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KERATINOCYTES EXPRESSING EXOGENOUS ANGIOGENIC GROWTH
FACTORS

Field of the Invention
The present invention relates to in vitro cultured skin tissue, and in particular to

cultured skin tissue comprising exogenous genes encoding angiogenic growth factors.

Background of the Invention

Skin loss due to burns and ulcers is a major medical problem. In the United States,
it is estimated that 1.25 million people need medical care for burns each year.
Approximately 51,000 people are hospitalized for burns and 13,000 require skin grafts. Of
these, 1,500 are severely burned and require extensive grafting. With respect to skin ulcers,
it is estimated that 800,000 diabetics in the United States suffer from chronic, non-healing
diabetic foot ulcers. Infections of some of these skin ulcers result in 50,000 amputations
each year. In addition to diabetic ulcers, new products are needed for venous ulcers, and
pressure ulcers (bedsores).

Several products employ bioengineered skin tissue, some of which include cultured
keratinocytes with or without a dermal component. In patients with large total body surface
area full-thickness burns, the burned skin is first removed to reduce toxicity from
degradation of the necrotic tissue and to reduce microbial growth in the wound. Excised
wounds are covered temporarily with cadaver skin to reduce fluid loss and infection (Boyce
et al., J. Burn Care Rehab. 20(6):453-461 (1999)). The culture methods of Rheinwald and
Green have allowed sheets of autologous keratinocytes to be used in the clinic since 1985.
However the lack of a dermal component in some of these products, e.g., Genzyme’s
Epicel, limits their utility. Other products consist of only a dermal analog, e.g., Advanced
Tissue Science’s Transcyte and Dermagraft and LifeCell’s Alloderm. These products
currently are not as effective as split thickness autologous grafts, which remain the method
of choice for the treatment of full-thickness skin loss. However autologous grafts may not
be possible in patients with extensive burns and even in other patients create wound-healing
problems at the autograft donor site including opportunities for infection and the generation

of functional or cosmetic defects.
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The organotypic culture technique for normal keratinocytes has fostered the recent
development of cultured skin tissue for the treatment of burns and skin wounds. Composite
grafts consist of keratinocytes seeded onto dermal analogs, e.g., a fibroblast-contracted
collagen in the Apligraf product from Organogenesis. Composite grafts, however, are
reportedly more fragile and slower to revascularize. The use of cultured skin tissue for burn
or wound therapy can therefore be limited by poor vascularization of the graft. In autografts,
vascularization occurs by inosculation and neovascularization. Inosculation proceeds by the
joining of capillaries in the wound bed to ends of the severed vessels in the dermis of the
graft. This is the primary mechanism of early vascularization. Vascularization of
composite grafts takes longer than an autograft because it relies only on neovascularization.
The poor vascularization of composite grafts leads to graft ischemia and a delayed time to
successful engraftment.

Because of the limitations of current bio-engineered tissues, there is a great deal of
opportunity for improved products for the treatment of burns and skin wounds. Clearly, a

great need exists for cultured skin tissue having improved properties for transplantation.

Summary of the Invention

The present invention relates to in vitro cultured skin tissue, and in particular to cultured
skin tissue comprising exogenous genes encoding angiogenic growth factors. Accordingly,
in some embodiments, the present invention provides a composition comprising
keratinocytes, the keratinocytes comprising at least one exogenous angiogenic factor or
activator operably linked to an inducible promoter. The present invention is not limited to
any particular source of keratinocytes. Indeed, the use of a variety of sources of
keratinocytes is contemplated. In some embodiments, the keratinocytes are selected from
the group consisting of primary keratinocytes and immortalized keratinocytes. In some
preferred embodiments, the immortalized keratinocytes are NIKS cells. . In other
embodiments, the compositions further comprise a dermal equivalent. In some preferred
embodiments, the dermal equivalent comprises collagen and fibroblasts. In still other
embodiments, the keratinocytes are stratified, thereby forming cultured skin tissue. In some
preferred embodiments, the skin tissue is stratified into squamous epithelia.

The present invention is not limited to the expression of any particular angiogenic
factor. Indeed, the use of a variety of angiogenic factors or activators is contemplated. In

some preferred embodiments, the angiogenic factor is selected from the group consisting of



10

15

20

25

30

WO 03/093418 PCT/US03/13327
a VEGF gene, an angiopoietin gene, and a HIF1a gene. In other preferred embodiments,
the VEGF gene is VEGF-A. In other preferred embodiments, the VEGF-A gene is encoded
by SEQ ID NO:1 or sequences that hybridize to SEQ ID NO:1 under conditions of low
stringency.

In still other preferred embodiments, the angiopoietin gene is angiopoietin-1. In further
preferred embodiments, the angiopoietin-1 gene is encoded by SEQ ID NO:2 or sequences
that hybridize to SEQ ID NO:2 under conditions of low stringency. In further
embodiments, the angiogenic activator is HIF-1o.. In further preferred embodiments, the
HIF-1o gene is encoded by SEQ ID NO:3 or sequences that hybridize to SEQ ID NO:3
under conditions of low stringency. In some other embodiments, the keratinocytes are
transfected with combinations of VEGF-A, ANG-1, and HIF-1. The present invention is
not limited to the use of any particular inducible promoter. Indeed, the use of a variety of
inducible promoters is contemplated, including, but not limited to the Tet-responsive
promoter.

In some embodiments, the present invention provides methods of treatment comprising
providing a subject in need of graft and a graft, wherein the graft comprises keratinocytes -
comprising at least one exogenous angiogenic factor operably linked to an inducible
promoter; and grafting the graft onto the subject under conditions such that the graft
vascularizes. The present invention is not limited to any particular source of keratinocytes.
Indeed, the use of a variety of sources of keratinocytes is contemplated. In some
embodiments, the keratinocytes are selected from the group consisting of primary
keratinocytes and immortalized keratinocytes. In some preferred embodiments, the
immortalized keratinocytes are NIKS cells. In other embodiments, the compositions further
comprise a dermal equivalent. In some preferred embodiments, the dermal equivalent
comprises collagen and fibroblasts. In still other embodiments, the keratinocytes are
stratified, thereby forming cultured skin tissue. In some preferred embodiments, the skin
tissue is stratified into squamous epithelia.

The present invention is not limited to the expression of any particular angiogenic
factor. Indeed, the use of a variety of angiogenic factors or activators is contemplated. In
some preferred embodiments, the angiogenic factor is selected from the group consisting of
a VEGF gene, an angiopoietin gene and a HIF1a gene. In other preferred embodiments, the

VEGF gene is VEGF-A. In other preferred embodiments, the VEGF-A gene is encoded by
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SEQ ID NO:1 or sequences that hybridize to SEQ ID NO:1 under conditions of low
stringency.

In still other preferred embodiments, the angiopoietin gene is angiopoietin-1. In further
preferred embodiments, the angiopoietin-1 gene is encoded by SEQ ID NO:2 or sequences
that hybridize to SEQ ID NO:2 under conditions of low stringency. In further

embodiments, the angiogenic activator is HIF-1o.. In further preferred embodiments, the

HIF-1a gene is encoded by SEQ ID NO:3 or sequences that hybridize to SEQ ID NO:3
under conditions of low stringency. In some other embodiments, the keratinocytes are
transfected with combinations of VEGF-A, ANG-1, and HIF-1a. The present invention is
not limited to the use of any particular inducible promoter. Indeed, the use of a variety of
inducible promoters is contemplated, including, but not limited to the Tet-responsive
promoter. In some further preferred embodiments, vascularization is induced by topical
administration of an agent such as doxycycline.

In other embodiments, a skin graft composition comprising at least first and second
sub-populations of keratinocytes, wherein the first subpopulation of keratinocytes is
transfected with a first exogenous angiogenic factor and the second sub-population is
transfected with a second exogenous angiogenic factor. In some preferred embodiments,
the first angiogenic factor is encoded by SEQ ID NO:1 or sequences that bind to SEQ ID
NO:1 under conditions of low stringency. In still other preferred embodiments, the second
angiogenic factor is encoded by SEQ ID NO:2 or sequences that bind to SEQ ID NO:2
under conditions of low stringency. The first or second angiogenic factor can also be an

angiogenic activator such as HIF-1a.

Description of the Figures
Fig. 1 provides the sequence for VEGF-A (SEQ ID NO:1).
Fig. 2 provides the sequence for ANG-1 (SEQ ID NO:2).
| Figs. 3a and 3b provide the sequence for HIF-1a (SEQ ID NO:3).

Fig. 4 provides a schematic depiction of inducible expression of an angiogenic

factor.
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Definitions

As used herein, the terms “skin equivalent” and “skin substitute” are used
interchangeably to refer to an in vitro derived culture of keratinocytes that has stratified into
squamous epithelia. Typically, cultured skin tissue is produced by organotypic culture.

As used herein, the term “organotypic” culture refers to a three-dimensional tissue
culture where cultured cells are used to reconstruct a tissue or organ in vitro.

As used herein, the term “NIKS cells” refers to cells having the characteristics of the
cells deposited as cell line ATCC CRL-12191.

The term "test compound" refers to any chemical entity, pharmaceutical, drug, and
the like that can be used to treat or prevent a disease, illness, sickness, or disorder of bodily
function, or otherwise alter the physiological or cellular status of a sample. Test compounds
comprise both known and potential therapeutic compounds. A test compound can be
determined to be therapeutic by screening using the screening methods of the present
invention. A "known therapeutic compound" refers to a therapeutic compound that has
been shown (e.g., through animal trials or prior experience with administration to humans)
to be effective in such treatment or prevention.

As used herein, the term response, when used in reference to an assay, refers to the
generation of a detectable signal (e.g., accumulation of reporter protein, increase in ion
concentration, accumulation of a detectable chemical product).

As used herein, the term reporter gene refers to a gene encoding a protein that may
be assayed. Examples of reporter genes include, but are not limited to, luciferase (See, e.g.,
deWet et al., Mol. Cell. Biol. 7:725 [1987] and U.S. Pat Nos.,6,074,859; 5,976,796;
5,674,713; and 5,618,682; all of which are incorporated herein by reference), green
fluorescent protein (e.g., GenBank Accession Number U43284; a number of GFP variants
are commercially available from CLONTECH Laboratories, Palo Alto, CA),
chloramphenicol acetyltransferase, B-galactosidase, alkaline phosphatase, and horse radish
peroxidase.

The term "gene" refers to a nucleic acid (e.g., DNA) sequence that comprises coding
sequences necessary for the production of a polypeptide or precursor (e.g., VEGF or ANG-
1). The polypeptide can be encoded by a full length coding sequence or by any portion of
the coding sequence so long as the desired activity or functional properties (e.g., enzymatic
activity, ligand binding, signal transduction, etc.) of the full-length or fragment are retained.

The term also encompasses the coding region of a structural gene including sequences

5
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located adjacent to the coding region on both the 5' and 3' ends for a distance of about 1 kb
on either end such that the gene corresponds to the length of the full-length mRNA. The
sequences that are located 5' of the coding region and which are present on the mRNA are
referred to as 5' untranslated sequences. The sequences that are located 3' or downstream of
the coding region and that are present on the mRNA are referred to as 3' untranslated
sequences. The term "gene" encompasses both cDNA and genomic forms of a gene. A
genomic form or clone of a gene contains the coding region interrupted with non-coding
sequences termed "introns" or "intervening regions" or "intervening sequences." Introns are
segments of a gene that are transcribed into nuclear RNA (hnRNA); introns may contain
regulatory elements such as enhancers. Introns are removed or "spliced out" from the
nuclear or primary transcript; introns therefore are absent in the messenger RNA (mRNA)
transcript. The mRNA functions during translation to specify the sequence or order of
amino acids in a nascent polypeptide.

The term "VEGF-A gene" includes the full-length VEGF-A nucleotide sequence
(e.g., contained in SEQ ID NO:1). However, it is also intended that the term encompass
fragments of the VEGF-A sequence, as well as other domains within the full-length VEGF-
A nucleotide sequence. Accordingly, the term "VEGF-A gene" encompasses VEGF-A
homologs containing substitution, addition, and deletion mutations and splice variants of
VEGF-A. Furthermore, the terms "VEGF-A nucleotide sequence" or "VEGF-A
polynucleotide sequence" encompasses DNA, cDNA, and RNA (e.g., mRNA) sequences.

The term "ANG-1 gene" includes the full-length angiopoietin-1 (ANG-1) nucleotide
sequence (e.g., contained in SEQ ID NO:2). However, it is also intended that the term
encompass fragments of the ANG-1 sequence, as well as other domains within the full-
length ANG-1 nucleotide sequence. Accordingly, the term "ANG-1 gene" encompasses
ANG-1 homologs containing substitution, addition, and deletion mutations and splice
variants of ANG-1. Furthermore, the terms "ANG-1 nucleotide sequence" or "ANG-1
polynucleotide sequence" encompasses DNA, cDNA, and RNA (e.g., mRNA) sequences.

The term "HIF-1ot gene" includes the full-length hypoxia-inducing factor (HIF-1c)
nucleotide sequence (e.g., contained in SEQ ID NO:3). However, it is also intended that the
term encompass fragments of the HIF-1a sequence, as well as other domains within the
full-length HIF-1o nucleotide sequence. Accordingly, the term " HIF-1ow gene"
encompasses HIF-1o homologs containing substitution, addition, and deletion mutations

and splice variants of HIF-1a.. Furthermore, the terms " HIF-1o nucleotide sequence" or "

6
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HIF-1a. polynucleotide sequence" encompasses DNA, cDNA, and RNA (e.g., mRNA)
sequences.

Where amino acid sequence is recited herein to refer to an amino acid sequence of a
naturally occurring protein molecule, amino acid sequence and like terms, such as
polypeptide or protein are not meant to limit the amino acid sequence to the complete,
native amino acid sequence associated with the recited protein molecule.

In addition to containing introns, genomic forms of a gene may also include
sequences located on both the 5' and 3' end of the sequences that are present on the RNA
transcript. These sequences are referred to as "flanking" sequences or regions (these
flanking sequences are located 5' or 3' to the non-translated sequences present on the mRNA
transcript). The 5' flanking region may contain regulatory sequences such as promoters and
enhancers that control or influence the transcription of the gene. The 3' flanking region may
contain sequences that direct the termination of transcription, post-transcriptional cleavage
and polyadenylation.

