible mesh can be made from non-resorbable polymeric materials, including, but not
limited to, thermoplastic resins, polyethylenes, ultra-high molecular weight polyethylene, high
molecular weight polyolefins, uncoated monofilament polypropylene, polyether ether ketone,
polyethylene terephthalate, polytetrafluoroethylene, expanded polytetrafluoroethylene, nylon,
any polymer or aliphatic hydrocarbons containing one or more double bonds, any other
appropriate porous materials, or any other appropriate porous material that can be bent or
otherwise formed into a shape.

[0087] In another aspect, the biocompatible mesh can be composed of a synthetic or biological
resorbable polymeric material, including, but not limited to, polyglycolic acid, poly-L-lactic acid

(PLLA), poly-D,L-lactic acid (PDLA), trimethylene carbonate (TMC), poly-£-caprolactone,
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poly-P-dioxanone, copolymers of lactide and glycolide (PLGA), polyhydroxy-3-butyrate,
collagen, hyaluronic acid, silk, biocellulose, other protein-based polymers, polysaccharides,
poly(DTE carbonate), polyarylates, blends of PLLA, PLDA, or PLGA with TMC and other
combinations of these polymers.

[0088] In one embodiment, the biocompatible mesh is made of thermoplastic resin,
polyethylene, ultra-high molecular weight polyethylene, high molecular weight polyolefin,
uncoated monofilament polypropylene, polyether ether ketone, polyethylene terephthalate,
polytetrafluoroethylene, expanded polytetrafluoroethylene, nylon, silicon, or any combination
thereof.

[0089] Also provided in this disclosure is a composition comprising, alternatively consisting
essentially of, or yet further consisting of a keratinocyte sheet, wherein the keratinocyte sheet is
prepared by a process comprising, alternatively consisting essentially of, or yet further
consisting of the steps of: obtaining a population of skin cells from a subject; correcting the skin
cells ex vivo by integration of a genetic construct encoding functional (e.g., full-length wild-
type) human collagen VII (COL7A1) protein; culturing the genetically corrected cells to form
the keratinocyte sheet. In some embodiments, the skin cells comprise, alternatively consist
essentially of, or yet further consist of keratinocytes. In one embodiment, the skin cells
comprise, alternatively consist essentially of, or yet further consist of stem cells. In another
embodiment, the stem cells are differentiated to keratinocytes. In some embodiments, the stem
cells are differentiated before, after or during the transduction.

[0090] Further provided is a pharmaceutical composition comprising, alternatively consisting
essentially of, or yet further consisting of a keratinocyte sheet, said keratinocyte sheet
comprising, alternatively consisting essentially of, or yet further consisting of skin cells ex vivo
integrated with a genetic construct encoding a functional COL7A1 protein. In one aspect, the
skin cells are obtained from a subject. In some embodiments, the subject is human. In some
embodiments, the skin cells are differentiated from stem cells ex vivo integrated with the genetic
construct encoding the functional COL7A1 protein. In one embodiment, the subject suffers
from RDEB. In some embodiment, the skin cells or the stem cells are transduced with a virus
comprising the genetic construct, wherein the virus comprises retrovirus, lentivirus, or AAV.
[0091] In one embodiment, the functional COL7A1 protein is a full-length wild-type human
COL7A1 protein. In one aspect, the functional COL7A1 protein comprises, alternatively
consists essentially of, or yet further consists of a genetic modification from a full-length wild-
type human COL7A1 protein. In another aspect, the functional COL7A1 protein comprises,

alternatively consists essentially of, or yet further consists of a genetic modification from a full-
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length wild-type human COL7A1 protein, wherein the genetic modification is conservative. In a
further aspect, the genetic modification comprises, alternatively consists essentially of, or yet
further consists of insertion, deletion, and/or mutation.

[0092] Also provided in this disclosure is a pharmaceutical composition comprising,
alternatively consisting essentially of, or yet further consisting of a comeal cell sheet, said
corneal cell comprising corneal cells ex vivo integrated with a genetic construct encoding a
functional COL7A1 protein. In some embodiments, the corneal cells are differentiated from
stem cells ex vivo integrated with the genetic construct encoding the functional COL7A1 protein.
In another embodiment, the corneal cells are obtained from a subject. In one embodiment, the
subject suffers from RDEB. In some embodiments, the subject is human. In some
embodiments, the corneal cells or stem cells are transduced with a virus comprising the genetic
construct, wherein the virus comprises retrovirus, lentivirus, or AAV. In one embodiment, the
retrovirus is LZRSE-virus. In some embodiment, the retrovirus is GalV-pseudotyped. In a
further embodiment, the transduced cells meet pre-release criteria of virus transduction
efficiency (VTE) >50% and proviral genome copy number (PGCN) < 3.

[0093] In one aspect, the functional COL7A1 protein is a full-length wild-type human
COL7AL protein.

[0094] In certain embodiments, cells are cultured for 1-21 days. In further embodiments, cells
are cultured 7, 14, 21 days or longer. Thus, cells may be cultured under appropriate conditions
for1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, or more days. Cells are re-plated, and media and supplements may be added or changed as
needed using techniques known in the art.

[0095] In certain embodiments, the genetically altered keratinocytes may be cultured under
conditions and for sufficient time periods such that at least 5%, 10%, 15%, 20%, 25%, 30%,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%,
99% or 100% of the cells express the C7 transgene.

[0096] In one embodiment, the cell compositions of the present disclosure comprise,
alternatively consist essentially of, or yet further consist of a genetically altered autologous
keratinocyte population, expressing a native human C7 protein in an amount effective for the
treatment of EB. Target cell populations are grown in sheets for engraftment onto a subject, in
combination with one or more pharmaceutically or physiologically acceptable carriers, diluents
or excipients. Such compositions may comprise buffers such as neutral buffered saline,

phosphate buffered saline and the like; carbohydrates such as glucose, mannose, sucrose or
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dextran, mannitol; proteins; polypeptides or amino acids such as glycine; antioxidants; chelating
agents such as EDTA or glutathione; adjuvants (e.g., aluminum hydroxide); and preservatives.
[0097] Cell compositions of the present disclosure are administered in a manner appropriate to
the treatment of EB. The quantity and frequency of administration will be determined by such
factors as the condition of the patient, and the type and severity of the patient’s disease, although
appropriate dosages may be determined by clinical trials.

[0098] The cells may be administered to the subject by methods well known to those of skill in
the art, typically in the form of a skin graft. A medical practitioner will be able to determine a
suitable administration route for a particular subject based, in part, on the type and location of
the disease. The transfected cells may be administered locally to a wound site.

[0099] Pharmaceutical preparations of engineered cells for administration to a subject are
contemplated by the present invention. One of ordinary skill in the art would be familiar with
techniques for administering cells to a subject. Furthermore, one of ordinary skill in the art
would be familiar with techniques and pharmaceutical reagents necessary for preparation of
these cell sheets prior to administration to a subject.

[0100] In certain embodiments of the present invention, the pharmaceutical preparation is an
aqueous composition that comprises, alternatively consists essentially of, or yet further consists
of the engineered cells that have been modified to over-express C7 and optionally prolyl-4-
hydroxylase. In certain embodiments, the transduced cell is prepared using cells that have been
obtained from the subject (i.e., autologous cells).

[0101] Pharmaceutical compositions of the present invention comprise an effective amount of
a solution of the transfected cells in a pharmaceutically acceptable carrier or aqueous medium.
As used herein, “pharmaceutical preparation” or “pharmaceutical composition” includes any and
all solvents, dispersion media, coatings, antibacterial and antifungal agents, isotonic and
absorption delaying agents, and the like. The use of such media and agents for pharmaceutical
active substances is well known in the art. Except insofar as any conventional media or agent is
incompatible with the cells, its use in the therapeutic compositions is contemplated.
Supplementary active ingredients can also be incorporated into the compositions. For human
administration, preparations should meet sterility, pyrogenicity, general safety, and purity
standards as required by the FDA Center for Biologics.