The term "wild-type" refers to a gene or gene product that has the characteristics of
that gene or gene product when isolated from a naturally occurring source. A wild-type
gene is that which is most frequently observed in a population and is thus arbitrarily
designated the "normal" or "wild-type" form of the gene. In contrast, the terms "modified",
"mutant”, and "variant" refer to a gene or gene product that displays modifications in
sequence and or functional properties (i.e., altered characteristics) when compared to the
wild-type gene or gene product. It is noted that naturally-occurring mutants can be isolated;
these are identified by the fact that they have altered characteristics when compared to the
wild-type gene or gene product.

As used herein, the terms "nucleic acid molecule encoding," "DNA sequence
encoding," and "DNA encoding" refer to the order or sequence of deoxyribonucleotides
along a strand of deoxyribonucleic acid. The order of these deoxyribonucleotides
determines the order of amino acids along the polypeptide (protein) chain. The DNA
sequence thus codes for the amino acid sequence.

As used herein, the terms "an oligonucleotide having a nucleotide sequence
encoding a gene" and "polynucleotide having a nucleotide sequence encoding a gene,"
means a nucleic acid sequence comprising the coding region of a gene or, in other words,
the nucleic acid sequence that encodes a gene product. The coding region may be present in

either a cDNA, genomic DNA, or RNA form. When present in a DNA form, the
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oligonucleotide or polynucleotide may be single-stranded (i.e., the sense strand) or double-
stranded. Suitable control elements such as enhancers/promoters, splice junctions,
polyadenylation signals, etc. may be placed in close proximity to the coding region of the
gene if needed to permit proper initiation of transcription and/or correct processing of the
primary RNA transcript. Alternatively, the coding region utilized in the expression vectors
of the present invention may contain endogenous enhancers/promoters, splice junctions,
intervening sequences, polyadenylation signals, etc. or a combination of both endogenous
and exogenous control elements.

As used herein, the term "regulatory element" refers to a genetic element that
controls some aspect of the expression of nucleic acid sequences. For example, a promoter
is a regulatory element that facilitates the initiation of transcription of an operably linked
coding region. Other regulatory elements include splicing signals, polyadenylation signals,
termination signals, etc.

As used herein, the terms "complementary” or "complementarity" are used in
reference to polynucleotides (i.e., a sequence of nucleotides) related by the base-pairing
rules. For example, the sequence "5'-A-G-T-3" is complementary to the sequence "3'-T-C-
A-5"" Complementarity may be "partial," in which only some of the nucleic acids' bases
are matched according to the base pairing rules. Or, there may be "complete" or "total"
complementarity between the nucleic acids. The degree of complementarity between
nucleic acid strands has significant effects on the efficiency and strength of hybridization
between nucleic acid strands. This is of particﬁlar importance in amplification reactions, as
well as detection methods that depend upon binding between nucleic acids.

The term "homology" refers to a degree of complementarity. There may be partial
homology or complete homology (i.e., identity). A partially complementary sequence is
one that at least partially inhibits a completely complementary sequence from hybridizing to
a target nucleic acid and is referred to using the functional term "substantially homologous."
The term "inhibition of binding," when used in reference to nucleic acid binding, refers to
inhibition of binding caused by competition of homologous sequences for binding to a
target sequence. The inhibition of hybridization of the completely complementary sequence
to the target sequence may be examined using a hybridization assay (Southern or Northern
blot, solution hybridization and the like) under conditions of low stringency. A
substantially homologous sequence or probe will compete for and inhibit the binding (i.e.,

the hybridization) of a completely homologous to a target under conditions of low



10

15

20

25

30

WO 03/093418 PCT/US03/13327
stringency. This is not to say that conditions of low stringency are such that non-specific
binding is permitted; low stringency conditions require that the binding of two sequences to
one another be a specific (i.e., selective) interaction. The absence of non-specific binding
may be tested by the use of a second target that lacks even a partial degree of
complementarity (e.g., less than about 30% identity); in the absence of non-specific binding
the probe will not hybridize to the second non-complementary target.

The art knows well that numerous equivalent conditions may be employed to
comprise low stringency conditions; factors such as the length and nature (DNA, RNA, base
composition) of the probe and nature of the target (DNA, RNA, base composition, present
in solution or immobilized, etc.) and the concentration of the salts and other components
(e.g., the presence or absence of formamide, dextran sulfate, polyethylene glycol) are
considered and the hybridization solution may be varied to generate conditions of low
stringency hybridization different from, but equivalent to, the above listed conditions. In
addition, the art knows conditions that promote hybridization under conditions of high
stringency (e.g., increasing the temperature of the hybridization and/or wash steps, the use
of formamide in the hybridization solution, etc.).

When used in reference to a double-stranded nucleic acid sequence such as a cDNA
or genomic clone, the term "substantially homologous" refers to any probe that can
hybridize to either or both strands of the double-stranded nucleic acid sequence under
conditions of low stringency as described below.

When used in reference to a single-stranded nucleic acid sequence, the term
"substantially homologous" refers to any probe that can hybridize (i.e., it is the complement
of) the single-stranded nucleic acid sequence under conditions of low stringency as
described above.

As used herein, the term "competes for binding" is used in reference to a first
polypeptide with an activity which binds to the same substrate as does a second polypeptide
with an activity, where the second polypeptide is a variant of the first polypeptide or a
related or dissimilar polypeptide. The efficiency (e.g., kinetics or thermodynamics) of
binding by the first polypeptide may be the same as, greater than, or less than the efficiency
of substrate binding by the second polypeptide. For example, the equilibrium binding
constant (Kpy) for binding to the substrate may be different for the two polypeptides. The

term "Ky," as used herein refers to the Michaelis-Menton constant for an enzyme and is
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defined as the concentration of the specific substrate at which a given enzyme yields one-
half its maximum velocity in an enzyme catalyzed reaction.

As used herein, the term "hybridization" is used in reference to the pairing of
complementary nucleic acids. Hybridization and the strength of hybridization (i.e., the
strength of the association between the nucleic acids) is impacted by such factors as the
degree of complementary between the nucleic acids, stringency of the conditions involved,

the Ty, of the formed hybrid, and the G:C ratio within the nucleic acids.

As used herein, the term "Ty," is used in reference to the "melting temperature.” The

melting temperature is the temperature at which a population of double-stranded nucleic
acid molecules becomes half dissociated into single strands. The equation for calculating

the Ty, of nucleic acids is well known in the art. As indicated by standard references, a
simple estimate of the Ty, value may be calculated by the equation: Ty, =81.5+0.41(% G

+ C), when a nucleic acid is in aqueous solution at 1 M NaCl (See e.g., Anderson and
Young, Quantitative Filter Hybridization, in Nucleic Acid Hybridization [1985]). Other
references include more sophisticated computations that take structural as well as sequence

characteristics into account for the calculation of Tyy,.

As used herein the term "stringency"” is used in reference to the conditions of
temperature, ionic strength, and the presence of other compounds such as organic solvents,
under which nucleic acid hybridizations are conducted. Those skilled in the art will
recognize that "stringency" conditions may be altered by varying the parameters just
described either individually or in concert. With "high stringency" conditions, nucleic acid
base pairing will occur only between nucleic acid fragments that have a high frequency of
complementary base sequences (e.g., hybridization under "high stringency" conditions may
occur between homologs with about 85-100% identity, preferably about 70-100% identity).
With medium stringency conditions, nucleic acid base pairing will occur between nucleic
acids with an intermediate frequency of complementary base sequences (e.g., hybridization
under "medium stringency" conditions may occur between homologs with about 50-70%
identity). Thus, conditions of "weak" or "low" stringency are often required with nucleic
acids that are derived from organisms that are genetically diverse, as the frequency of
complementary sequences is usually less.

"High stringency conditions" when used in reference to nucleic acid hybridization
comprise conditions equivalent to binding or hybridization at 42 C in a solution consisting

of 5X SSPE (43.8 g/l NaCl, 6.9 g/l NaHpPO4 HyO and 1.85 g/l EDTA, pH adjusted to 7.4
10
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with NaOH), 0.5% SDS, 5X Denhardt's reagent and 100 pg/ml denatured salmon sperm
DNA followed by washing in a solution comprising 0.1X SSPE, 1.0% SDS at 42°C when a
probe of about 500 nucleotides in length is employed.

"Medium stringency conditions" when used in reference to nucleic acid
hybridization comprise conditions equivalent to binding or hybridization at 42 Cin a
solution consisting of 5X SSPE (43.8 g/l NaCl, 6.9 g/l NaH,PO4 HpO and 1.85 g/l EDTA,

pH adjusted to 7.4 with NaOH), 0.5% SDS, 5X Denhardt's reagent and 100 pg/ml denatured
salmon sperm DNA followed by washing in a solution comprising 1.0X SSPE, 1.0% SDS at
42°C when a probe of about 500 nucleotides in length is employed.

"Low stringency conditions" comprise conditions equivalent to binding or

hybridization at 42°C in a solution consisting of 5X SSPE (43.8 g/l NaCl, 6.9 g/l NaHpPOy4
H5O and 1.85 g/l EDTA, pH adjusted to 7.4 with NaOH), 0.1% SDS, 5X Denhardt's

reagent [50X Denhardt's contains per 500 ml: 5 g Ficoll (Type 400, Pharamcia), 5 g BSA
(Fraction V; Sigma)] and 100 g/ml denatured salmon sperm DNA followed by washing in a
solution comprising 5X SSPE, 0.1% SDS at 42°C when a probe of about 500 nucleotides in
length is employed.

The following terms are used to describe the sequence relationships between two or
more polynucleotides: "reference sequence”, "sequence identity", "percentage of sequence
identity", and "substantial identity". A "reference sequence" is a defined sequence used as a
basis for a sequence comparison; a reference sequence may be a subset of a larger sequence,
for example, as a segment of a full-length cDNA sequence given in a sequence listing or
may comprise a complete gene sequence. Generally, a reference sequence is at least 20
nucleotides in length, frequently at least 25 nucleotides in length, and often at least 50
nucleotides in length. Since two polynucleotides may each (1) comprise a sequence (i.e., a
portion of the complete polynucleotide sequence) that is similar between the two
polynucleotides, and (2) may further comprise a sequence that is divergent between the two
polynucleotides, sequence comparisons between two (or more) polynucleotides are typically
performed by comparing sequences of the two polynucleotides over a "comparison
window" to identify and compare local regions of sequence similarity. A "comparison
window", as used herein, refers to a conceptual segment of at least 20 contiguous nucleotide
positions wherein a polynucleotide sequence may be compared to a reference sequence of at
least 20 contiguous nucleotides and wherein the portion of the polynucleotide sequence in

the comparison window may comprise additions or deletions (i.e., gaps) of 20 percent or
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less as compared to the reference sequence (which does not comprise additions or deletions)
for optimal alignment of the two sequences. Optimal alignment of sequences for aligning a
comparison window may be conducted by the local homology algorithm of Smith and
Waterman [Smith and Waterman, Adv. Appl. Math. 2: 482 (1981)] by the homology
alignment algorithm of Needleman and Wunsch [Needleman and Wunsch, J. Mol. Biol.
48:443 (1970)], by the search for similarity method of Pearson and Lipman [Pearson and
Lipman, Proc. Natl. Acad. Sci. (U.S.4.) 85:2444 (1988)], by computerized implementations
of these algorithms (GAP, BESTFIT, FASTA, and TFASTA in the Wisconsin Genetics
Software Package Release 7.0, Genetics Computer Group, 575 Science Dr., Madison, Wis.),
or by inspection, and the best alignment (i.e., resulting in the highest percentage of
homology over the comparison window) generated by the various methods is selected. The
term "sequence identity" means that two polynucleotide sequences are identical (i.e., on a
nucleotide-by-nucleotide basis) over the window of comparison. The term "percentage of
sequence identity" is calculated by comparing two optimally aligned sequences over the
window of comparison, determining the number of positions at which the identical nucleic
acid base (e.g., A, T, C, G, U, or I) occurs in both sequences to yield the number of matched
positions, dividing the number of matched positions by the total number of positions in the
window of comparison (i.e., the window size), and multiplying the result by 100 to yield the
percentage of sequence identity. The terms "substantial identity" as used herein denotes a
characteristic of a polynucleotide sequence, wherein the polynucleotide comprises a
sequence that has at least 85 percent sequence identity, preferably at least 90 to 95 percent
sequence identity, more usually at least 99 percent sequence identity as compared to a
reference sequence over a comparison window of at least 20 nucleotide positions, frequently
over a window of at least 25-50 nucleotides, wherein the percentage of sequence identity is
calculated by comparing the reference sequence to the polynucleotide sequence which may
include deletions or additions which total 20 percent or less of the reference sequence over
the window of comparison. The reference sequence may be a subset of a larger sequence,
for example, as a segment of the full-length sequences of the compositions claimed in the
present invention (e.g., VEGF and ANG-1).

As applied to polypeptides, the term "substantial identity" means that two peptide
sequences, when optimally aligned, such as by the programs GAP or BESTFIT using
default gap weights, share at least 80 percent sequence identity, preferably at least 90
percent sequence identity, more preferably at least 95 percent sequence identity or more

(e.g., 99 percent sequence identity). Preferably, residue positions that are not identical differ
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by conservative amino acid substitutions. Conservative amino acid substitutions refer to the
interchangeability of residues having similar side chains. For example, a group of amino
acids having aliphatic side chains is glycine, alanine, valine, leucine, and isoleucine; a group
of amino acids having aliphatic-hydroxyl side chains is serine and threonine; a group of
amino acids having amide-containing side chains is asparagine and glutamine; a group of
amino acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group
of amino acids having basic side chains is lysine, arginine, and histidine; and a group of
amino acids having sulfur-containing side chains is cysteine and methionine. Preferred
conservative amino acids substitution groups are: valine-leucine-isoleucine, phenylalanine-
tyrosine, lysine-arginine, alanine-valine, and asparagine-glutamine.

As used herein, the term "recombinant DNA molecule" refers to a DNA molecule
that is comprised of segments of DNA joined together by means of molecular biological
techniques.

As used herein, the term "vector" refers to nucleic acid molecules that transfer DNA
segment(s) from one cell to another. The term "vehicle" is sometimes used interchangeably
with "vector."

The term "expression vector" as used herein refers to a recombinant DNA molecule
containing a desired coding sequence and appropriate nucleic acid sequences necessary for
the expression of the operably linked coding sequence in a particular host organism.
Nucleic acid sequences necessary for expression in prokaryotes usually include a promoter,
an operator (optional), and a ribosome binding site, often along with other sequences.
Eukaryotic cells are known to utilize promoters, enhancers, and termination and
polyadenylation signals.