[0102] A person of ordinary skill in the art would be familiar with techniques for generating
sterile solutions for application by any other route. Determination of the size of the cell graft
and the number of cells on the graft will be made by one of skill in the art. In certain aspects,

multiple doses may be administered over a period of days, weeks, months, or years. A subject
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may receive, for example, 1, 2, 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20
pieces of graft in the same area or a different area. In one embodiment, the subject may be re-
grafted in the same area or a different area. In another embodiment, the subject’s biological
sample (e.g., keratinocytes or corneal cells) is stored in proper conditions. Once the biological
sample is stored, no punch biopsy is necessary if the subject requires a new graft. The stored
biological samples can provide sufficient or supplemental information to determine the graft
needed by the subject.

[0103] When “an effective amount” or “therapeutic amount” is indicated, the precise amount
of the compositions of the present disclosure to be administered can be determined by a
physician with consideration of individual differences in age, weight, and condition of the
patient (subject). It can generally be stated that a cell composition comprising the cells
described herein may be administered in the amount of 1-100, 1-10°, 1-10*, 1-10°, 1-10°, 1-10’,
or more than 10’ cells, including all integer values within those ranges. Cell compositions may
also be administered multiple times at these dosages. The cells can be administered by using
infusion techniques that are commonly known in immunotherapy (see, e.g., Rosenberg et al.,
New Eng. J. of Med. 319:1676, 1988). The optimal dosage and treatment regime for a particular
patient can readily be determined by one skilled in the art of medicine by monitoring the patient
for signs of disease and adjusting the treatment accordingly.

[0104] In certain embodiments of the present disclosure, keratinocytes that are genetically
engineered using the methods described herein, or other methods known in the art, are
administered to a patient in conjunction with (e.g., before, simultaneously, or following) any

number of relevant treatment modalities.
WORKING EXAMPLES

[0105] The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to make and use the present invention and are
not intended to limit the scope of what the inventors regard as their invention nor are they
intended to represent that the experiments below are all or the only experiments performed.
Efforts have been made to ensure accuracy with respect to numbers used (e.g., amounts,
temperature, etc.) but some experimental errors and deviations should be accounted for. Unless
indicated otherwise, parts are parts by weight, molecular weight is weight average molecular

weight, temperature is in degrees Centigrade, and pressure is at or near atmospheric.
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[0106] All publications and patent applications cited in this specification are herein
incorporated by reference as if each individual publication or patent application were
specifically and individually indicated to be incorporated by reference.

[0107] The present invention has been described in terms of particular embodiments found or
proposed by the present inventor to comprise preferred modes for the practice of the invention.
It will be appreciated by those of skill in the art that, in light of the present disclosure, numerous
modifications and changes can be made in the particular embodiments exemplified without
departing from the intended scope of the invention. For example, due to codon redundancy,
changes can be made in the underlying DNA sequence without affecting the protein sequence.
Moreover, due to biological functional equivalency considerations, changes can be made in
protein structure without affecting the biological action in kind or amount. All such

modifications are intended to be included within the scope of the appended claims.

Example 1

[0108] Cell reprogramming of autologous cells as treatment for recessive dystrophic
epidermolysis bullosa (RDEB).

[0109] Recessive Dystrophic Epidermolysis Bullosa (RDEB) is a severe blistering skin disease
caused by loss of function mutations of COL7A1, the gene coding for type VII collagen (C7).
C7 is the primary component of anchoring fibrils (AF), which stabilize the epidermal basement
membrane zone (BMZ) to the dermis. C7 performs this function through the use of multiple
domains, including an amino terminal non-collagenous NC1 domain which binds BMZ ligands,
a central collagenous domain, which assembles into a triple helix, and an NC2 domain, which
catalyzes C7 assembly into AFs. Loss of these functional C7 domains in RDEB results in severe
BMZ separation. This produces extensive and painful blistering, erosions, and scarring which in
turn can lead to an aggressive and often lethal form of SCC appearing in the second and third
decades. Despite advances in the molecular diagnosis of this disease, current therapy is limited
to palliative care. Clinical trials of allogeneic fibroblasts (Venugopal ef al, J Am. Acad.
Dermatol. 2013;69(6):898-908), bone marrow transplantation (Wagner et al, N. Engl. J. Med.
2010;363(7):629-639), intradermal and intravenous delivery of bone marrow-derived
mesenchymal stromal cells (Conget et al, Cytotherapy 2010;12(3):429-431; Petrof et al, J
Investig. Dermatol. 2015135 (9):2319-2321; Gorell et al, Pediatr. Dermatol. 201532 (2):220—
225) and skin substitutes (Falabella et al, Arch Dermatol. 2000;136(10):1225-342) have been

conducted with variable rates of efficacy and safety. Preclinical studies have explored potential
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treatment modalities, including intravenous and topical C7, induced pluripotent stem cells, and
aminoglycosides.

[0110] Gene therapy is a potentially powerful tool for treatment of monogenic diseases such as
RDEB. However, serious safety concerns were raised following gene transfer in patients with
severe combined immunodeficiency and Wiskott-Aldrich syndrome. Although insertional
mutagenesis still remains a potential concern, an advantage of cutaneous gene therapy is the
ability to clinically evaluate for neoplasms more easily due to the superficial placement of the
grafted tissue. Moreover, genetically modified skin grafts have been successfully used to treat
one patient with junctional EB, with long-term correction and without adverse side effects. The
platform for long-term C7 expression in regenerated human epidermis was established to be
grafted onto immunodeficient mice (Siprashvili et al, Hum. Gene Ther., 2010, 21(10):1299—
1310). This disclosure now provides the results of a Phase I clinical trial of ex vivo gene transfer
of LZRSE-COL7A1 Engineered Autologous Epidermal Sheets (LEAES) grafted onto subjects
with severe RDEB.

CLINICAL RESULTS

[0111] Subjects and Treatment. Out of 38 subjects screened, 8§ were consented in the study
and 4 subjects were enrolled and received grafts (Figure 2). Subjects carried various compound
heterozygous COL7A1 mutations resulting in expression of truncated C7 (NC1 domain) which
was detected in keratinocyte medium by Western blot (Figure 3), but not in tissue by IIF (Figure
1F, Figure 5B, 6B, 7B, 8B, 12). All subjects were male, with an average age of 23 (range: 18-
32), and an affected total body surface involvement from 4%-30%. Each had severe disease
with extracutaneous manifestations, including a history of anemia, esophageal strictures, and
pseudosyndactyly (Table 1).

[0112] Primary RDEB keratinocytes were isolated from unwounded skin and transduced with
LZRSE-COL7A1 retroviral vector with an average of 70% efficiency and 0.8 proviral genome
copies per cell (Figure 1B-D). Five scarred and/or eroded wounds and one induced wound were
grafted on each patient. The majority of grafted chronic wounds had been present for >5 years
(Table 3). All 24 grafts were serially monitored for percent wound healing, infection, pain, and
pruritus.

[0113] Efficacy. All subjects reported improved wound healing and skin strength as well as
decreased pain and itch in graft sites. Grafts showed decreased blistering compared with
baseline; representative photos from each subject are shown (Figure 1E, Figure SA, 6A, 7A, 8A,

12). In contrast, untreated wounds displayed continual blister formation (Figure 10).
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[0114] At 1 month post transplantation, 20/24 wounds (83%) showed >75% healing while
only 4 wounds showed 50%-74% healing (Table 3). At 3 months, 21/24 (87%) wounds were
>75% healed, while 3/24 (13%) were 50%-74% healed (Table 3). At 6 months, 16/24 (67%)
were >75% healed, 5/24 (21%) were 50%-75% healed, and only 3/24 (13%) grafted sites
displayed blisters and were considered graft failures (0%-49% healed).

[0115] The molecular analyses of LEAES grafts revealed robust C7 expression in 9/10 (90%)
samples at 3 months and in 8/12 (66%) at 6 months. IIF analysis of LEAES showed appropriate
localization of C7 at the epidermal-dermal junction (Figures 1F, Figure 5B, 6B, 7B, 8B, 12) in
contrast to the uncorrected skin control. LEAES grafts showed fully differentiated epidermis
with spinous and granular layers which were positive for epidermal markers keratin 14, keratin
1, and loricrin resembling normal skin (Figures 1F, Figure 5B, 6B, 7B, 8B, 12). Among
negative samples, C7 was undetectable in analyzed biopsies obtained from subject 2 at 6
months; however, anchoring fibrils (AF) were present in a parallel biopsy. At 6 months, C7 was
identified in subject 4 using antibodies specific to the NC1 domain (Figure 1F).

[0116] In order to assess molecular structure of the BMZ in corrected samples, biopsies
obtained from LEAES grafts were also analyzed by transmission electron microscopy
(Methods). At 3 months, 5/7 samples (71%) revealed morphologically normal appearance and
frequency of NC2 reactive AF (Figures 1G). At 6 months, AFs were detected in 4/12 (33%)
biopsies, with no AF detected in biopsies obtained from subject 4 (Figure 1G).

[0117] Safety. No serious adverse events were reported. Graft site pruritus (n=3) followed by
increased graft site drainage (n=2) were the most common adverse events (Grade 1 or 2) and no
clinical signs of malignancy were noted. RCR and cytotoxic T cell assays were negative at all
time-points (Table 2).

[0118] Increased wound drainage was seen in 2/24 wounds, however no signs of infection
including lack of erythema, edema, pain, or tenderness were noted at the sites. At 6 months, site
Z for subject 3 had wound colonization (Grade 2) and was considered a graft failure (Table 3).
Pruritus was noted at 3/24 graft sites and 2 perigraft areas (Grade 1).

[0119] C7 immune responses were closely monitored throughout the study. No subjects had
systemic autoimmune symptoms or increased blistering outside of grafted areas. In subject 1, no
circulating or tissue bound antibodies were observed by IIF or DIF (Table 2). Subject 2 at 3
months showed 1+ (mild) linear IgG, IgM, IgA, without complement on DIF analysis of 2
wounds (A and E). These immunoreactants were not observed 6 months post grafting. Subject

3 showed transient elevation of linear serum IgA (1:320) at month 3 on IIF with only trace to 1+
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linear tissue staining of IgM and IgA at month 6 on DIF. In contrast, subject 4 revealed a 1:160
titer of circulating linear IgG antibodies at months 1 and 3 on IIF along with 1 to 2+ IgG, IgA,
C3, and IgM staining detected in 3 grafts at month 3 by DIF (Table 2). However, no systemic
autoimmune symptoms or increased blistering outside of grafts were noted and C7-specific
cytotoxic T cell assay results were negative. At month 6, serum antibody IgG and C3 levels
were reduced (1:40) with no tissue bound immune complexes detected at grafts (Table 2).
Following the discovery of the subepidermal linear immune deposits in subject 4, we reassessed
subject 4’s baseline plasma anti-C7 antibody levels using Western blot analysis of the purified
C7 protein. In contrast to the negative baseline IIF data, Western blot analysis showed that both
baseline (1:300) and 3 months post grafting serum (1:1000) was reactive to purified C7,
indicating that subject 4 was sensitized to exogenous C7 prior to graft placement (Figure 11A).
Subject 4’s serum antibody reactivity was confirmed within a previously characterized carboxyl-
terminal C7 pepsin fragment, both before and after graft placement, (Figure 11B).

[0120] Discussion. Genetic correction of RDEB imposes a substantial challenge as it requires
efficient delivery of a large transgene encompassing >9kb COL7A1 cDNA. Here, the disclosure
provides the in-human study of genetically corrected autologous epidermal keratinocyte grafting
with encouraging efficacy and acceptable safety in 4 subjects with RDEB. Genetically corrected
epidermal cells regenerated a functional, self-renewing epidermis in over 67% of grafted sites
tested at 6 months post grafting with C7 detectable up to one year for one subject (Figure 12).
This was a noticeable improvement over allogenic keratinocyte grafts where only 2/9 (22%) of
chronic wounds were healed at 18 weeks. LEAES grafts also produced better wound healing
outcomes compared with allogeneic fibroblast injections, which showed some initial
improvement in wound healing but no long term difference compared with placebo, or
intradermal or intravenous injections of BM-MSC. A case report of gene therapy for junctional
Epidermolysis Bullosa, using a similar methodology, indicated correction for up to 6 years,
providing precedence for the long-term therapeutic effect. The six months continued C7
expression we see in our LEAES grafts spans the duration of 6 epidermal turnover cycles,
implying that we have successfully targeted stem cells with our gene transfer technique.

[0121]  In our study, improved wound healing and increased skin durability were directly
associated with detectable full-length C7 production and AF formation at the BMZ. While
absent prior to grafting, both were present at each study time point, albeit detected with a
variable efficiency: 66-90% for C7 expression and 33-71% for AF formation. The biopsy
sampling variability could be attributed to either a heterogeneous population of the corrected

epidermal cells or to a partial graft uptake. In some embodiments, the graft area can be the area
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where the subject felt would be beneficial to their quality of life. However, during the critical
first few days of graft placement, some of the areas were difficult to immobilize or to protect
against mechanical friction (e.g. subject 2’s lower back site E, left shoulder site B, Table 3,
posterior shoulder site D, Figure 6A). Furthermore, a shorter immobilization time post grafting
as observed may negatively affect graft uptake, as indicated by overall reduced wound healing
and absence of detectable C7 by IF in sampled biopsies at six months for subject 2, as the
subject had the shortest post transplantation immobilization compared to the other study
participants (Table 1). Moreover, although induced wounds displayed good healing capacity,
they showed the least C7 expression. It’s possible that, without a destructive method such as
electrocautery, residual non-corrected wound bed keratinocytes could have disrupted the
establishment of overlying LEAES grafts. These findings suggest that improved wound bed
preparation techniques which more efficiently ablate wound bed keratinocytes could improve
graft uptake.

[0122] With regards to safety, few adverse events were reported and those that were seen were
all mild. No subjects showed evidence of RCR in blood, or squamous cell carcinoma at grafts at
any time points, however long-term monitoring for potential adverse events is ongoing. All
molecular replacement approaches, including gene transfer, pose the risk of unwanted immune
responses against the therapeutic product, particularly in subjects with null mutations. In this
study all subjects expressed a truncated C7 molecule containing the NC1 domain, which is
believed to be the antigenic portion of the protein, therefore minimizing the risk of potential
immune reaction. No evidence of C7 associated cytotoxic T cell activity was seen at any time
point in all subjects during the study. However, IIF and DIF studies in subject 4 revealed BMZ
reactive IgG at one and three months, complement C3 fixation at three months with a lower
serum IgG titer at six months post transplantation (Table 2). Although, NC1 domain has been
reported as the most antigenic portion of C7, the carboxyl terminal NC2 domain also contains
minor antigenic epitopes and presence of anti-C7 autoantibodies in RDEB patients was reported
extensively in prior works. Findings that subject 4 had detectable anti-C7 antibodies prior to
transplantation using Western blot analysis that was not identified during the screening process
with a CLIA-certified IIF assay suggests that more sensitive standardized methods should be
developed to assess baseline immune cross-reactivity in future therapeutic studies.