As used herein, the term "host cell" refers to any eukaryotic or prokaryotic cell (e.g.,
bacterial cells such as E. coli, yeast cells, mammalian cells, avian cells, amphibian cells,
plant cells, fish cells, and insect cells), whether located in vitro or in vivo. For example, host
cells may be located in a transgenic animal.

The terms "overexpression" and "overexpressing" and grammatical equivalents, are
used in reference to levels of mRNA to indicate a level of expression approximately 3-fold
higher than that typically observed in a given tissue in a control or non-transgenic animal.
Levels of mRNA are measured using any of a number of techniques known to those skilled
in the art including, but not limited to Northern blot analysis. Appropriate controls are

included on the Northern blot to control for differences in the amount of RNA loaded from
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each tissue analyzed (e.g., the amount of 28S rRNA, an abundant RNA transcript present at
essentially the same amount in all tissues, present in each sample can be used as a means of
normalizing or standardizing the VEGF mRNA-specific signal observed on Northern blots).
The amount of mMRNA present in the band corresponding in size to the correctly spliced
VEGF or ANG-1 transgene RNA is quantified; other minor species of RNA which
hybridize to the transgene probe are not considered in the quantification of the expression of
the transgenic mRNA.

The term "transfection" as used herein refers to the introduction of foreign DNA into
eukaryotic cells. Transfection may be accomplished by a variety of means known to the art
including calcium phosphate-DNA co-precipitation, DEAE-dextran-mediated transfection,
polybrene-mediated transfection, electroporation, microinjection, liposome fusion,
lipofection, protoplast fusion, retroviral infection, and biolistics. The terms "transfection"
and "transformation" may be used interchangeably.

The term "stable transfection" or "stably transfected" refers to the introduction and
integration of foreign DNA into the genome of the transfected cell. The term "stable
transfectant" refers to a cell that has stably integrated foreign DNA into the genomic DNA.

The term "transient transfection" or "transiently transfected" refers ta the
introduction of foreign DNA into a cell where the foreign DNA fails to integrate into the
genome of the transfected cell. The foreign DNA persists in the nucleus of the transfected
cell for several days. During this time the foreign DNA is subject to the regulatory controls
that govern the expression of endogenous genes in the chromosomes. The term "transient
transfectant” refers to cells that have taken up foreign DNA but have failed to integrate this
DNA.

The term "calcium phosphate co-precipitation” refers to a technique for the
introduction of nucleic acids into a cell. The uptake of nucleic acids by cells is enhanced
when the nucleic acid is presented as a calcium phosphate-nucleic acid co-precipitate. The
original technique of Graham and van der Eb (Graham and van der Eb, Virol.,, 52:456
[1973]), has been modified by several groups to optimize conditions for particular types of
cells. The art is well aware of these numerous modifications.

A "composition comprising a given polynucleotide sequence" as used herein refers
broadly to any composition containing the given polynucleotide sequence. The composition
may comprise an aqueous solution. Compositions comprising polynucleotide sequences

encoding VEGF, ANG-1, or HIF-1a (e.g., SEQ ID NOs:1, 2 or 3) or fragments thereof
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may be employed as hybridization probes. In this case, the VEGF, ANG-1, or HIF-1a
encoding polynucleotide sequences are typically employed in an aqueous solution
containing salts (e.g., NaCl), detergents (e.g., SDS), and other components (e.g., Denhardt's

solution, dry milk, salmon sperm DNA, etc.).

Description of the Invention

The present invention relates to in vitro cultured skin tissue, and in particular to
cultured skin tissue comprising exogenous genes encoding angiogenic growth factors.

Human skin is composed of a dermal layer containing fibroblasts embedded in an
extracellular protein matrix and an epidermal layer, consisting primarily of keratinocytes
that differentiate to form the outermost, impermeable skin layer. Differentiated
keratinocytes are continuously lost from the surface and replaced by the proliferation of
basal keratinocytes. The rate at which a basal cell initiates and completes its differentiation
program appears to be tightly regulated, although the molecular controls for such regulation
are ill defined. In vivo, the final stages of the terminal differentiation process are
characterized by numerous changes including filaggrin-mediated keratin intermediate
filament bundling, and release of lipids from membrane-coating granules into the
intercellular space. The cornified envelope (CE), another terminal differentiation structure
consisting of several proteins that are covalently cross-linked by the action of calcium-
dependent transglutaminases, is also formed in differentiating keratinocytes. In the
epidermis, keratinocytes lose intracellular organelles and enucleate in the upper layers of the
tissue, forming a “dead shell” with high tensile strength. Molecular mechanisms that
govern keratinocyte enucleation and terminal differentiation are poorly understood.

Full stratification and histological differentiation of normal keratinocytes can be
achieved by the use of three-dimensional organotypic culture methods (See, e.g., Bell et al.,
Proc. Natl. Acad. Sci. USA 76:1274-78 (1979); Parenteau et al., Cytotechnology 9:163-71
(1992)). Keratinocytes grown on the surface of collagen gels containing dermal fibroblasts
can generate specialized structures, such as the basement membrane and hemidesmosomes,
which are characteristic of the normal tissue architecture of stratified squamous epithelia.

The present invention provides cultured skin tissue comprising exogenous genes
encoding angiogenic growth factors. It is contemplated that this cultured skin tissue has
improved vascularization properties as compared to cultured skin tissue lacking these

exogenous genes. For convenience, the description of the invention is presented in the
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following sections: A) Sources of Keratinocytes and Other Cells for Creating Cultured Skin
Tissue; B) Expression of Exogenous Angiogenic Growth Factors in Cultured Skin Tissue;
and C) Uses of Cultured Skin Tissue.

A. Sources of Keratinocytes and Other Cells for Creating Cultured Skin Tissue

Generally, any source of cells or cell line that can stratify into squamous epithelia
are useful in the present invention. Accordingly, the present invention is not limited to the
use of any particular source of cells that are capable of differentiating into squamous
epithelia. Indeed, the present invention contemplates the use of a variety of cell lines and
sources that can differentiate into squamous epithelia, including both primary and
immortalized keratinocytes. Sources of cells include keratinocytes and dermal fibroblasts
biopsied from humans and cavaderic donors (Auger et al., In Vitro Cell. Dev. Biol. —
Animal 36:96-103; U.S. Pat. Nos. 5,968,546 and 5,693,332, each of which is incorporated
herein by reference), neonatal foreskins (Asbill et al., Pharm. Research 17(9): 1092-97
(2000); Meana et al., Burns 24:621-30 (1998); U.S. Pat. Nos. 4,485,096; 6,039,760; and
5,536,656, each of which is incorporated herein by reference), and immortalized
keratinocytes cell lines such as NM1 cells (Baden, In Vitro Cell. Dev. Biol. 23(3):205-213
(1987)), HaCaT cells (Boucamp et al., J. cell. Boil. 106:761-771 (1988)); and NIKS cells
(Cell line BC-1-Ep/SL; U.S. Pat. No. 5,989,837, incorporated herein by reference; ATCC
CRIL-12191). Each of these cell lines can be cultured or genetically modified as described
below.

In preferred embodiments, NIKS cells are utilized. The discovery of a novel human
keratinocyte cell line (normal immortalized keratinocytes or NIKS) provides an opportunity
to genetically engineer human keratinocytes for grafts and new in vitro testing methods. A
unique advantage of the NIKS cells is that they are a consistent source of genetically-
uniform, pathogen-free human keratinocytes. For this reason, they are useful for the
application of genetic engineering and genomic gene expression approaches to provide
cultured skin tissue with properties similar to human skin. Such systems will provide an
important alternative to the use of animals for testing compounds and formulations. The
NIKS keratinocyte cell line, identified and characterized at the University of Wisconsin, is
nontumorigenic and exhibits normal growth and differentiation both in monolayer and
organotypic culture. NIKS cells form fully stratified skin tissue in culture. These cultures

are indistinguishable by all criteria tested thus far from organotypic cultures formed from
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primary human keratinocytes. Unlike primary cells however, the immortalized NIKS cells
will continue to proliferate indefinitely. This provides an opportunity to genetically
manipulate the cells and isolate new clones of cells with new useful properties (Allen-
Hoffmann et al., J. Invest. Dermatol., 114(3): 444-455 (2000)).

The NIKS cell line is useful for in vitro assays because it provides a consistent
source of genetically identical human keratinocytes. The NIKS cells arose from the BC-1-
Ep strain of human neonatal foreskin keratinocytes isolated from an apparently normal male
infant. In early passages, the BC-1-Ep cells exhibited no morphological or growth
characteristics that were atypical for cultured normal human keratinocytes. Cultivated BC-
1-Ep cells exhibited stratification as well as features of programmed cell death. To
determine replicative lifespan, the BC-1-Ep cells were serially cultivated to senescence in
standard keratinocyte growth medium at a density of 3 x 10° cells per 100-mm dish and
passaged at weekly intervals (approximately a 1:25 split). By passage 15, most
keratinocytes in the population appeared senescent as judged by the presence of numerous
abortive colonies that exhibited large, flat cells. However, at passage 16, keratinocytes
exhibiting a small cell size were evident. By passage 17, only the small-sized keratinocytes
were present in the culture and no large, senescent keratinocytes were evident. The
resulting population of small keratinocytes that survived this putative crisis period appeared
morphologically uniform and produced colonies of keratinocytes exhibiting typical
keratinocyte characteristics including cell-cell adhesion and apparent squame production.
The keratinocytes that survived senescence were serially cultivated at a density of 3 x 10°
cells per 100-mm dish. Typically the cultures reached a cell density of approximately 8 x
10° cells within 7 days. This stable rate of cell growth was maintained through at least 59
passages, demonstrating that the cells had achieved immortality. The keratinocytes that
emerged from the original senescéncing population were originally designated BC-1-
Ep/Spontaneous Line and are now termed NIKS. The NIKS™ cell line has been
extensively screened for the presence of specific viral pathogens, including HIV-1, HIV-2,
HTLV-1, HTLV-2, HBV, HCV, EBV, CMV, HPV and B19 human parvovirus. None of
these viruses were detected. In addition, examination of mice and embryonated eggs
inoculated with NIKS™ cell extracts demonstrates that NIKS™ keratinocytes are free of
unidentified viral adventitious agents. The NIKS™ cell line is also free of mycoplasma
contamination as determined by Hoechst and broth culture.

Chromosomal analysis was performed on the parental BC-1-Ep cells at passage 3

and NIKS cells at passages 31 and 54. The parental BC-1-Ep cells have a normal
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chromosomal complement of 46, XY. At passage 31, all NIKS cells contained 47
chromosomes with an extra isochromosome of the long arm of chromosome 8. No other
gross chromosomal abnormalities or marker chromosomes were detected. At passage 54,
the only cytogenetic abnormality in NIKS cells was the presence of isochromosome 8.
Thus, NIKS cells exhibit a stable, near-diploid karyotype.

The DNA fingerprints for the NIKS cell line and the BC-1-Ep keratinocytes are
identical at all twelve loci analyzed. The odds of the NIKS cell line having the parental BC-
1-Ep DNA fingerprint by random chance is 4 x 10716, The DNA fingerprints from three
different sources of human keratinocytes, ED-1-Ep, SCC4 and SCC13y are different from
the BC-1-Ep pattern. The data from the DNA fingerprint analysis of the NIKS cell line
proves it arose from the parental BC-1-Ep cells. This data also shows that keratinocytes
isolated from other humans, ED-1-Ep, SCC4, and SCC13y, are unrelated to the BC-1-Ep
cells or each other. The NIKS DNA fingerprint data provides an unequivocal way to
identify the NIKS cell line.

Loss of p53 function is associated with an enhanced proliferative potential and
increased frequency of immbrtality in cultured cells. The sequence of p53 in the NIKS cells
is identical to published p53 sequences (GenBank accession number: M14695). In humans,
p53 exists in two predominant polymorphic forms distinguished by the amino acid at codon
72. Both alleles of p53 in the NIKS cells are wild-type and have the sequence CGC at
codon 72, which codes for an arginine. The other common form of p53 has a proline at this
position. The entire sequence of p53 in the NIKS cells is identical to the BC-1-Ep
progenitor cells. Rb was also found to be wild-type in NIKS cells.

Anchorage-independent growth is highly correlated to tumorigenicity in vivo. For
this reason, the anchorage-independent growth characteristics of NIKS cells in agar or
methylcellulose-containing medium was investigated. After 4 weeks in either agar- or
methylcellulose-containing medium, NIKS cells remained as single cells. The assays were
continued for a total of 8 weeks to detect slow growing variants of the NIKS cells. None
were observed.

To determine the tumorigenicity of the parental BC-1-Ep keratinocytes and the

" immortal NIKS keratinocyte cell line, cells were injected into the flanks of athymic nude

mice. The human squamous cell carcinoma cell line, SCC4, was used as a positive control
for tumor production in these animals. The injection of samples was designed such that
animals received SCC4 cells in one flank and either the parental BC-1-Ep keratinocytes or

the NIKS cells in the opposite flank. This injection strategy eliminated animal to animal
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variation in tumor production and confirmed that the mice would support vigorous growth
of tumorigenic cells. Neither the parental BC-1-Ep keratinocytes (passage 6) nor the NIKS
keratinocytes (passage 35) produced tumors in athymic nude mice.

NIKS cells were analyzed for the ability to undergo differentiation in both
submerged culture and organotypic culture. For cells in submerged culture, a marker of
squamous differentiation, the formation cornified envelopes (CE) was monitored. In
cultured human keratinocytes, early stages of CE assembly result in the formation of an
immature structure composed of involucrin, cystatin-o. and other proteins, which represent
the innermost third of the mature CE. CE formation in the parental and the NIKS
keratinocytes was examined. Less than 2% of the keratinocytes from the adherent BC-1-Ep
cells or the NIKS cell line produce CEs. This finding is consistent with previous studies
demonstrating that actively growing, subconfluent keratinocytes produce less than 5% CEs.
Many aspects of terminal differentiation, including differential expression of keratins and
CE formation can be triggered in vitro by loss of keratinocyte cell-cell and cell-substratum
adhesion. To determine whether the NIKS cell line is capable of producing CEs when
induced to differentiate, the cells were removed from submerged culture and suspended for
24 hours in medium made semi-solid with methylcellulose. The NIKS keratinocytes
produced as many as and usually more CEs than the parental keratinocytes. These findings
demonstrate that the NIKS keratinocytes are not defective in their ability to initiate the
formation of this cell type-specific differentiation structure.