[0123] In conclusion, genetically corrected autologous epidermal skin grafts showed increased
C7 deposition and reduced blistering in patients with severe RDEB, a patient population having
few other specific treatment options. Larger studies involving younger RDEB subjects are

planned to assess the long-term efficacy and safety of this approach.
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Table 1. Baseline Characteristics of Grafted RDEB Gene Therapy Subjects

COL7A1 c7 Circulating
COL7A1 i c7
Subject [Age/ ) Mutation ) expression auto- Other RDEB |History |Previous|Immobilized
Mutation 1 expression EM BSA
# Sex ) 2 N by Western antibodies| symptoms of SCC |allograft |post-grafting|
{Location) i by IF N 4
{Location) blot
Corneal erosions,
c.5048_5 No esophageal
23 | c.90delC | 051 dup4 |Undetectable mature i strictures,
1 NC1 + Negative 8% No No 5 days
M (exon 2) | (GAAA) |NC1 and NC2 AF; sub- pseudosyndactyly,
(exon 54) LD split anemia,
constipation
Corneal erosions,
c.5048_5 No
esophageal
19 | ¢.90delC | 051 dup4 |Undetectable mature
2 NC1 + Negative [10-15% strictures, No No 2 days
M (exon 2) | (GAAA) |NC1 and NC2 AF; sub-
. pseudosyndactyly,
(exon 54) LD split i
anemia
No Esophageal
¢.6527du | ¢.7485+5 | Trace NC1
32 mature strictures,
3 pC (exon G>A Undetectable NC1 + Negative 4% No No 8 days
M . AF; sub- pseudosyndactyly,
80) (intron 98) NC2 i
LD split ip fracture, anemi
Corneal erosions,
esophageal
C.7929+ phag
c.8053 No strictures,
(11_26)
18 C>T Undetectable mature s pseudosyndactyly,
4 del16 NC1 + Negative’ [25-30% No No 5 days
M (exon (int NC1 and NC2| AF; sub- constipation,
intron
109) LD split osteoporosis,
106) .
anemia,
wheelchair-bound

! BSA denotes estimated wounded body surface area, SCC denotes squamous cell carcinoma, IF denotes
immunofluorescence of skin biopsy, EM denotes electron microscopy of skin biopsy, AF denotes anchoring fibrils,
LD denotes lamina densa, and C7 denotes type VII collagen

% Assessed by LH7.2 for NC1 and LH24 for NC2

* Skin biopsy sample evaluated using FNC1 antibody

*Determined by serum indirect immunofluorescence on monkey esophagus

3 Circulating auto-antibodies seen on Western blot at baseline; examined following evidence of immune response
post-grafting
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Table 2. Endpoints for Gene Therapy Graft and Systemic Safety

Systemic Safety Endpoints Graft Safety Endpoints
Increased
Circulating
Subject blistering , | Cytotoxic Graft 3 4
Visit auto- RCR SCC Direct auto-antibodies
# outside of ] T cells Infection
antibodies
grafted areas
1 mo - - ND’ - - - Site E: -
Site D: -
3 mo - - - - - -
1 Site Z: -
Site E: -
6 mo - - - - - -
Site Z: -
1 mo - - ND - - - Site D: -
Site A: 1+IgG, 1+IgM
3 mo - - - - - - Site B: -
2 Site E: 2+IgG, trace IgM
Site A: -
6 mo - - - - - - Site C: -
Site D: -
1 mo - - ND - - - ND
Site A: -
3 mo - 1:320 IgA - - - -
Site C: -
3 Site A: trace IgA, trace to
1+ IgM
6 mo - - - - - - 9
Site B: trace IgM
Site D: 1+ IgM
1 mo - 1:160 IgG ND - - - -
Site D: 1-2+ 1gG, 1+ IgA,
trace IgM, 1+ focal C3
1:160 IgG Site E: 1-2+ IgG, 1-2+
3 mo - - - - -

4 IgA, 1+ IgM, 1+ focal C3
Site Z: 1+ IgG, 1+ IgA,
trace IgM, 1+ focal C3

1:40 IgG Site D: -
6 mo - - ND - -
1:40 C3 Site E: -

! By indirect immunofluorescence from serum sample on monkey esophagus, autoantibodies localized to basement
membrane zone

2 RCR replication competent retrovirus present in blood

* Clinical evidence of squamous cell carcinoma or other neoplasm on graft sites

* By direct immunofluorescence performed on skin biopsy, autoantibodies localized to basement membrane zone

° ND denotes not done
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at least six months of follow-up. This study was approved by the Food and Drug Administration
(IND # 13708) and Stanford IRB (Protocol #14563).

[0125] Subjects. Subjects were 18 or older and clinically diagnosed with RDEB, had 100
cm2 to 200 cm” areas of open erosions suitable for LEAES grafting. Subjects were also able to
undergo general anesthesia and were selected based on a screening protocol in which RDEB was
confirmed via genetic testing (GeneDx, Gaithersburg, MD). Presence of the NC1 domain of C7
was assessed by Western blot of cultured keratinocyte (KC) supematant and by indirect
immunofluorescence microscopy (IIF) of skin biopsy samples. Absence of the full-length C7
and mature AFs in biopsy samples was confirmed by IIF and immuno-electron microscopy
(IEM) using LH24 antibody specific to the carboxyl-terminal NC2 domain of C7 (Figure 9).
Circulating and tissue-bound IgG, IgA, IgM, and C3 were analyzed via IIF using serum on
primate esophagus and direct immunofluorescence (DIF) of subject biopsy sections,
respectively.  Subjects with significant non-RDEB medical complications including HIV,
hepatitis, systemic infection, or cardiac abnormalities were excluded. Clinically significant
anemia was treated prior to grafting.

[0126] Study Treatment. Two 8 mm punch biopsies were obtained for LEAES manufacture
from areas of unwounded, unscarred skin. Baseline blood samples were obtained for CBC,
complete metabolic panel (CMP), as well as replication competent retrovirus (RCR) and C7-
sensitive cytotoxic T cell assay. Skin biopsy derived autologous keratinocytes were transduced
with LZRSE-COL7A1 and used to produce eight LEAES grafts (Figure 4). Six grafts were
applied to uninfected, eroded and/or scarred wound sites that lacked clinical evidence of SCC.
Out of six grafted wound sites (A, B, C, D, E, Z, Table 3), one wound was created in each
subject at the time of surgery by mechanical friction (“site Z”). Under general anesthesia,
wound beds were cauterized to minimize the chance of retained epidermal stem cells. LEAES
grafts were affixed to wound beds via dissolvable sutures following wound bed preparation.
Subjects 3 and 4 consented to have a small India Ink tattoos placed at the comer of each graft to
aide in follow-up graft identification. Grafts were covered with standard wound dressings and
topical mupirocin, which were removed 5-7 days post grafting.

[0127] End Points and Assessments. Subjects were followed at 1, 3, 6, and 12 months after
grafting. At each study visit, serum samples were evaluated for circulating autoantibodies by
IIF, for C7-sensitive cytotoxic T cell assay, CBC, and CMP. Presence of RCR in serum was
evaluated at 3 and 6 months. At each visit, representative grafts were biopsied to evaluate tissue
bound immunoglobulins and complement by DIF, C7 expression by IIF, and presence of

anchoring fibrils by IEM. Wounds were assessed clinically and rated as: 100%-75% healed
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(defined as significant wound healing), 74%-50% healed, 49%-25% healed, less than 25%
healed compared with baseline using digital photography and/or the Canfield Vectra camera.
MATERIALS AND REAGENTS

[0128] All materials and reagents used during LEAES manufacturing were free of adventitious
viruses based on certification of analyses provided by manufacturer. Each lot tissue culture
media that included bovine-derived reagents was tested via commercial 9CFR hemadsorption

testing for adventitious viruses (American BioResearch, Pullman, WA) and found negative.

[0129] RDEB Keratinocyte isolation and expansion. The skin samples were obtained as
two 8 mm punch biopsies and transferred into 35 mL biopsy collection medium 50/50A (50%
Keratinocyte Medium 154 with human keratinocytes growth supplement (Life Technologies,
Carlsbad, CA) and 50% defined keratinocyte serum free media with supplement (Life
Technologies, Carlsbad, CA)) with 30 pg/mL amikacin (HIkma Pharmaceuticals, London,
United Kingdom), 20 pg/mL vancomycin (Sigma Aldrich, St. Louis, MO) and 0.5 ug/mL
amphotericin B (USBiological, Salem, MA). To separate the epidermis from the dermis, the
skin sample placed in dispase solution containing 25 caseinolytic units/mL of dispase (Life
Technologies, Carlsbad, CA) for 16-20 hours at 5 C. The next day, epidermis was carefully
peeled off the dermis and placed in TrypLE Select 10X (Life Technologies, Carlsbad, CA)
solution at 37 "C for 20-30 minutes. The solution was spun down at 1200 rpm to obtain a
keratinocyte pellet. Cells were washed once with phosphate buffered saline (PBS, Life
Technologies, Carlsbad, CA) and keratinocytes were plated on PureCoat Collagen I Mimetic
Cultureware (Coming Life Sciences, Tewksbury, MA), in 50/50A media. After keratinocytes
reached 60-70% confluence, cells were treated with TrypLE Select 10X and plated for viral

transduction. At least 4x10° cells were required to initiate the transduction process.

[0130] Keratinocyte correction. The ¢cGMP grade GalV-pseudotyped LZRSE-COL7A1
virus containing full-length COL741 cDNA under control of the MLV LTR was produced by
Indiana University Vector Production Facility using current Good Manufacturing Practices as
described by Siprashvili et al 2010. The map of the pLZRSE-COL7A1 plasmid is depicted in
Fig. 13, with its full sequence shown in SEQ ID NO: 1. Viral transduction was performed by
overlaying 12 mL viral supernatant for each plate and centrifugation of cells at 1250 rpm and 32
°C for 1 hour. After centrifugation, viral supernatant was removed by washing with PBS and
50/50V medium used for corrected keratinocyte expansion. Transduction was repeated as
needed, as long as corrected KC continued to meet pre-release criteria of virus transduction

efficiency (VTE) >50% and proviral genome copy number (PGCN) < 3.
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[0131] Pre-release testing, VTE test. VTE test was performed using IF techniques with anti-
type VII collagen monoclonal antibody NP32, NP185 or anti-type VII collagen polyclonal
antibody FNC1. Cells were fixed in a solution of methanol/acetone mixture, permeabilized in
detergent and incubated with anti-C7 primary antibody for 1 hour at room temperature. After
extensive washes, secondary antibody conjugated to Alexa Fluor 555 dye was added and
incubated for another 1 hour. Cell nuclei labeled with Hoechst 33342 for 10 minutes, washed,
and mounted with Prolong gold antifade reagent (Life Technologies, Carlsbad, CA). VTE was
determined by counting the ratio of blue nuclei to C7 positive cells. To meet pre-release criteria,

at least 50% of cells were positive for C7 expression.

[0132] PGCN test. PGCN test was performed via qPCR analysis of genomic DNA isolated
from corrected RDEB KC post retroviral transduction. Genomic DNA was purified from 3x106
corrected cells using Qiagen DNeasy Blood & Tissue Kit (Qiagen, Germany). DNA was
quantified using standard spectrophotometric techniques and used for qPCR analysis. Proviral
dose was determined using threshold cycle (Ct) of the template and the standard curve of Ct
dependence from the amount of plasmid DNA control. The average PGCN was calculated from:
PGCN = (TPCN x 6.16pg) / (Ctempl. x 103pg), where, TPCN = Total proviral copy number.
6.16pg = Amount of genomic DNA in the somatic cell. Ctempl. =Template amount used in
PCR in nanograms. To meet pre-release criteria, no more than 3 proviral genome copy numbers

were present on average for every keratinocyte genome.

[0133] Sterility test. A sample of culture supernatant was tested for sterility by membrane
filtration using the Millipore Steritest system, designed to eliminate potential false negatives
from antibiotics present in the culture media (Pacific BioLabs, Hercules, CA). After filtration
and washes, the sample was placed in Soybean Case in Digest Medium and Fluid Thioglycollate
Medium and incubated for 14 days. Samples were observed for evidence of microbial

contamination daily.

[0134] Endotoxin test. The sample of the cultured supematant was assessed via the Limulus
Amebocyte Lysate (LAL) QCL-1000 assay (Lonza, Basel, Switzerland) in accordance with
manufacturer’s recommendations. Results of this test were < 1.0 EU/mL in order to satisfy

product release requirements.

[0135] Mycoplasma test. Cell culture supernatant was tested for mycoplasma using the

MycoAlert Mycoplasma Detection Kit (Lonza, Basel, Switzerland) in accordance with
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manufacturer’s requirements. Results of this test were < 0.9 in order to satisfy product release

requirements.

[0136] LEAES initiation and processing. Once corrected keratinocytes reached 100%
confluence, the LEAES initiation process was started and growth medium was changed from
50/50V to epidermal sheet production medium DFF31, which consists of Dulbecco’s Modified
Eagle Medium (Life Technologies, Carlsbad, CA) and F12 medium (Lonza, Basel, Switzerland)
containing 10% fetal bovine serum (Lonza, Basel, Switzerland), 36 ng/mL hydrocortisone
(Spectrum, New Brunswick, NJ), 25 ug/mL adenine (Sigma Aldrich, St. Louis, MO), 5 pg/mL
recombinant human Insulin (Sigma Aldrich, St. Louis, MO), 2 ng/mL liothyronine (Spectrum,
New Brunswick, NJ), 5 ug/mL bovine transferrin (Millipore, Billerica, MA), 10 ng/mL
recombinant epidermal growth factor (R&D Systems, Minneapolis, MN) and 30 pg/mL
amikacin (Hikma Pharmaceuticals, London, United Kingdom), and 20 pg/mL vancomycin
(Sigma Aldrich, St. Louis, MO).

[0137] LEAES assembly and transportation. LEAES assembly was initiated the day of
grafting. Epidermal sheets were released from the surface of the plate by enzymatic digestion
with dispase (Life Technologies, Carlsbad, CA) for 20-30 min at 37 "C. To remove residual
amounts of medium and dispase, epidermal sheets were washed at least 5 times with 50/50VC.
It was secured to the matched size petroleum gauze with surgical hemoclips and the basal side
was marked with a sterile black suture. Assembled LEAES was submerged in 50/50VC
transport medium and sealed with gas permeable sterile film. The LEAES epidermal grafts were

then transported to the operating room for transplantation.

[0138] Release testing. Gram stain sterility test. On the day of LEAES release, a sample of
culture media was sent to the Stanford Hospital Clinical Laboratory for a rapid gram stain test.

A negative result of the test was used as a LEAES lot release criteria.