To confirm that the NIKS keratinocytes can undergo squamous differentiation, the
cells were cultivated in organotypic culture. Keratinocyte cultures grown on plastic
substrata and submerged in medium replicate but exhibit limited differentiation.
Specifically, human keratinocytes become confluent and undergo limited stratification
producing a sheet consisting of 3 or more layers of keratinocytes. By light and electron
microscopy, there are striking differences between the architecture of the mulﬁlayered
sheets formed in tissue culture and intact human skin. In contrast, organotypic culturing
techniques allow for keratinocyte growth and differentiation under in vivo-like conditions.
Specifically, the cells adhere to a physiological substratum consisting of dermal fibroblasts
embedded within a fibrillar collagen base. The organotypic culture is maintained at the air-
medium interface. In this way, cells in the upper sheets are air-exposed while the
proliferating basal cells remain closest to the gradient of nutrients provided by diffusion
through the collagen gel. Under these conditions, correct tissue architecture is formed.

Several characteristics of a normal differentiating epidermis are evident. In both the
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parental cells and the NIKS cell line a single layer of cuboidal basal cells rests at the
junction of the epidermis and the dermal equivalent. The rounded morphology and high
nuclear to cytoplasmic ratio is indicative of an actively dividing population of keratinocytes.
In normal human epidermis, as the basal cells divide they give rise to daughter cells that
migrate upwards into the differentiating layers of the tissue. The daughter cells increase in
size and become flattened and squamous. Eventually these cells enucleate and form
cornified, keratinized structures. This normal differentiation process is evident in the upper
layers of both the parental cells and the NIKS cells. The appearance of flattened squamous
cells is evident in the upper layers of keratinocytes and demonstrates that stratification has
occurred in the organotypic cultures. In the uppermost part of the organotypic cultures the
enucleated squames peel off the top of the culture. To date, no histological differences in
differentiation at the light microscope level between the parental keratinocytes and the
NIKS keratinocyte cell line grown in organotypic culture have been observed

To observe more detailed characteristics of the parental (passage 5) and NIKS
(passage 38) organotypic cultures and to confirm the histological observations, samples
were analyzed using electron microscopy. Parental cells and the immortalized human
keratinocyte cell line, NIKS, were harvested after 15 days in organotypic culture and
sectioned perpendicular to the basal layer to show the extent of stratification. Both the
parental cells and the NIKS cell line undergo extensive stratification in organotypic culture
and form structures that are characteristic of normal human epidermis. Abundant
desmosomes are formed in organotypic cultures of parental cells and the NIKS cell line.
The formation of a basal lamina and associated hemidesmosomes in the basal keratinocyte
layers of both the parental cells and the cell line was also noted. Hemidesmosomes are
specialized structures that increase adhesion of the keratinocytes to the basal lamina and
help maintain the integrity and strength of the tissue. The presence of these structures was
especially evident in areas where the parental cells or the NIKS cells had attached directly
to the mesh support. These findings are consistent with earlier ultrastructural findings using
human foreskin keratinocytes cultured on a fibroblast-containing nylon mesh. Analysis at
both the light and electron microscopic levels demonstrate that the NIKS cell line in
organotypic culture can stratify, differentiate, and form structures such as desmosomes,

basal lamina, and hemidesmosomes found in normal human epidermis.
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B. Expression of Exogenous Angiogenic Growth Factors in Cultured Skin Tissue

In preferred embodiments of the present invention, the keratinocytes used to form
cultured skin tissue comprise at least one angiogenic growth factor. In some preferred
embodiments, the angiogenic growth factor is a member of the VEGF family (e.g., VEGF-
A, -B, -C, -D, and PIGF). In other preferred embodiments, the angiogenic growth factor is
angiopoietin or an angiopoietin related protein.

Five closely related proteins (VEGF-A, VEGF-B, VEGF-C, VEGF-D and PIGF)
comprise the VEGF family (Eriksson and Alitalo, Curr Top Microbiol Immunol 237:41-57.
(1999), Persico, et al., Curr Top Microbiol Immunol 237:31-40. (1999)). While most of
these factors appear to play very specific roles in vascular or lymphatic development
(Olofsson, et al., Curr Opin Biotechnol 10:528-35. (1999), Carmeliet, Nat Med 6:389-95.
(2000), Bellomo, et al., Circ Res 86:E29-35. (2000)), VEGF-A has potent angiogenic
activities and is expressed during angiogenesis induced by a wide variety of stimuli.

VEGF-A was initially identified in the conditioned medium of bovine pituitary
folliculostellate cells and tumors (Senger, et al., Science 219:983-5. (1983), Ferrara and

. Henzel, Biochem Biophys Res Commun 161:851-8. (1989), Ferrara, et al., Methods

Enzymol 198:391-405. (1991)). VEGF-A is a dimeric glycoprotein that is a potent mitogen
for microvascular endothelial cells in vitro (Detmar, et al., J Invest Dermatol 105:44-50.
(1995)) and exhibits angiogenic activity in vivo. Four VEGF-A isoforms of 121, 165, 189,
and 206 amino acids are expressed from the VEGF-A gene by alternative splicing (Houck,
et*al., Mol Endocrinol 5:1806-14. (1991)). All four isoforms contain an N-terminal signal
peptide, but the two largest forms contain a highly basic 24 amino acid domain that prevents
their efficient secretion. The secreted VEGF-A homodimers and heterodimers bind to three
transmembrane tyrosine kinases, VEGFR-1 (Flt-1), VEGFR-2 (KDR), and VEGFR-3 (Flt-
3), which are expressed exclusively on the surface of microvascular endothelial cells
(Yancopoulos, et al., Nature 407:242-8. (2000)). This highly restricted expression of the
VEGF receptors appears to be responsible for the highly selective actions of VEGF-A for
endothelial cells. Signaling through VEGFR-2 appears to be responsible for most of the
proliferative and permeability effects of VEGF (Shalaby, et al., Nature 376:62-6. (1995)),
while binding of VEGF-A to VEGFR-1 may act to inhibit signaling through VEGFR-2
(Fong, et al., Nature 376:66-70. (1995)).

The process of angiogenesis involves local destabilization of the quiescent
vasculature, reorganization and proliferation of endothelial cells to form new blood vessels,

and the maturation of these nascent blood vessels into a stable vascular network. VEGF-A is
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thought to play an early role in angiogenesis by promoting the migration and proliferation
of microvascular endothelial cells. In addition, VEGF-A promotes vascular
hyperpermeability in response to inflammation and tissue ischemia. VEGF-A is required for
embryonic vascular development and loss of even one VEGF-A allele in mice results in
embryonic lethality due to poorly formed vasculature (Carmeliet, et al., Nature 380:435-9.
(1996), Ferrara, et al., Nature 380:439-42. (1996)). In the adult, VEGF-A is expressed
primarily in sites of vascular remodeling, such as the ovary and endometrium
(Maisonpierre, et al., Science 277:55-60. (1997), Moller, et al., Mol Hum Reprod 7:65-72.
(2001)). ‘

VEGF-A expression is also associated with pathological conditions involving
angiogenesis, including inflammation, wound healing (Brown, et al., J Exp Med 176:1375-
9. (1992)), psoriasis (Detmar, et al., J Exp Med 180:1141-6. (1994)), and tumor
vascularization (Shweiki, et al., Proc Natl Acad Sci U S A 92:768-72. (1995)). Human
keratinocytes express VEGF121, VEGF165, and VEGF189 during wound healing and the
expression of these proteins in keratinocytes is induced by hypoxia (Brown, et al., J Exp
Med 176:1375-9. (1992), Ballaun, et al., J Invest Dermatol 104:7-10. (1995), Detmar, et al.,
J Invest Dermatol 108:263-8. (1997)). VEGF-A expression during wound healing leads to
increased angiogenesis and increased vascularization of the hypoxic tissue. The
permeabilizing effects of VEGF-A lead to leakage of serum proteins and clotting, which
facilitate the deposition of extracellular matrix components. VEGF-A stimulates the
proliferation and migration of endothelial cells into the wound bed, resulting in increased
angiogenesis. The importance of VEGF-A in wound healing is illustrated by the observation
that reduced VEGF-A expression is correlated with impaired cutaneous wound healing in
diabetic mice (Frank, et al., J Biol Chem 270:12607-13. (1995), Rivard, et al., Am J Pathol
154:355-63. (1999)).

The pivotal role of VEGF-A in angiogenesis is illustrated by enhanced
vascularization of mice engineered to over-express VEGF-A. Targeted expression of
VEGE-A to the skin of transgenic mice resulted in marked increases in blood vessel density,
although the resulting vessels were hyperpermeable (Larcher, et al., Oncogene 17:303-11.
(1998), Detmar, et al., J Invest Dermatol 111:1-6. (1998)). These observations indicated that
VEGF-A expression alone leads to abnormal angiogenesis, and that other factors are
required for normal angiogenesis. Although VEGF-A promotes the initial stages of
angiogenesis, maturation and stability of the resulting vasculature requires the action of

other angiogenic factors, notably the angiopoietins.
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The angiopoietins were recently identified as ligands for the endothelial cell-specific
Tie2 receptor (Maisonpierre, et al., Science 277:55-60. (1997), Davis, et al., Cell 87:1161-9.
(1996)). While angiopoietin-1 (Ang-1) binds to and activates the tyrosine kinase activity of
Tie2, the binding of angiopoietin-2 (Ang-2) to Tie2 does not result in its activation. The
angiopoietins appear to work in concert with other angiogenic factors to modulate the
stability of microvascular networks (Maisonpierre, et al., Science 277:55-60. (1997), Davis,
et al., Cell 87:1161-9. (1996), Suri, et al., Cell 87:1171-80. (1996)). Angiopoietin-1 (Ang-1)
is widely expressed in adult tissues and is thought to promote formation of mature blood
vessels by enhancing the interactions between adjacent endothelial cells by the increasing
the expression of PECAM-1 (Gamble, et al., Circ Res 87:603-7. (2000)). In contrast, Ang-2
is expressed primarily in areas undergoing vascular remodeling and is thought to promote
vascular plasticity by locally suppressing the stabilizing influence of Ang-1 (Maisonpierre,
et al., Science 277:55-60. (1997)). These observations have led to the hypothesis that Ang-1
and Ang-2 act in opposition to each other to mediate the plasticity of the microvascular
network.

Loss of Ang-1 or the Tie2 receptor in mice leads to lethality and defective vascular
development (Suri, et al., Cell 87:1171-80. (1996), Sato, et al., Nature 376:70-4. (1995)).
Although the initial stages of angiogenesis proceed relatively normally, the subsequent
maturation and stabilization of the embryonic vasculature fails to occur in Ang-1 or Tie2
mutant mice. This is consistent with observations that Ang-1 promotes stabilization of
blood vessels by enhancing the interactions between endothelial cells and smooth muscle
cells (Suri, et al., Cell 87:1171-80. (1996), Papapetropoulos, et al., Lab Invest 79:213-23.
(1999)). Over-expression of Ang-2 in mice causes embryonic lethality with defects in
angiogenesis simi}ar to those observed in Ang-1 or Tie2 mutant mice. These findings are
consistent with the hypothesis that Ang-2 functions as a natural antagonist of signal
transduction pathways mediated by Ang-1.

Although overexpression of either VEGF-A or Ang-1 from the keratinocyte-specific
keratin-14 promoter leads to increased angiogenesis in the skin of transgenic mice, the
resulting vascular structures are quite different. Expression of VEGF-A alone leads to the
formation of numerous small blood vessels that are hyperpermeable (Detmar, et al., J Invest
Dermatol 111:1-6. (1998), Thurston, et al., Science 286:2511-4. (1999)). In contrast,
expression of Ang-1 primarily results in increased vessel diameter with little increase in
vessel number (Thurston, et al., Science 286:2511-4. (1999), Suri, et al., Science 282:468-

71. (1998)). Transgenic mice that express both VEGF-A and Ang-1 show increased
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vascularization of the skin. The increase in vessel density is due to increased vessel number
as well as greater vessel diameter. Unlike the vessels formed by VEGF-A overexpression
alone, vessels in VEGF/Ang-1 transgenic mice are not hyperpermeable (Thurston, et al.,
Science 286:2511-4. (1999)). These results are consistent with the proposed role of VEGF-
A in promoting the early stages of endothelial cell proliferation and migration and that of
Ang-1 in promoting the maturation and stability of nascent vessels. Based on these
observations, it is reasonable to speculate that co-expression of VEGF-A and Ang:-1 act
synergistically to promote the formation of a mature vascular network.

Because of its potent angiogenic effects, VEGF-A gene therapy has been explored as
a strategy to increase vascularization of ischemic tissues. Local administration of VEGF121
¢DNA in rats led to increased survival of experimentally induced ischemic skin flaps, which
was accompanied by an increase in dermal blood vessel density (Taub, et al., Plast Reconstr
Surg 102:2033-9. (1998)). In animal models of myocardial microvascular ischemia,
administration of VEGF-A led to increased angiogenesis, improved blood flow and reduced
ischemia (Tanaka, et al., ] Thorac Cardiovasc Surg 120:720-8. (2000)). VEGF-A gene
therapy is currently in clinical trials for the treatment of chronic myocardial ischemia
(O'Brien and Simari, Mayo Clin Proc 75:831-4. (2000), Baumgartner, Curr Cardiol Rep
2:24-8. (2000), Vale, et al., Circulation 102:965-74. (2000)).

To improve the performance of cultured skin tissue for burns treatment and wound
healing, two groups have genetically altered keratinocytes to over-express VEGF. Using
human keratinocytes infected with a replication-incompetent retrovirus expressing
VEGF165, Supp et al. found that VEGF-A expression accelerated angiogenesis of the
cultured skin tissue following engraftment onto mice (Supp, et al., ] Invest Dermatol 114:5-
13. (2000)). The modified grafts exhibited increased numbers of dermal blood vessels and a
decreased time to vascularization. The cultured skin tissue expressing VEGF-A adhered to
the wound bed better than controls and bled more upon excision. By three days, blood
vessels were observed in the dermal layer of the cultured skin tissue expressing VEGF-A.
Immunohistochemical analysis detected mouse endothelial cells in the dermal layers of the
grafts. The time to vascularization of the modified grafts was reduced by one week. The
cultured skin tissue prepared with VEGF-A keratinocytes continued to express high levels
(~140X controls) of VEGF-A after 21 days of in vitro culture. Increased levels of
expression were sustained for at least 14 days after grafting.