[0139] LEAES viability test. Viability testing was performed in which the LEAES sample
was incubated with a nuclei dye mixture containing Hoechst 33342 and SYTOX Green stain for
20 minutes. The ratio of SYTOX green stain to Hoechst 33342 stain was calculated at >70% to

release the product.

[0140] Post-release testing. Samples of the cultured medium and LEAES graft were
submitted for send-out testing, with expecting test results to be obtained post graft
transplantation due to a long duration of the testing process. A safety plan was in place in case

these “post-release™ test results was out of specification. Post-release criteria included
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additional sterility testing (see Sterility Test in pre-release testing), RCR testing (Indiana
University Vector Production Facility) and mycoplasma testing (Bionique Testing Laboratories,

Saranac Lake, NY).

[0141] RCR test. A sample of LEAES and LEAES cultured supernatant was subjected to the
extended PG-4 S+L- cell plaque assay at Indiana University Vector Production Facility
following their recommendations and result of the test “no evidence of RCR™ used as release
criteria. At baseline, 3 months, and 6 months, blood samples were analyzed by the Indiana
University Vector Production Facility to determine the level of GALV envelope (GALV-E)
sequences present using a quantitative polymerase chain reaction (Q-PCR). The adequacy of the
amount of blood sample was assessed by a second probe and primer set for human
apolipoprotein B gene sequences. A standard curve using genomic 12/22/15 8 DNA containing
105, 104, 103, 102, and 10 copies of GALV-E sequence per 0.12 pg of genomic DNA were used

as a positive control. Negative controls included untransduced human genomic DNA and water.

[0142] Cytotoxic T cell assay. 15 mL of whole blood was collected at baseline, 1 month, 3
months, and 6 months for the cytotoxic T cell assay. Peripheral blood mononuclear cells were
isolated from buffy coats or whole blood using Ficoll-Paque (GE Healthcare) density-gradient
centrifugation. Adherent monocytes were then recovered after 2-hour incubation in Petri dishes.
CD4+ and CD8+ T lymphocytes were purified together using MACS magnetic cell sorting kits
(Miltenyi Biotech), by incubating the nonadherent cells with anti-CD4 and anti-CD8 antibodies
conjugated to paramagnetic microbeads. A 96-well PVDF-filter plates (Millipore) were coated
with monoclonal antibody against IFN-y (BD Pharmingen) or IL-4 (BD Pharmingen), blocked
using RPMI medium with 5% human AB serum, and washed with serum-free RPMI. CD4+ and
CD8+ T lymphocytes (2x10° cells/well), and y—irradiated monocytes (2.5x10* cells/well) were
co-incubated on the plate in the presence of 20 Ul/ml IL-2 for 40 hours at 37 "C, in a humidified,
5% CO” in air incubator. The medium contained either 10 pg/ml of recombinant type VII
collagen or 3 pg/ml of Concanavalin A (Sigma) to stimulate the lymphocytes. The plates were
washed and the IFN-y or IL-4 secreted by individual cells were detected in sifu by successively
reacting each well with biotinylated anti-IFN-y or anti-IL-4 monoclonal antibody (BD
Pharmingen) at 1 pg/ml, following with a 1:1000 dilution of streptavidin-conjugated alkaline
phosphatase (Roche). Detection was performed using BCIP/NBT chromogenic substrate
(Promega). The reaction was halted by washing with water and spots were counted using a CTL
ELISPOT reader. Negative controls were run in parallel using T cells without antigen, and the

corresponding scores were subtracted from those of the unknowns.
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[0143] Anti-C7 LH24 mAb characterization. LH24 mAb was previously identified to react
with epidermal basement membrane 2. Its specific absence in C7 null RDEB patient skin in our
study indicated that it recognized an epitope on C7. To further localize LH24 reactivity on the
C7 molecule, LH24 reactivity to enzymatic digests of C7 containing NC1 and NC2 domains was
tested for by Western blot. NC1 domain containing C7 fragment was produced from digestion
of purified C7 with highly purified bacterial collagenase (Worthington) as previously described.
3 NC2 12/22/15 9 containing C7 fragment was produced following pepsin digestion of purified

C7 as previously described.

[0144] Electron microscopy. A 3 mm skin punch biopsy was prepared for electron
microscopy by immersion in 1.5% glutaraldehyde/1.5% paraformaldehyde in Dulbecco’s serum
free media (SFM) containing 0.05% tannic acid for a minimum of one hour followed by an
extensive rinse in SFM, then post-fixation in 1% OsO4 for 60 minutes. The samples were
washed in SFM then dehydrated in a graded series of ethanol to 100%, rinsed in propylene oxide
and infiltrated in Spurr’s epoxy over a total time of two hours, accelerated via microwave

energy. Samples were polymerized at 70 'C over 18 hours.

[0145] Immuno-electron microscopy. A 3 mm skin punch biopsy sample for immune-
electron microscopy were prepared by extensively rinsing in SFM then immersing in mouse IgM
LH24 antibody specific to the NC2 region of collagen VII diluted 1:5 in SFM overnight at 4 'C,
rinsed extensively in SFM, then incubated overnight at 4 °C in Goat anti-mouse IgM ultrasmall
colloidal gold conjugate (Aurion) diluted 1:3 in SFM. Following an extensive rinse in SFM the
samples were exposed to gold enhancement solution (Nanoprobes) 15 minutes on ice, then
rapidly warmed to 25 "C and incubated an additional 5 minutes. The samples were then rinsed
with ice-cold SFM, then fixed and embedded as above. Indirect immuno-fluorescence (IIF):
Human sera was laid upon monkey esophagus and stained with antibodies directed against
human IgA, IgM, IgG, and C3. The signal detected at antibody dilutions of 1:40 and higher

considered above background.

[0146] Direct immuno-fluorescence (DIF). 12/22/15 10 Tissue was cut at 5 micrometer and
stained with fluorophore-conjugated antibodies to human IgA, IgM, IgG, C3, and fibrinogen.
Normal controls were run in parallel. C7 expression and AF analysis: A 3 mm skin punch
biopsy sample was cut at 8 micrometer and analyzed by IIF using anti-type VII collagen
polyclonal antibody FNC1 (raised against NC1 domain of C7) or monoclonal antibody LH24
(NC2 domain of C7). Briefly, sections were fixed in a solution of methanol/acetone mixture,

permeabilized in detergent and incubated with anti-C7 primary antibody for 1 hour at room
-38-



WO 2017/120147 PCT/US2017/012061

temperature (25 'C). After extensive washes, secondary antibody conjugated to Alexa Fluor 555
or 488 dye was added and incubated for 1 hour. Cell nuclei labeled with Hoechst 33342 for 10
minutes, washed, and mounted with Prolong gold antifade reagent (Life Technologies, Carlsbad,
CA). For epidermal markers Keratin 1, Keratin 14 and Loricrin antibodies obtained from
Covance (Emeryville, CA). Biopsies were scored positive for C7 expression if continuous linear
staining of type VII collagen at the dermal-epidermal junction was detected. Biopsies were
scored positive for Anchoring fibrils (AF) if gold conjugate particles were detected representing
NC2 domain specific LH24 antibodies at the ultrastructures with characteristic futures of AF

including density, thickness, curvature, arching, and looping.

[0147] Photography. For subjects 2-4, the Canfield Vectra 3D camera was used to take ~5
images of each graft site from multiple angles. These images were then stitched together to
create a comprehensive 3D image. Using Mirror Software (Canfield, Fairfield, NJ) landmarks
were selected and numbered to identify corresponding locations on each image, and then melded
into a single image. In order to accurately track the graft margins, melded images from follow-
up visits were compared to the baseline image, with an overlay of graft outlines from Day 0.
Anatomical landmarks (e.g., tattoo dots) were again identified to correctly place the outlines.
Additional photographs for subjects 2-4 and all images for subject 1 were obtained as needed

with digital photography (Canon Powershot).
Equivalents

[0148] It is to be understood that while the disclosure has been described in conjunction with
the above embodiments, that the foregoing description and examples are intended to illustrate
and not limit the scope of the disclosure. Other aspects, advantages and modifications within the
scope of the disclosure will be apparent to those skilled in the art to which the disclosure

pertains.

[0149] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure

belongs. All nucleotide sequences provided herein are presented in the 5' to 3' direction.

[0150] The embodiments illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed herein.
Thus, for example, the terms “comprising,” “including,” containing,” etc. shall be read
expansively and without limitation. Additionally, the terms and expressions employed herein

have been used as terms of description and not of limitation, and there is no intention in the use
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of such terms and expressions of excluding any equivalents of the features shown and described
or portions thereof, but it is recognized that various modifications are possible within the scope

of the disclosure.

[0151] Thus, it should be understood that although the present disclosure has been specifically
disclosed by specific embodiments and optional features, modification, improvement and
variation of the embodiments therein herein disclosed may be resorted to by those skilled in the
art, and that such modifications, improvements, and variations are considered to be within the
scope of this disclosure. The materials, methods, and examples provided here are representative
of particular embodiments, are exemplary, and are not intended as limitations on the scope of the

disclosure.

[0152] The scope of the disclosure has been described broadly and generically herein. Each of
the narrower species and subgeneric groupings falling within the generic disclosure also form
part of the disclosure. This includes the generic description with a proviso or negative limitation
removing any subject matter from the genus, regardless of whether or not the excised material is

specifically recited herein.

[0153] In addition, where features or aspects of the disclosure are described in terms of
Markush groups, those skilled in the art will recognize that embodiments of the disclosure may
also thereby be described in terms of any individual member or subgroup of members of the

Markush group.

[0154] All publications, patent applications, patents, and other references mentioned herein are
expressly incorporated by reference in their entirety, to the same extent as if each were
incorporated by reference individually. In case of conflict, the present specification, including

definitions, will control.
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WHAT IS CLAIMED IS:

1. A method for treating Epidermolysis Bullosa (EB) in a subject, the method comprising:
obtaining from the subject a population of skin cells;
correcting the skin cells ex vivo by integration of a genetic construct encoding a full-
length wild-type human collagen VII (COL7A1) protein;
culturing the genetically corrected cells to form a keratinocyte sheet; and
transplanting a graft of the keratinocyte sheet to a skin wound bed.;
wherein the skin cells are corrected by transduction with a virus comprising the
genetic construct; wherein proviral genome copy number (PGCN) of the transduced skin

cell is no more than 3, and optionally less than 2, 1.5, 1, or 0.5..

2. Use of a population of skin cells to treat Epidermolysis Bullosa (EB) in a subject, wherein
the population of skin cells is corrected by transduction with a virus comprising a genetic
construct encoding a full-length wild-type human collagen VII (COL7A1) protein to
obtain a population of transduced skin cells having a proviral genome copy number
(PGCN) and wherein the PGCN of the transduced population of skin cells is no more than
3, and optionally less than 2, 1.5, 1, or 0.5..

3. The method of claim 1 or the use of claim 2, wherein the virus comprises retrovirus, AAV

(adeno-associated virus), or lentivirus.
4. The method or the use of claim 3, wherein the retrovirus is LZRSE-virus.
5. The method or the use of claim 3, wherein the retrovirus is GalV-pseudotyped.

6. The method or the use of any one of claims 1-5, wherein the skin cells thus transduced

meet pre-release criteria of virus transduction efficiency (VTE) >50%.

7. The method of any one of claims 1-6, wherein the wound is free of non-corrected wound

bed keratinocytes.

8. The method of any one of claims 1-7, wherein the wound is treated to ablate the non-

corrected wound bed keratinocytes.

41-



WO 2017/120147 PCT/US2017/012061

10.

11

12.

13.

14.

15.

16.

17.

18.

The method or the use of any one of claims 1-8, wherein the subject suffers from

Recessive Dystrophic Epidermolysis Bullosa (RDEB).

The method or the use of any one of claims 1-8, wherein the subject is human.

. The method of any one of claims 1-10, wherein the keratinocyte sheet is subject to one or

more tests selected from a group consisting of VTE test, PGCN test, sterility test,
endotoxin test, mycoplasma test, gram stain sterility test, LEAES viability test, post-
release test, RCR test, cytotoxic T cell assay, anti-C7 LH24 mAb characterization,
electron microscopy, Immuno-electron microscopy, immunofluorescence staining, C7

expression, and AF analysis.

The method or use of claim 11, wherein the immunofluorescence staining comprises

direct or indirect immunofluorescence staining.

The method or use of any one of claims 1-12, wherein the keratinocyte sheet is placed on

an acellular matrix, a collagen matrix, or a biocompatible mesh.

The method or use of of claim 13, wherein the biocompatible mesh is made of
thermoplastic resin, polyethylene, ultra-high molecular weight polyethylene, high
molecular weight polyolefin, uncoated monofilament polypropylene, polyether ether
ketone, polyethylene terephthalate, polytetrafluoroethylene, expanded

polytetrafluoroethylene, nylon, silicon, or any combination thereof.

The method or the use of any one of claims 1-14, wherein the skin cells comprise

keratinocytes.

The method or the use of any one of claims 1-15, wherein the skin cells comprise stem

cells.

The method or the use of any one of claims 1-16, further comprising differentiating the

stem cells to keratinocytes.

A method for treating comeal erosion in a subject, the method comprising:

obtaining from the subject a population of corneal cells;
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19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

correcting the corneal cells ex vivo by integration of a genetic construct encoding full-
length wild-type human collagen VII (COL7A1) protein;
culturing the genetically corrected cells to form a comeal cell sheet; and

transplanting a graft of the corneal cell sheet to a corneal surface.
The method of claim 18, wherein the corneal cells comprise corneal epithelial cells.
The method of claim 18 or 19, wherein the corneal cells comprise stem cells.

The method of any one of claims 18-20, further comprising differentiating the stem cells

into the comeal epithelial cells.

The method of any one of claims 18-21, wherein the corneal cells are corrected by
transduction with a virus comprising the genetic construct, wherein the virus comprises

retrovirus, lentivirus, or AAV.
The method of claim 22, wherein the retrovirus is LZRSE-virus.
The method of claim 22, wherein the retrovirus is GalV-pseudotyped.

The method of any one of claims 18-24, wherein the corneal cells thus transduced meet
pre-release criteria of virus transduction efficiency (VTE) >50% and proviral genome

copy number (PGCN) < 3, and optionally less than 2, 1.5, 1, or 0.5.

The method of any one of claims 18-25, wherein the subject suffers from Recessive

Dystrophic Epidermolysis Bullosa (RDEB).
The method of any one of claims 18-26, wherein the subject is human.

The method of any one of claims 18-27, wherein the corneal cell sheet is subject to one or
more tests selected from a group consisting of VTE test, PGCN test, sterility test,
endotoxin test, mycoplasma test, gram stain sterility test, LEAES viability test, post-
release test, RCR test, cytotoxic T cell assay, anti-C7 LH24 mAb characterization,
electron microscopy, Immuno-electron microscopy, immunofluorescence staining, C7

expression, and AF analysis.
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29.

30.

31

32.

33.

34.

35.

36.

37.

38.

The method of claim 28, wherein the immunofluorescence staining comprises direct or

indirect immunofluorescence staining.