Del Rio and colleagues have reported the use of non-viral transfection methods to

produce pig keratinocytes over-expressing VEGF-A under control of the keratinocyte-
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specific keratin 5 promoter. These keratinocytes were grown on a composite culture of
fibroblast-containing fibrin gels and elicited a strong angiogenic response when grafted onto
wounds on nude mice (Del Rio, et al., Gene Therapy 6:1734-1741 (1999)). Elevated
VEGF-A expression was detectable 20 days after grafting. These results suggest that
enhanced vascularization by VEGF-A may increase the use of cultured skin tissue in
impaired healing environments such as chronic skin ulcers or in diabetic wound healing.

The studies described above utilized viral or keratin-5 promoters to direct sustained
expression of VEGF-A during graft culture and wound healing. This would not be desirable
in a clinical setting, where it would be advantageous to promote angiogenesis only at the
beginning of the wound healing process, but not have long-term, sustained overexpression
of VEGF at the end of the wound healing process.

Although these studies highlight the utility of VEGF-A for inducing angiogenesis,
the results of VEGF overexpression in transgenic mice indicate that expression of VEGF-A
alone is insufficient to promote complete angiogenesis. Therefore, development of
therapeutic strategies to express VEGF-A along with other angiogenic factors holds great
promise to improve the care and healing of chronic wounds.

During wound healing, VEGF-A production transiently increases, leading to
increased endothelial cell proliferation and migration into the wound bed. Concomitant with
increased VEGF-A expression, increased local expression of Ang-2 antagonizes the vessel-
stabilizing influence of Ang-1 and leads to increased plasticity of the vasculature during
angiogenesis. As angiogenesis proceeds, VEGF-A and Ang-2 production diminishes and the
nascent vasculature is stabilized by continued expression of Ang-1.

To recapitulate the temporal functions of VEGF-A and Ang-1 during engraftment of
cultured skin tissue, the present invention contemplates the generation of organotypic skin
cultures that transiently express VEGF-A during the process of wound healing and that
provide sustained expression of Ang-1 following cessation of VEGF-A expression. To
control the timing and extent of VEGF-A and Ang-1 expression during wound healing, the
present invention contemplates expression of these proteins in keratinocytes using inducible
regulatory systems.

The use of activators of angiogenic genes is also contemplated. In particular,
Hypoxia-induced factor (HIF) is a heterodimeric transcription factor composed of the
HIF 10 subunit and the aryl-hydrocarbon receptor nuclear transporter (ARNT). The HIF1a

subunit is constitutively expressed in many tissues, but is rapidly degraded by the
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ubiquitin/proteasome system under normoxic conditions. This degradation is mediated by a
200 amino acid oxygen destruction domain (ODD) located in the middle of the HIF 1o
subunit. Under hypoxic conditions, the HIF 1o subunit is stabilized, leading to its
association with ARNT, translocation to the nucleus, and activation of hypoxia-inducible
target genes, including VEGF. Deletion of the ODD results in the production of a HIF1a
polypeptide that is stable under normoxic conditions and that induces VEGF and other
hypoxia-regulated genes in the absence of a hypoxic stimulus. Accordingly, the present
invention provides keratinocytes comprising at least one exogenous gene that encodes an
angiogenic factor or activator of an angiogenic factor. In some embodiments, the
angiogenic factor is a member of the VEGF family. In further preferred embodiments, the
angiogenic factor is VEGF-A (SEQ ID NO: 1). The present invention is not limited to the
use of wild-type VEGF sequences. Indeed, the use of a variety of VEGF homologs is
contemplated. In some preferred embodiments, the VEGF homologs share at least 80%
identity with native VEGF sequences, in more preferred embodiments, the VEGF homologs
share at least 90% homology with native VEGF sequences, while in most preferred
embodiments, the VEGF homologs share at least 95% identity with native VEGF homologs.
In other preferred embodiments, the VEGF homologs hybridize to native VEGF sequences
under conditions ranging from low to high stringency. In still other embodiments, VEGF
proteins encoded by VEGF homologous gene sequences compete with native VEGF in a
competitive binding assay (e.g. binding to VEGF receptors flt-1, flt-3, or KDR). In further
preferred embodiments, VEGF-A homologs share at least 80% identity with SEQ ID NO:1,
in more preferred embodiments, the VEGF-A homologs share at least 90% homology with
native SEQ ID NO:1, while in most i)referred embodiments, the VEGF-A homologs share at
least 95% identity with native SEQ ID NO:1. In other preferred embodiments, the VEGF-A
homologs hybridize to SEQ ID NO:1 or its complement under conditions ranging from low
to high stringency. In still other embodiments, VEGF proteins encoded by VEGF
homologous gene sequences compete with VEGF-A encoded by SEQ ID NO:1 in a
competitive binding assay.

In other embodiments, the keratinocytes comprise at least one exogenous gene
encoding an angiopoietin. In some embodiments, the angiopoietin shares substantial
homology with angiopoietin-1 (ANG-1). In further preferred embodiments, the angiogenic
factor is ANG-1 (SEQ ID NO: 2). The present invention is not limited to the use of wild-

type angiopoietin sequences. Indeed, the use of a variety of angiopoietin homologs is
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contemplated. In some preferred embodiments, the angiopoietin homologs share at least
80% identity with native angiopoietin sequences, in more preferred embodiments, the
angiopoietin homologs share at least 90% homology with native angiopoietin sequences,
while in most preferred embodiments, the angiopoietin homologs share at least 95% identity
with native angiopoietin sequences. In other preferred embodiments, the angiopoietin
homologs hybridize to native angiopoietin sequences under conditions ranging from low to
high stringency. In still other embodiments, angiopoietin proteins encoded by angiopoietin
homologous gene sequences compete with native angiopoietin in a competitive binding
assay (e.g., with ARNT). In further embodiments, preferred angiopoietin homologs share at
least 80% identity with SEQ ID NO:2, in more preferred embodiments, the angiopoietin
homologs share at least 90% homology with native SEQ ID NO:2, while in most preferred
embodiments, the angiopoietin homologs share at least 95% identity with native SEQ ID
NO:2. In other preferred embodiments, the angiopoietin homologs hybridize to SEQ ID
NO:2 or its complement under conditions ranging from low to high stringency. In still other
embodiments, angiopoietin proteins encoded by angiopoietin homologous gene sequences
compete with angiopoietin encoded by SEQ ID NO:2 in a competitive binding assay.

In other embodiments, the keratinocytes comprise at least one exogenous gene
encoding an activator of an angiogenesis factor. In some preferred embodiments, the
activator is HIF-1oo (SEQ ID NO: 3). The present invention is not limited to the use of
wild-type HIF-Ioc sequences. Indeed, the use of a variety of HIF-1a. homologs is
contemplated. In some preferred embodiments, the HIF-1a. homologs share at least 80%
identity with native HIF-1a. sequences, in more preferred embodiments, the HIF-1a
homologs share at least 90% homology with native HIF-1a. sequences, while in most
preferred embodiments, the HIF-1o. homologs share at least 95% identity with native HIF-
la sequences. In other preferred embodiments, the HIF-1o homoldgs hybridize to native
HIF-1a. sequences under conditions ranging from low to high stringency. In still other
embodiments, HIF-1a proteins encoded by HIF-1a. homologous gene sequences compete
with native HIF-1o in a competitive binding assay (e.g., with the TIE2 receptor). In further
embodiments, preferred HIF-1a, homologs share at least 80% identity with SEQ ID NO:3,
in more preferred embodiments, the HIF-10. homologs share at least 90% homology with
native SEQ ID NO:3, while in most preferred embodiments, the HIF-1o homologs share at
least 95% identity with native SEQ ID NO:3. In other preferred embodiments, the HIF-1a

homologs hybridize to SEQ ID NO:3 or its complement under conditions ranging from low
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to high stringency. In still other embodiments, HIF-1a proteins encoded by HIF-1o '
homologous gene sequences compete with HIF-1a encoded by SEQ ID NO:3 ina
competitive binding assay.

Functional homologs or variants of angiogenic factors and activators described
above can be screened for by expressing the variant in an appropriate vector (described in
more detail below) in keratinocytes, using the keratinocytes to produce cultured skin tissue,
and analyzing the cultured skin tissue for increased vascularization.

In some embodiments, variants (i.e., homologous sequences) result from mutation,
(i.e., a change in the nucleic acid sequence) and generally produce altered mRNAs or
polypeptides whose structure or function may or may not be altered. Any given gene may
have none, one, or many variant forms. Common mutational changes that give rise to
variants are generally ascribed to deletions, additions or substitutions of nucleic acids. Bach
of these types of changes may occur alone, or in combination with the others, and at the rate
of one or more times in a given sequence.

It is contemplated that it is possible to modify the structure of a peptide having a
function (e.g., angiogenic factor function) for such purposes as increasing binding affinity -
of an angiogenic factor or activator (e.g., VEGF-A, ANG-1, or HIF-IOL) for its ligand. Such
modified peptides are considered functional equivalents of peptides having an activity of
VEGE-A, ANG-1, or HIF-1a as defined herein. A modified peptide can be produced in
which the nucleotide sequence encoding the polypeptide has been altered, such as by
substitution, deletion, or addition. In particularly preferred embodiments, these
modifications do not significantly reduce the activity of the modified VEGF-A, ANG-1, or
HIF-1oa. In other words, construct "X" can be evaluated in order to determine whether it is
a member of the genus of modified or variant angiogenic factors of the present invention as
defined functionally, rather than structurally. In preferred embodiments, the activity of
variant or mutant VEGF-A, ANG-1, or HIF-1a is evaluated by the methods described

above.

Moreover, as described above, variant forms of VEGF-A, ANG-1, and HIF-1a, are
also contemplated as being equivalent to those peptides and DNA molecules that are set
forth in more detail herein. For example, it is contemplated that isolated replacement of a
leucine with an isoleucine or valine, an aspartate with a glutamate, a threonine with a serine,
or a similar replacement of an amino acid with a structurally related amino acid (i.e.,
conservative mutations) will not have a major effect on the biological activity of the
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resulting molecule. Accordingly, some embodiments of the present invention provide
variants of VEGF-A, ANG-1, and HIF-1 disclosed herein containing conservative
replacements. Conservative replacements are those that take place within a family of amino
acids that are related in their side chains. Genetically encoded amino acids can be divided
into four families: (1) acidic (aspartate, glutamate); (2) basic (lysine, arginine, histidine); (3)
nonpolar (alanine, valine, leucine, isoleucine, proline, phenylalanine, methionine,
tryptophan); and (4) uncharged polar (glycine, asparagine, glutamine, cysteine, serine,
threonine, tyrosine). Phenylalanine, tryptophan, and tyrosine are sometimes classified

jointly as aromatic amino acids. In similar fashion, the amino acid repertoire can be

_grouped as (1) acidic (aspartate, glutamate); (2) basic (lysine, arginine, histidine), (3)

aliphatic (glycine, alanine, valine, leucine, isoleucine, serine, threonine), with serine and
threonine optionally be grouped separately as aliphatic-hydroxyl; (4) aromatic
(phenylalanine, tyrosine, tryptophan); (5) amide (asparagine, glutamine); and (6) sulfur
-containing (cysteine and methionine) (e.g., Stryer ed., Biochemistry, pg. 17-21, 2nd ed,
WH Freeman and Co., 1981). Whether a change in the amino acid sequence of a peptide
results in a functional homolog can be readily determined by assessing the ability of the
variant peptide to function in a fashion similar to the wild-type protein. Peptides having
more than one replacement can readily be tested in the same manner.

More rarely, a variant includes "nonconservative" changes (e.g., replacement of a
glycine with a tryptophan). Analogous minor variations can also include amino acid
deletions or insertions, or both. Guidance in determining which amino acid residues can be
substituted, inserted, or deleted without abolishing biological activity can be found using
computer programs (e.g., LASERGENE software, DNASTAR Inc., Madison, Wis.).

In some preferred embodiments, the keratinocytes of the present invention comprise
at least one copy of a VEGF homolog and/or at least one copy of an angiopoietin homolog,
and/or at least one copy of a HIF-1a homolog. In some preferred embodiments, the
keratinocytes of the present invention comprise at least one copy of a VEGF-A homolog
(e.g., SEQ ID NO:1) and/or at least one copy of an angiopoietin-1 homolog (e.g., SEQ ID
NO:2).

In still further preferred embodiments, at least one angiogenic factor is operably
associated with an inducible regulatory system. In some preferred embodiments, the
inducible system is the Tet system. This system allows for regulated induction or

repression of gene expression controlled by the presence or absence of tetracycline or
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tetracycline derivatives, including, but not limited to doxycycline (Gossen and Bujard, Proc
Natl Acad Sci U S A 89:5547-51 (1992), Gossen, et al., Curr Opin Biotechnol 5:516-20.
(1994), Gossen, et al., Science 268:1766-9 (1995)). Other suitable inducible expression
systems include GENESWITCH. Accordingly, the present invention provides constructs
for transfecting keratinocytes or other cells comprising an inducible promoter system n
operable association with an angiogenic factor or activator gene (e.g., VEGF, ANG-1, or
HIF-1). In still further embodiments, the exogenous genes are operably attached to a
promotor that is inducible by the topical application of an inducing factor (e.g., topical
application of doxycycline to induce the Tet-on promoter; see Fig. 4).

In some further preferred embodiments, the angiogenic factors and/or activators are
operably linked to different inducible promoters so that the genes can be expressed at
different times. For example, in some embodiments, it is contemplated that the VEGF gene
is expressed first in the graft tissue, followed by the expression of the ANG-1 gene. In still
other embodiments, it is contemplated that the keratinocytes (e.g., NIKS cells) are
transfected with only one of the angiogenic factors or activators. It is contemplated that
populations of keratinocytes expressing the different angigenic factors or activators can be
mixed in different ratios, thereby modulating the expression levels of the gene products in
the resulting graft tissues. For example, in some embodiments, 90% of the keratinocytes
used to form a graft express VEGF-A, while 10% of the keratinocytes express ANG-1. In
other embodiments, 70% of the keratinocytes used to form a graft express VEGF-A, while
30% of the keratinocytes express ANG-1. In other embodiments, 30% of the keratinocytes
used to form a graft express VEGF-A, while 70% of the keratinocytes express ANG-1. In
other embodiments, 10% of the keratinocytes used to form a graft express VEGF-A, while
90% of the keratinocytes express ANG-1. It will be recognized that these ranges are not
limiting and are intended to provide guidance for determining the optimal ratios of
angiogenic factor or activator expressing cells.

The constructs of the present invention may be introduced into keratinocytes by a
variety of methods. In particularly preferred embodiments, the constructs are introduced via
the TRANSIT system (Mirus Corp., Madison, WI). In general, it is contemplated that a
number of other mammalian expression vectors are suitable for use in the present invention,
including, but not limited to, pPWLNEO, pSV2CAT, pOG44, pXT1, pSG (Stratagene)
pSVK3, pBPV, pMSG, pSVL (Pharmacia). Any other plasmid or vector may be used as

long as they are replicable and viable in the host. In some preferred embodiments of the

30



10

15

20

25

30

WO 03/093418 PCT/US03/13327
present invention, mammalian expression vectors comprise an origin of replication, a
suitable promoter and enhancer, and also any necessary ribosome binding sites,
polyadenylation sites, splice donor and acceptor sites, transcriptional termination sequences,
and 5' flanking non-transcribed sequences. In other embodiments, DNA. sequences derived
from the SV40 splice, and polyadenylation sites may be used to provide the required
non-transcribed genetic elements. Additionally, the exogenous gene may be inserted via a
retroviral vector. In particularly preferred embodiments, the retroviral vector is
pseudotyped retroviral vector (Clontech, Palo Alto, CA). It is contemplated that
transfection can be accomplished by any method known in the art, including but not limited
to calcium-phosphate coprecipitation, electroporation, microparticle bombardment,
liposome mediated transfection, or retroviral infection.

In some embodiments, the keratinocytes are utilized to form cultured skin tissue. In
preferred embodiments, the keratinocytes are organotypically cultured. In particularly
preferred embodiments, a dermal layer comprising collagen and fibroblasts is formed and
cultured. The transfected keratinocytes are then seeded on the dermal equivalent. The
seeded dermal equivalent is then cultured at the air interface, eventually forming fully
stratified cultured skin tissue. Preferred methods for organotypic culture of skin tissue are
described in the examples. However, the present invention is not limited to these preferred

culture methods.

C. Uses of Cultured Skin Tissue

It is contemplated that the cultured skin tissue of the present invention has a variety
of uses. These uses include, but are not limited to, use for screening compounds, substrates
for culturing tumors and pathological agents (e.g., human papilloma virus) for wound
closure and burn treatment, and for delivering therapeutic reagents. These uses are

described in more detail below.

1. Use for Screening Compounds

The cultured skin tissue of the present invention may be used for a variety of in vitro
tests. In particular, cultured skin tissue finds use in the evaluation of: skin care products,
drug metabolism, cellular responses to test compounds, wound healing, phototoxicity,
dermal irritation, dermal inflammation, skin corrosivity, and cell damage. The cultured skin

tissue is provided in a variety of formats for testing, including 6-well, 24-well, and 96-well
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plates. Additionally, the cultured skin tissue can be divided by standard dissection
techniques and then tested. The cultured skin tissue of the present invention may have both
an epidermal layer with a differentiated stratum corneum and dermal layer that includes
dermal fibroblasts. As described above, in preferred embodiments, the epidermal layer is
derived from immortalized NIKS cells. Other preferred cell lines, including NIKS cells are
characterized by; i) being immortalized; ii) being nontumorigenic; iii) forming cornified
envelopes when induced to differentiate; iv) undergoing normal squamous differentiation in
organotypic culture; and v) maintaining cell type-specific growth requirements, wherein
said cell type-specific growth requirements include 1) exhibition of morphological
characteristics of normal human keratinocytes when cultured in standard keratinocyte
growth medium in the presence of mitomycin C-treated 3T3 feeder cells; 2) dependence on
epidermal growth factor for growth; and 3) inhibition of growth by transforming growth
factor B1.

The present invention encompasses a variety of screening assays. In some
embodiments, the screening method comprises providing cultured skin tissue of the present
invention and at least one test compound or product (e.g., a skin care product such as a
moisturizer, cosmetic, dye, or fragrance; the products can be in any from, including, but not
limited to, creams, lotions, liquids and sprays), applying the product or test compound to the
cultured skin tissue, and assaying the effect of the product or test compound on the cultured
skin tissue. A wide variety of assays are used to determine the effect of the product or test
compound on the cultured skin tissue. These assays include, but are not limited to, MTT
cytotoxicity assays (Gay, The Living Skin Equivalent as an In Vitro Model for Ranking the
Toxic Potential of Dermal Irritants, Toxic. In Vitro (1992)) and ELISA to assay the release
of inflammatory modulators (e.g., prostaglandin E2, prostacyclin, and interleukin-1-alpha)
and chemoattractants. The assays can be further directed to the toxicity, potency, or
efficacy of the compound or product. Additionally, the effect of the compound or product
on growth, barrier function, or tissue strength can be tested.

In particular, the present invention contemplates the use of cultured skin tissue for
high throughput screening of compounds from combinatorial libraries (e.g., libraries
containing greater than 10* compounds). In some embodiments, the cells are used in second
messenger assays that monitor signal transduction following activation of cell-surface
receptors. In other embodiments, the cells can be used in reporter gene assays that monitor

cellular responses at the transcription/translation level. In still further embodiments, the
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cells can be used in cell proliferation assays to monitor the overall growth/no growth
response of cells to external stimuli.

In second messenger assays, cultured skin tissue is treated with a compound or
plurality of compounds (e.g., from a combinatorial library) and assayed for the presence or
absence of a second messenger response. In some preferred embodiments, the cells (e.g.,
NIKS cells) used to create cultured skin tissue are transfected with an expression vector
encoding a recombinant cell surface receptor, ion-charmel, voltage gated channel or some
other protein of interest involved in a signaling cascade. It is contemplated that at least
some of the compounds in the combinatorial library can serve as agonists, antagonists,
activators, or inhibitors of the protein or proteins encoded by the vectors. It is also
contemplated that at least some of the compounds in the combinatorial library can serve as
agonists, antagonists, activators, or inhibitors of protein acting upstream or downstream of
the protein encoded by the vector in a signal transduction pathway.

In some embodiments, the second messenger assays measure fluorescent signals
from reporter molecules that respond to intracellular changes (e.g., Ca*" concentration,
membrane potential, pH, IP3, cAMP, arachidonic acid release) due to stimulation of
membrane receptors and ion channels (e.g., ligand gated ion channels; see Denyer et
al., Drug Discov. Today 3:323-32 [1998]; and Gonzales et al., Drug. Discov. Today
4:431-39 [1999]). Examples of reporter molecules include, but are not limited to,

FRET (florescence resonance energy transfer) systems (e.g., Cuo-lipids and oxonols,
EDAN/DABCYL), calcium sensitive indicators (e.g., Fluo-3, FURA 2, INDO 1, and
FLUO3/AM, BAPTA AM), chloride-sensitive indicators (e.g., SPQ, SPA), potassium-
sensitive indicators (e.g., PBFI), sodium-sensitive indicators (e.g., SBFI), and pH
sensitive indicators (e.g., BCECF).

In general, the cells comprising cultured skin tissue are loaded with the indicator
prior to exposure to the compound. Responses of the host cells to treatment with the
compounds can be detected by methods known in the art, including, but not limited to,
fluorescence microscopy, confocal microscopy (e.g., FCS systems), flow cytometry,
microfluidic devices, FLIPR systems (See, e.g., Schroeder and Neagle, J. Biomol. Screening
1:75-80 [1996]), and plate-reading systems. In some preferred embodiments, the response
(e.g., increase in fluorescent intensity) caused by compound of unknown activity is
compared to the response generated by a known agonist and expressed as a percentage of

the maximal response of the known agonist. The maximum response caused by a known
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agonist is defined as a 100% response. Likewise, the maximal response recorded after

addition of an agonist to a sample containing a known or test antagonist is detectably lower

. than the 100% response.

The cultured skin tissue of the present invention is also useful in reporter gene
assays. Reporter gene assays involve the use of host cells transfected with vectors encoding
anucleic acid comprising transcriptional control elements of a target gene (i.e., a gene that
controls the biological expression and function of a disease target or inflammatory
response) spliced to a coding sequence for a reporter gene. Therefore, activation of the
target gene results in activation of the reporter gene product. This serves as indicator of
response such an inflammatory response. Therefore, in some embodiments, the reporter
gene construct comprises the 5' regulatory region (e.g., promoters and/or enhancers) of a
protein that is induced due to skin inflammation or irritation or protein that is involved in
the synthesis of compounds produced in response to inflammation or irritation (e.g.,
prostaglandin or prostacyclin) operably linked to a reporter gene. Examples of reporter
genes finding use in the present invention include, but are not limited to, chloramphenicol
transferase, alkaline phosphatase, firefly and bacterial luciferases, p-galactosidase, B-
lactamase, and green fluorescent protein. The production of these proteins, with the
exception of green fluorescent protein, is detected through the use of chemiluminescent,
colorimetric, or bioluminecent products of specific substrates (e.g., X-gal and luciferin).
Comparisons between compounds of known and unknown activities may be conducted as
described above.

In other preferred embodiments, cultured skin tissue finds use for screening the
efficacy of drug introduction across the skin or the affect of drugs directed to the skin. In
these embodiments, cultured skin tissue is treated with the drug delivery system or drug,
and the permeation, penetration, or retention or the drug into the skin equivalent is assayed.
Methods for assaying drug permeation are provided in Asbill et al., Pharm Res. 17(9): 1092-
97 (2000). In some embodiments, cultured skin tissue is mounted on top of modified Franz
diffusion cells. The cultured skin tissue is allowed to hydrate for one hour and then
pretreated for one hour with propylene glycol. A saturated suspension of the model drug in
propylene glycol is then added to the cultured skin tissue. The cultured skin tissue can then
be sampled at predetermined intervals. The cultured skin tissue is then analyzed by HPLC
to determine the concentration of the drug in the sample. Log P values for the drugs can be

determined using the ACD program (Advanced Chemistry Inc., Ontario, Canada). These
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methods may be adapted to study the delivery of drugs via transdermal patches or other
delivery modes.

2. Substrates for Culturing Tumors and Pathological Agents

It is contemplated that cultured skin tissue of the present invention is also useful for
the culture and study of tumors that occur naturally in the skin as well as for the culture and
study of pathogens that affect the skin. Accordingly, in some embodiments, it contemplated
that the cultured skin tissue of the present invention is seeded with malignant cells. By way
of non-limiting example, the cultured skin tissue can be seeded with malignant SCC13y
cells as described in U.S. Pat. No. 5,989,837, which is incorporated herein by reference, to
provide a model of human squamous cell carcinoma. These seeded cultured skin tissue can
then be used to screen compounds or other treatment strategies (e.g., radiation or
tomotherapy) for efficacy against the tumor in its natural environment. Thus, some
embodiments of the present invention provide methods comprising providing cultured skin
tissue comprising malignant cells or a tumor and at least one test compound, ireating the
cultured skin tissue with the compound, and assaying the effect of the treatment on the
malignant cells or tumors. In other embodiments of the present invention, methods are
provided that comprise providing cultured skin tissue comprising malignant cells or a tumor
and at least one test therapy (e.g., radiation or phototherapy, treating the cultured skin tissue
with the therapy, and assaying the effect of the therapy on the malignant cells or tumors.

In other embodiments, cultured skin tissue is used to culture and study skin
pathogens. By way of non-limiting example, cultured skin tissue is infected with human
papilloma virus (HPV) such as HPV18. Methods for preparing cultured skin tissue infected
with HPV are described in U.S. Pat. No. 5,994,115, which is incorporated herein by
reference. Thus, some embodiments of the present invention provide methods comprising
providing cultured skin tissue infected with a pathogen of interest and at least one test
compound or treatment and treating the cultured skin tissue with the test compound or
treatment. In some preferred embodiments, the methods further comprise assaying the
effect the test compound or treatment on the pathogen. Such assays may be conducted by
assaying the presence, absence, or quantity of the pathogen in the cultured skin tissue
following treatment. For example, an ELISA may be performed to detect or quantify the
pathogen. In some particularly preferred embodiments, the pathogen is viral pathogen such
as HPV.

3. Wound Closure and Burn Treatment
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The cultured skin tissue of the present invention finds use in wound closure and burn
treatment applications. The use of auto grafts and allografts for the treatment of burns and
wound closure is described in Myers et al., A. J. Surg. 170(1):75-83 (1995) and U.S. Pat.
Nos. 5,693,332; 5,658,331; and 6.039,760, each of which is incorporated herein by
reference. In some embodiments, the cultured skin tissue may be used in conjunction with
dermal replacements such as DERMAGRAFT. In other embodiments, the cultured skin
tissue is produced using both a standard source of keratinocytes (e.g., NIKS cells) and
keratinocytes from the patient that will receive the graft. Therefore, the cultured skin tissue
contains keratinocytes from two different sources. Accordingly, the present invention
provides methods for wound closure, including wounds caused by burns, comprising
providing cultured skin tissue having improved vascularization properties according to the
present invention and a patient suffering from a wound and treating the patient with the
cultured skin tissue under conditions such that the wound is closed.

In still further embodiments, the cultured skin tissue is engineered to provide a
therapeutic agent to a subject. In some embodiments, the keratinocytes used to form the
cultured skin tissue are transfected with a DNA construct encoding a therapeutic protein
(e.g., insulin, clotting factor IX, erythropoietin, etc) and the cultured skin tissue is grafted
onto the subject. The therapeutic agent is then delivered to the patient’s bloodstream from

the graft.