The method of any one of claims 18-29, wherein the corneal cell sheet is placed on an

acellular matrix, a collagen matrix, or a biocompatible mesh.

. The method of claim 30, wherein the biocompatible mesh is made of thermoplastic resin,

polyethylene, ultra-high molecular weight polyethylene, high molecular weight
polyolefin, uncoated monofilament polypropylene, polyether ether ketone, polyethylene
terephthalate, polytetrafluoroethylene, expanded polytetrafluoroethylene, nylon, silicon,

or any combination thereof.

A composition comprising a keratinocyte sheet, wherein the keratinocyte sheet is
prepared by a process comprising the steps of:

obtaining a population of skin cells from a subject;

correcting the skin cells ex vivo by integration of a genetic construct encoding full-
length wild-type human collagen VII (COL7A1) protein; and

culturing the genetically corrected cells to form the keratinocyte sheet;

wherein the skin cells are corrected by transduction with a virus comprising the

genetic construct; wherein PGCN of the transduced skin cell is no more than 3.

The composition of claim 32, wherein the virus comprises retrovirus, lentivirus, or AAV.
The composition of claim 33, wherein the retrovirus is LZRSE-virus.

The composition of any one of claims 33-34, wherein the retrovirus is GalV-pseudotyped.

The composition of any one of claims 32-35, wherein the skin cells thus transduced meet

pre-release criteria of virus transduction efficiency (VTE) >50%.

The composition of any one of claims 32-36, wherein the subject suffers from Recessive

Dystrophic Epidermolysis Bullosa (RDEB).

The composition of any one of claims 32-37, wherein the keratinocyte sheet is subject to

one or more tests selected from a group consisting of VTE test, PGCN test, sterility test,
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39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

endotoxin test, mycoplasma test, gram stain sterility test, LEAES viability test, post-
release test, RCR test, cytotoxic T cell assay, anti-C7 LH24 mAb characterization,
electron microscopy, Immuno-electron microscopy, immunofluorescence staining, C7

expression, and AF analysis.

The composition of claim 38, wherein the immunofluorescence staining comprises direct

or indirect immunofluorescence staining.

The composition of any one of claims 32-39, wherein the skin cells comprises

keratinocytes.
The composition of any one of claims 32-40, wherein the skin cells comprises stem cells.
The composition of claim 41, wherein the stem cells are differentiated to keratinocytes.

A pharmaceutical composition comprising a keratinocyte sheet, said keratinocyte sheet
comprising skin cells ex vivo integrated with a genetic construct encoding a functional

COL7AL1 protein.

A pharmaceutical composition of claim 43, wherein the skin cells are differentiated from
stem cells ex vivo integrated with the genetic construct encoding the functional COL7A1

protein.

The pharmaceutical composition of claim 43-44, wherein the skin cells are obtained from

a subject.

The pharmaceutical composition of any one of claims 43-44, wherein the subject suffers

from RDEB.

The pharmaceutical composition of any one of claims 43-46, wherein the subject is

human.

The pharmaceutical composition of any one of claims 43-47, wherein the functional

COL7A1 protein is a full-length wild-type human COL7A1 protein.
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49.

50.

51.

52.

53.

54.

55.

56.

57.

The pharmaceutical composition of any one of claims 43-48, wherein the functional
COL7AL1 protein comprises a genetic modification from a full-length wild-type human

COL7AL1 protein.

The pharmaceutical composition of claim 49, wherein the genetic modification comprises

insertion, deletion, and/or mutation.

The pharmaceutical composition of any one of claims 43-50, wherein the skin cells or the
stem cells are transduced with a virus comprising the genetic construct, wherein the virus

comprises retrovirus, lentivirus, or AAV.
The pharmaceutical composition of claim 51, wherein the retrovirus is LZRSE-virus.

The pharmaceutical composition of claim 51, wherein the retrovirus is GalV-

pseudotyped.

The pharmaceutical composition of claim 51, wherein the transduced skin cells meet pre-
release criteria of virus transduction efficiency (VTE) >50% and proviral genome copy

number (PGCN) <3.

The pharmaceutical composition of any one of claims 43-54, wherein the keratinocyte
sheet is subject to one or more tests selected from a group consisting of VTE test, PGCN
test, sterility test, endotoxin test, mycoplasma test, gram stain sterility test, LEAES
viability test, post-release test, RCR test, cytotoxic T cell assay, anti-C7 LH24 mAb
characterization, electron microscopy, Immuno-electron microscopy,

immunofluorescence staining, C7 expression, and AF analysis.

The pharmaceutical composition of claim 55, wherein the immunofluorescence staining

comprises direct or indirect immunofluorescence staining.

A pharmaceutical composition comprising a corneal cell sheet, said corneal cell
comprising corneal cells ex vivo integrated with a genetic construct encoding a functional

COL7AL1 protein.
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58.

59.

60.

61.

62.

63.

64.

63.

66.

67.

The pharmaceutical composition of claim 57, wherein the coreal cells are differentiated
from stem cells ex vivo integrated with the genetic construct encoding the functional

COL7AL1 protein.

The pharmaceutical composition of claim 57 or 58, wherein the corneal cells are obtained

from a subject.
The pharmaceutical composition of claim 59, wherein the subject suffers from RDEB.
The pharmaceutical composition of claim 59, wherein the subject is human.

The pharmaceutical composition of any one of claims 57-61, wherein the functional

COL7A1 protein is a full-length wild-type human COL7A1 protein.

The pharmaceutical composition of any one of claims 57-62, wherein the comeal cells or
the stem cells are transduced with a virus comprising the genetic construct, wherein the

virus comprises retrovirus, lentivirus, or AAV.
The pharmaceutical composition of claim 63, wherein the retrovirus is LZRSE-virus.

The pharmaceutical composition of claim 63, wherein the retrovirus is GalV-

pseudotyped.

The pharmaceutical composition of claim 63, wherein the transduced cells meet pre-
release criteria of virus transduction efficiency (VTE) >50% and proviral genome copy

number (PGCN) <3.

The pharmaceutical composition of claim 66, wherein the PGCN is less than 2.
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Plasmid futures:

S’L'TR (409-1000bp) - MoMuLV 5’LTR

Psi’(+)(1001-2287bp) — ORF reduced extended packaging signal #"

PBS (1001-1018bp) — retrovirus primer binding site

SD (1058-1062bp) — splice donor

SA (1091-1093bp) — splice acceptor

Col7A1 (ORF 2325-11157bp) — Type VII collagen

3’LTR (11232-11849bp) — MoMuLV 3’LTR

pBR322 (12789-12088bp) — pBR322 F.coli origin of replication
SV40polyA (13075-12932bp) — SV40 polyadenylation signal

Puromycin (13797-13201bp) — puromycin resistance gene for selection in eukaryotes
mPGK (14383-13878bp) — mouse phosphoglycerol kinase-1 promoter
EBNA-1 (14432-17031BP) — Epstein-Barr virus nuclear antigen 1

OriP (17033-18962bp) — Epstein-Barr virus origin of replication

AmpR (20266-19310bp) - bla gene for ampicillin selection in prokaryotes
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International application No.
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Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

1. As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

m No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-17, 32-56

Subject-matter relating to skin cells, wherein the cells
have an integrated genetic construct encoding a full-length
wild-type human collagen VII (COL7Al) protein or a
functional COL7Al protein, respectively.

2. claims: 18-31, 57-67

Subject-matter relating to a corneal cell sheet, wherein the
cells of the corneal sheet have an integrated genetic
construct encoding a full-Tength wild-type human collagen
VII (COL7Al) protein or a functional COL7Al protein,
respectively.
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