4. Delivery of Therapeutic Reagents

In still further embodiments, the skin tissue is engineered to provide a therapeutic
agent to a subject. The present invention is not limited to the delivery of any particular
therapeutic agent. Indeed, it is contemplated that a variety of therapeutic agents may be
delivered to the subject, including, but not limited to, enzymes, peptides, peptide hormones,
other proteins, ribosomal RNA, ribozymes, and antisense RNA. These therapeutic agents
may be delivered for a variety of purposes, including but not limited to the purpose of
correcting genetic defects. In some particular preferred embodiments, the therapeutic agent
is delivered for the purpose of detoxifying a patient with an inherited inborn error of
metabolism (e.g., aminoacidopathies) in which the graft serves as wild-type tissue. It is
contemplated that delivery of the therapeutic agent corrects the defect. In some
embodiments, the keratinocytes used to form the skin equivalent are transfected with a

DNA construct encoding a therapeutic agent (e.g., insulin, clotting factor IX, erythropoietin,
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etc) and the skin equivalent is grafted onto the subject. The therapeutic agent is then
delivered to the patient’s bloodstream or other tissues from the graft. In preferred
embodiments, the nucleic acid encoding the therapeutic agent is operably linked to a
suitable promoter. The present invention is not limited to the use of any particular
promoter. Indeed, the use of a variety of promoters is contemplated, including, but not
limited to, inducible, constitutive, tissue specific, and keratinocyte specific promoters. In
some embodiments, the nucleic acid encoding the therapeutic agent is introduced directly
into the keratinocytes (i.e., by calcium phosphate co-precipitation or via liposome
transfection). In other preferred embodiments, the nucleic acid encoding the therapeutic
agent is provided as a vector and the vector is introduced into the keratinocytes by methods
known in the art. In some embodiments, the vector is an episomal vector such as a plasmid.
In other embodiments, the vector integrates into the genome of the keratinocytes. Examples
of integrating vectors include, but are not limited to, retroviral vectors, adeno-associated

virus vectors, and transposon vectors.

Experimental

The following examples are provided in order to demonstrate and further illustrate certain
preferred embodiments and aspects of the present invention and are not to be construed as
limiting the scope thereof.

In the experimental disclosure which follows, the following abbreviations apply: eq
(equivalents); M (Molar); uM (micromolar); N (Normal); mol (moles); mmol (millimoles);
pmol (micromoles); nmol (nanomoles); g (grams); mg (milligrams); pg (micrograms); ng
(nanograms); 1 or L (liters); ml (milliliters); pl (microliters); cm (centimeters); mm
(millimeters); pm (micrometers); nm (nanometers); C (degrees Centigrade); U (units), mU
(milliunits); min. (minutes); sec. (seconds); % (percent); kb (kilobase); bp (base pair); PCR

(polymerase chain reaction); BSA (bovine serum albumin).

Example 1

This example describes culture methods common to the following examples unless

otherwise noted.

Media. The organotypic culture process uses six different culture media: 3T3 feeder

cell medium (TM); fibroblast growth medium (FM); NIKS medium (NM); plating medium
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(PM); stratification medium A (SMA); and stratification medium B (SMB). TM is used to
propagate 3T3 cells that act as feeder cells for NIKS cells in monolayer culture. TMisa
mixturé of Dulbecco’s modified Eagle’s medium (DME, GibcoBRL) supplemented with
10% calf serum (Hyclone). FM is a mixture of Ham’s F-12 medium (GibcoBRL) and 10%
Fetal Clone II (Hyclone) serum. NM is used to grow NIKS keratinocytes. NM isa3:l
mixture of Ham’s F-12 medium (GibcoBRL) and DME supplemented with 2.5% Fetal
Clone II (Hyclone), 0.4 pg/ml hydrocortisone (Calbiochem), 8.4 ng/ml cholera toxin (ICN),
5 pg/ml insulin (GibcoBRL), 24 pg/ml adenine (Sigma) and 10 ng/ml epidermal growth
factor (EGF, R&D systems). PM is the medium used when NIKS cells are seeded onto a
dermal equivalent. PM is the same as NM except that EGF is removed,CaCl, (Sigma) is
supplemented to a final calcium concentration of 1.88 mM, and only 0.2% Fetal Clone I
serum is added. SMA is the same as PM with the addition of 1 mg/ml bovine serum
albumin (BSA), 1 uM isoproterenol, 10 pM carnitine, 10 uM serine, 25 pM oleic acid, 15
uM linoleic acid, 7 M arachidonic acid, 1 pM a-tocopherol, 0.05 mg/ml ascorbic acid (all
from Sigma), and 1 ng/ml EGF. SMB is used during the epidermal stratification phase of
small format skin equivalent and graft format skin equivalent growth. SMB is the same as
SMA but without the presence of the Fetal Clone II serum supplement.

Feeder preparation. Prior to starting test format skin equivalent or graft format
skin equivalent organotypic cultures, 3T3 feeder cells are prepared and then used either
fresh or frozen for later use. 37T3 cells are grown to confluence and treated with mitomycin-
C (4 ug/ml of mitomycin-C in TM, Roche) for two hours. The cells are then washed,
resuspended, and plated at a density of 1.25 x 10° per 100 mm tissue culture dish to support
NIKS growth. If frozen feeders are used, a single frozen ampoule containing 1 ml with 2.5
x 10%1s thawed, diluted with fresh TM and plated onto one or more 100 mm tissue culture
dishes. This is done for as many dishes as will be needed for NIKS cell growth one day
prior to plating the NIKS cells.

Dermal equivalent preparation. Frozen NHDF cells are thawed and plated. The
cells are fed FM the next day to remove residual cryoprotectant and subsequently to
maintain cell growth. Preconfluent NHDF cells are harvested for use in the dermal
equivalent. To prepare the dermal equivalent, rat tail tendon collagen (Type I, Becton-
Dickinson) is first diluted to 3 mg/ml in 0.03N acetic acid and chilled on ice. A mixture of
concentrated Ham’s F12 medium (8.7X normal strength, buffered with HEPES at pH 7.5) is
mixed with Fetal Clone II. These two solutions are 11.5 and 10% of the final solution

volume. 1 N NaOH is added to the medium mixture (2.5% of final solution). The diluted
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collagen (74%) is then added to the mixture. A 2% volume of suspended fibroblasts (2.5 x
10° cells/ml for the dermal equivalent of test format skin equivalents and 1 x 10° for dermal
equivalent of graft format skin equivalents) is added to the mixture. The solution is mixed
gently but thoroughly. 100 pl is aliquoted into tissue culture inserts (MILLICELL from
Millipore Corp.) placed 25 in a 100 mum tissue culture dish for test format skin equivalents.
The graft format skin equivalent uses TRANSWELL inserts from Corning. A 13 ml dermal
equivalent is poured into each insert making it roughly three times the thickness of a test
format dermal equivalent. After 30 minutes for gel formation, the dish containing test
format dermal equivalents is flooded with 20 ml of FM. One or two drops FM are placed
on the surface of each test format dermal equivalent. For graft format dermal equivalents,
80 ml of FM is placed around the TRANSWELL insert in a 150 mm tissue culture dish and
10 ml is placed on top of the dermal equivalent. The inserts are placed in 37°C, 5% COg,
90% relative humidity incubator until used. One day prior to seeding the dermal
equivalents with NIKS cells, they are lifted to the air interface by placing them onto a sterile
stainless steel mesh with two wicking pads (S&S Biopath) on top to supply medium through

the bottom of the tissue culture insert.

NIKS Growth and Seeding. Feeders are prepared fresh or thawed and plated in
TM one day prior to NIKS plating. NIKS cells are plated onto the feeders at a density of
approximately 3 x 10° cells per 100 mm dish. If ’Ithe NIKS cells are newly thawed, they are
fed fresh NM one day post-plating to remove residual cryoprotectant. The NIKS cells are
fed NM to maintain growth as required. When cells approach confluence, the NIKS cells
are harvested, counted, and resuspended in PM. 4.65 x 10° NIKS cells/cm” are seeded onto
the surface of the MIILLICELL or TRANSWELL dermal equivalents, which have been
lifted to the air interface for one day. The dishes are fed PM to flood underneath the metal
lifter and placed back into the incubator. Two days later, the cultures are fed SMA. After
an additional two days, the cultures are fed SMB and transferred to a 75% humidity

incubator where they remain, maintained with additional SMB feedings, until mature.

Example 2

Expression vector constructs

A cDNA encoding VEGF165 was isolated by PCR using primers based on
published sequences (Houck, et al., Mol Endocrinol 5:1806-14. (1991)). The coding region

for VEGF165 was cloned into the pTRE2 expression vector (Clontech, Palo Alto, CA). This
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vector contains a minimal CMV promoter flanked by seven repeats of the Tet operator. The
integrity of the cloned VEGF-A PCR product was confirmed by restriction analysis and
DNA sequencing using VEGF-specific primers.

The coding region for Ang-1 was isolated by PCR from total RNA using primers
derived from the published Ang-1 sequence (Maisonpierre, et al., Science 277:55-60.
(1997)). The coding region for Ang-1 was cloned into the pTRE2 expression vector and the
integrity of the Ang-1 coding region was verified by restriction analysis and DNA
sequencing using primers derived from the known Ang-1 sequence.

The coding regions for VEGF165 and Ang-1 also were cloned into an expression
vector containing a 2.3 kb fragment of the keratin 14 (K14) promoter. This vector also has a
1.2 kb DNA fragment containing an intron and polyadenlyation signal from the rabbit beta-
globin gene. The vectors also contain an expression cassette that confers resistance to the
antibiotic blasticidin so that cells that have stably incorporated the expression constructs
into their genomes may be selected. The structures of the final expression constructs were
confirmed by restriction analysis and DNA sequencing,

The coding region for VEGF165 also was cloned into an expression vector
containing a 1.2 kb fragment of the human ubiquitin C (Ub) promoter. This vector also has
a 1.2 kb DNA fragment containing an intron and polyadenlyation signal from the rabbit
beta-globin gene. The vector also contains an expression cassette that confers resistance to
the antibiotic blasticidin so that cells that have stably incorporated the expression construct
into their genomes may be selected. The structure of the final expression construct was
confirmed by restriction analysis and DNA sequencing.

The coding region for HIF1a was isolated by PCR using primers derived from the
published HIF1a sequence. The coding region for HIF1a was cloned into the PCR2.1
vector and the integrity of the HIF1a coding region was verified by restriction analysis and

DNA sequencing using primers derived from the known HIF 1o sequence.

'Example 3
Inducible Expression of VEGF

Purified DNA from the pTRE2/VEGF165 vector was introduced into NIKS cells
along with the pTet-On plasmid (Clontech, Palo Alto, CA), which encodes a derivative of

the tet repressor protein. This protein, rtTA, binds to the tet operator in the presence of
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doxycycline and will induce expression of VEGF165 when doxycycline is present in the
culture medium (see Figure 4).

NIKS cells were transfected using TransIt-Keratinocyte reagent (Mirus
Corporation). Initially, unselected populations of transfected cells were analyzed for
VEGF165 expression to confirm that VEGF-A expression was induced by the presence of
doxycycline. Twenty-four hours after transfection, cells were incubated with media
containing doxycycline (0, 1, 10, 100, 1000 ng/ml) to induce VEGF-A expression and
secretion. Media was collected 24 hr after doxycycline addition and the level of VEGF165
was determined by Western blotting using commercially-available antibodies (R&D
Systems).

Medium from NIKS cells transfected with the pTet-ON vector alone contained 600
pg/ml VEGF. Medium from cells co-transfected with pTet-ON and pTRE-VEGF in the
absence of doxycycline contained 1500 pg/ml VEGF, reflecting a low level of expression
from the TRE-VEGF construct in the absence of induction. Following addition of 10 ng/ml
or 1000 ng/ml doxycycline, the level of VEGF in the media increased to approximately
6000 pg/ml. Thus, in transiently-transfected cells, the level of induced VEGF was 10-fold

higher than in control cells.

Example 4
Repressible Expression of Ang-1

Purified DNA from the pTRE2/Ang-1 vector was introduced into NIKS cells along
with the pTet-Off plasmid (Clontech, Palo Alto, CA), which encodes a derivative of the tet
repressor protein. This protein, tTA, binds to the tet operator in the absence of doxycycline
and will induce expression of Ang-1 when doxycycline is not present in the culture medium.
Unselected populations of transfected cells were analyzed for Ang-1 expression to confirm
that Ang-1 expression was repressed by the presence of doxycycline. Twenty-four hours
after transfection, cells are incubated with media containing doxycycline (0, 1, 10, 100,
1000 ng/ml) to inhibit Ang-1 expression and secretion.

Media was collected 24 hr after doxycycline addition and the level of Ang-1 was
determined by Western blotting using a commercially available antibody (Santa Cruz
Biotechnology). Multiple Ang-1 bands, representing variable glycosylation patterns, were
detected by Western blot in media samples from cells transfected with the pTRE2/Ang-1
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and pTet-OFF plasmids. No Ang-1 bands were seen in media from cells transfected with the

pTet-OFF plasmid alone.

Total RNA isolated from transfected cells was analyzed by RT-PCR using primers
that amplified Ang-1 RNA expressed from the pTRE2/Ang-1 vector, but not from the
endogenous Ang-1 gene. A strong Ang-1 RT-PCR product was observed in RNA from cells
transfected with the pTRE2/Ang-1 and pTet-OFF plasmids. The intensity of this product
was reduced following addition of doxycycline, demonstrating that expression of Ang-1

from this vector was repressed by doxycycline.

Example 5
Expression of VEGF from the K14 promoter

Purified DNA from the pK14-VEGF165 vector was introduced into NIKS cells
using Translt-Keratinocyte reagent (Mirus Corporation). Twenty-four hours after
transfection, medium was collected and the level of VEGF protein was determined by
ELISA. Media from transiently-transfected NIKS cells contained 12-fold more VEGF
(10.75 ng/ml) than media from control cells (0.89 ng/ml).

Total RNA was also isolated from transfected cells and expression of VEGF165
mRNA from the K14-VEGF construct was monitored by RT-PCR. Transgene-specific
expression was detected using primers that amplify VEGF165 mRNA expressed from the
K14-VEGF construct but that do not amplify VEGF RNA from the endogenous VEGF
gene. A VEGF165 RT-PCR product was detected in RNA from transfected cells, but was
not detected in RNA from control cells. RT-PCR reactions were also performed with
primers that amplified all three VEGF splice variants from the endogenous gene as well as

the VEGF165 mRNA expressed from the K14-VEGF expression construct.

Example 6
Expression of VEGF from the Ubiquitin promoter

Purified DNA from the pUb-VEGF165 vector was introduced into NIKS cells using
Translt-Keratinocyte reagent (Mirus Corporation). Twenty-four hours after transfection,
medium was collected and the level of VEGF protein was determined by ELISA. Media
from transiently-transfected NIKS cells contained 10-fold more VEGF (9.38 ng/ml) than

media from control cells (0.89 ng/ml).
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Total RNA was also isolated from transfected cells and expression of VEGF165

mRNA from the pUb-VEGF construct was monitored by RT-PCR. Transgene-specific
expression was detected using primers that amplify VEGF165 mRNA expressed from the
pUb-VEGF construct but that do not amplify VEGF RNA from the endogenous VEGF
gene. A VEGF165 RT-PCR product was detected in RNA from transfected cells, but was
not detected in RNA from control cells. RT-PCR reactions were also performed with
primers that amplified all three VEGF splice variants from the endogenous gene as well as

the VEGF165 mRNA expressed from the pUb-VEGF expression construct.

Example 7
Expression of Ang-1 from the K14 promoter

Purified DNA from the pK14-Angl vector was introduced into NIKS cells using
TransIt-Keratinocyte reagent (Mirus Corporation). Twenty-four hours after transfection,
medium was collected and the level of Ang-1 protein was determined by Western blot.
Multiple Ang-1 bands, presumably resulting from variable glycosylation of Ang-1, were
seen in media from cells transfected with the K14-Ang1 expression construct. No Ang-1
bands were observed in media from cells transfected with the empty K14 vector.

Total RNA was also isolated from transfected cells and expression of Ang-1 mRNA
from the K14-Angl construct was monitored by RT-PCR. Transgene-specific expression
was detected using primers that amplify Ang-1 mRNA expressed from the K14-Angl
construct but that do not amplify Ang-1 RNA from the endogenous Ang-1 gene. An Ang-1
RT-PCR product was detected in RNA from transfected cells, but was not detected in RNA

from control cells.

Example 8

Selection and characterization of stable transfectants

Both VEGF-A and Ang-1 are secreted proteins and therefore need not be expressed
in all cells of a tissue to promote angiogenesis. In order to independently control expression
of VEGF-A and Ang-1, separate cell lines were generated that express VEGF-A or Ang-1.
These cells can be mixed subsequently to form co-cultures that contain both VEGF- and

Ang-1 expressing cells.
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Blasticidin has been used to select for stably transfected keratinocytes that can
regenerate normal epidermal architecture (Deng, et al., Biotechniques 25:274-80. (1998)).
The pUb-VEGF165 and pK14-VEGF165 expression constructs contain a gene encoding a
protein that confers resistance to blasticidin to allow for selection of stably-transfected cells.
NIKS cells were transfected with the pK14-VEGF165 and pUb-VEGF165 plasmids.
Transfected cells are selected by growth in media containing blasticidin (2.5 pg/ml), which
killed any NIKS cells that had not incorporated the plasmids into their genome. Clonal
populations of stably transfected NIKS cells were isolated by seeding blasticidin-selected
transfected cells at low density on a feeder layer of blasticidin-resistant 3T3 cells. Cell lines
that express Ang-1 were generated by transfection of NIKS cells with the pK14-Angl
plasmid, followed by selection of stably-transfected cells using blasticidin.

Stable cell lines that contain the pK14-VEGF165, pUb-VEGF165, and pK14-Angl
plasmids were identified by examining multiple clonal cell lines by RT-PCR. Individual
clonal cell lines that possess intact copies of the pK14-VEGF165, pUb-VEGF165, and
pK14-Angl transgenes were expanded in the presence of blasticidin and frozen in culture
media containing 10% glycerol to generate permanent stocks of each line.

The level of transgene expression in each clone was monitored by RT-PCR using
primers that amplified mRNA expressed from the transgenes, but not the endogenous genes.
Clones that showed strong transgene expression were also examined by RT-PCR using
primers that amplified both the transgene-expressed and endogenous mRNA species. Clones
were identified with both the pK14-VEGF165 and pUb-VEGF165 constructs that
specifically overexpressed the VEGF165 isoform relative to the VEGF121 and VEGF189

isoforms.

Example 9
Analysis of VEGF expression in organotypic culture

Clones of NIKS cells stably-transfected with the pK14-VEGF165 expression
construct and untransfected NIKS cells were grown in organotypic culture to produce
cultured skin tissue. Total RNA was isolated from the cultured skin tissue and expression of
the VEGF165 transgene was analyzed by RT-PCR. A transgene-specific RT-PCR product
was amplified from skin tissue containing the K14-VEGF165 construct, but was not
detected in skin tissue prepared from untransfected NIKS cells.

The level of VEGF in media samples from skin tissue prepared from control cells

and from NIKS cells stably-transfected with the pK14-VEGF165 expression construct was
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determined by ELISA. Comparable levels of VEGF protein were detected in control and
K14-VEGF transgenic skin tissue.

Example 10
Cell proliferation assays
VEGF-A is a potent and specific mitogen for microvascular endothelial cells
(HMVECs) (Detmar, et al., J Invest Dermatol 105:44-50. (1995)). Conditioned medium
from cells expressing VEGF-A promotes proliferation of microvascular endothelial cells
(Ferrara and Henzel, Biochem Biophys Res Commun 161:851-8. (1989), Supp, et al., J
Invest Dermatol 114:5-13. (2000)). Control or conditioned media from cultures expressing
VEGF-A was added at different concentrations to triplicate cultures of HMVECs (Cascade
Biologics, Portland, OR). Cells were fed with fresh conditioned medium after 48 hours and
incubated for an additional 48 hours to allow cell proliferation. Mitogenic effects of VEGF-
A were determined by counting trypsinized cultures in a hemocytometer. Cultures fed with
media collected from cells transfected with the pK14-VEGF165 expression construct
contained twice as many cells (4x10%) as cultures fed with media collected from cells

transfected with the empty K14 vector (2x10%).

Example 11

Inducible expression of HIF-1c

The HIF1a coding region is cloned into the pTRE2 expression vector (Clontech,
Palo Alto, CA). This vector contains a minimal CMV promoter flanked by seVen repeats of
the‘ Tet operator. The integrity of the cloned HIF1a. PCR product is confirmed by restriction
analysis and DNA sequencing using HIF 1 o-specific primers.

Purified DNA from the pTRE2/HIF1a vector is introduced into NIKS cells along
with the pTet-On plasmid (Clontech, Palo Alto, CA), which encodes a derivative of the tet
repressor protein. This protein, rtTA, binds to the tet operator in the presence of doxycycline
and will induce expression of HIF1o when doxycycline is present‘ in the culture medium.

NIKS cells are transfected using TransIt-Keratinocyte reagent (Mirus Corporation).
Initially, unselected populations of transfected cells are analyzed for HIF 1o, expression to

confirm that HIF 1o expression is induced by the presence of doxycycline. Twenty-four

45



10

15

20

25

30

WO 03/093418 PCT/US03/13327

hours after transfection, cells are incubated with media containing doxycycline (0, 1, 10,

100, 1000 ng/ml) to induce HIF1o. expression.

Example 12
Analysis of inducible VEGF165 and Ang-1 expressioh

Clones of NIKS that express inducible, increased levels of VEGF165 are identified
by screening culture media from blasticidin—resiétant colonies for the presence of VEGF165.
Multiple clones that contain intact copies of the pTet-On(bsd) and pTRE2/VEGF-A
plasmids are examined for expression of VEGF-A in the presence of doxycycline. Cells are
incubated with media containing doxycycline (0, 1, 10, 100, 1000 ng/ml) to induce VEGF-
A expression and secretion. Media is collected at 24 hr after doxycycline addition and the
level of VEGF165 is determined by Western blotting using commercially available
antibodies (R&D Systems).

Multiple clonal cell lines containing intact copies of the pTRE2/Ang-1 and pTet-
Off(bsd) plasmids are examined for Ang-1 expression. Cells are incubated with media
containing doxycycline (0, 1, 10, 100, 1000 ng/ml) to inhibit Ang-1 expression. Media is
collected at 24 hr after doxycycline addition and the level of Ang-1 is determined by
Western blot using anti-Ang-1 antibodies (Research Diagnostics, Inc., Flanders NJ).

Multiple clonal cell lines containing intact copies of the pTRE2/HIF1c and pTet-
On(bsd) plasmids are examined for HIF 1o expression. Cells are incubated with media
containing doxycycline (0, 1, 10, 100, 1000 ng/ml) to induce HIF1o expression. Cells are
harvested 24 hr after doxycycline addition and the level of HIF1oo mRNA is determined by
RT-PCR.

Example 13
Inducible VEGF165 and Ang-1 expression in organotypic NIKS cultures

NIKS cell clones that exhibit doxycycline-inducible VEGF165 expression and
doxycycline-repressible Ang-1 expression are used to prepare organotypic skin cultures
using the methods and conditions of Example 1. Histological sections of organotypic

cultures formed by genetically modified NIKS cells are compared to cultures prepared from
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unmodified NIKS cells. Tissue sections are stained with hematoxylin and eosin to visualize
the stratified epidermal layers.

The organotypic cultures in the initial expression studies are prepared using cells
individually expressing VEGF-A or Ang-1. Subsequently, organotypic cultures are prepared
by seeding dermal equivalents with a mixture of VEGF-A and Ang-1 expressing cells. In
these mixed cultures, Ang-1 is expressed when doxycycline is absent from the medium, but
VEGF-A is not expressed. When doxycycline is added to the medium, the expression of
Ang-1 is repressed, while the expression of VEGF-A is induced. In this way, differential
expression of Ang-1 and VEGF can be achieved by incubation with a single inducing agent.
Different ratios of VEGF-A and Ang-1 expression levels can be achieved by varying the
ratio of VEGF-A and Ang-1 expressing cells used to prepare subsequent organotypic
cultures. In addition, organotypic cultures can be prepared with mixtures of Ang-1 and
VEGF-A expressing NIKS cells along with unmodified NIKS cells to provide further
flexibility in protein expression in the cultures.

To monitor changes in VEGF165 and Ang-1 expression levels in organotypic
cultures, media underlying the cultures is harvested at various times prior to and following
doxycycline addition. When organotypic cultures are 10 days old, doxycycline (0, 1, 10,
100, 1000 ng/ml) is added to the culture medium. Cultures are incubated for 48 hours in the
presence of doxycycline to allow for induction of VEGF-A and repression of Ang-1. After
48 hours in the presence of doxycycline, cultures are fed with media lacking doxycycline.
Media is harvested every 12 hours for four days after doxycycline addition and the levels of
VEGF-A and Ang-1 proteins in the media is determined by ELISA.

Example 14

Alternative inducible expression system

Another heterologous expression system shown to confer inducible protein
expression in mammalian cells may be used in the present invention. The GENESWITCH
technology (Valentis, Inc. The Woodlands, TX) utilizes chimeric transcriptional regulators
comprised of the DNA binding domain of GAL4 and a truncated progesterone receptor
fused to the VP16 activation domain or KRAB transcriptional repressor domain (Wang, et
al., Proc Natl Acad Sci U S A 91:8180-4. (1994), Wang, et al., Gene Ther 4:432-41.
(1997)). In the presence of mifepristone (RU486), these proteins bind to, and activate or

repress transcription from, transgenes flanked by GAL4 binding sites. The VEGF-A, Ang-1,
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and HIF1a coding regions are cloned into a vector containing 6 GAL4 binding sites and a

minimal promoter.

Example 15
Bioassays of VEGF-A and Ang-1

To demonstrate that the VEGF-A and Ang-1 produced by genetically modified
NIKS™ organotypic cultures stimulate angiogenesis, in vitro angiogenesis assays are used
to characterize VEGF-A and Ang-1. As another indication of VEGF-A mitogenic activity,
the percentage of replicating cells in HMVEC cultures exposed to conditioned media is
determined by immunostaining with mAb Ki67 (Vector Labs). This antibody specifically
reacts with a nucleoprotein complex in actively cycling cells (Gerdes, et al., J Immunol
133:1710-5. (1984), Lopez, et al., Exp Cell Res 210:145-53. (1994)) and is a reliable marker
of proliferating cells. Cells are incubated in endothelial cell growth medium containing
conditioned medium from NIKS/VEGF-A organotypic cultures for 48 hours. Cells are
harvested, washed in PBS, fixed onto microscope slides, and processed for
immunocytochemistry using Ki67 as described (Lopez, et al., Exp Cell Res 210:145-53.
(1994)). The percentage of proliferative cells is determined for triplicate cultures for each
experimental condition.

In vitro angiogenesis assays

Several assays are available to assess the angiogenic properties of VEGF-A and
Ang-1. The bioactivity of VEGF-A and Ang-1 secreted by NIKS organotypic cultures is
determined using the chick chorioallantoic membrane assay and a fibrin gel endothelial cell-
sprouting assay.

Chick chorioallantoic membrane assay

Application of angiogenic growth factors to the chick chorioallantoic membrane
(CAM) induces endothelial cell proliferation and formation of new blood vessels (Folkman,
Cancer Res 34:2109-13. (1974), Jakob, et al., Exp Pathol (Jena) 15:241-9. (1978), Wilting,
et al., Cell Tissue Res 274:163-72. (1993)). Conditioned medium from NIKS cultures
expressing VEGF-A or Ang-1 is concentrated 10-fold by ultrafiltration, applied to
Thermanox discs and air-dried. Discs are inverted onto the CAM of day 13 chick embryos
and embryos are cultured at 37°C for 3-5 days. The angiogenic activity of conditioned
media is determined by microscopic examination of the CAM for development of brush-like

blood vessels compared to CAM exposed to control media. Recombinant VEGF-A (R&D
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systems, Minneapolis, MN) is used as a positive control in CAM angiogenesis assays. Pre-
incubation of samples with an antibody that neutralizes VEGF (Mab203, R&D Systems) is
performed to demonstrate that angiogenic activity is attributable to VEGF.

In vitro endothelial cell sprouting assay

Microvascular endothelial cells cultured on microcarrier beads in a fibrin gel project
capillary-like sprouts into the fibrin matrix in response to angiogenic factors, including
VEGF-A and Ang-1 (Nehls and Drenckhahn, Microvasc Res 50:311-22. (1995), Koblizek,
et al., Curr Biol 8:529-32. (1998)). Airway microvascular endothelial cells (HMVEC-L,
Clonetics, Walkersville, MD) are cultivated to confluence on 175 m microcarrier beads
(Sigma, St Louis, MO). Microcarrier beads are suspended in a fibrinogen gel (2.5 mg/ml)
containing 200 units/ml aprotinin and 2.5 units/ml thrombin (Sigma, St Louis, MO).
Conditioned medium from VEGF-A or Ang-1 expressing organotypic cultures is added to
the fibrin gels to promote angiogenesis. Cultures are fed daily with media containing
conditioned medium or purified recombinant VEGF. After three days of culture, samples
are examined by phase contrast microscopy to visualize endothelial sprouts. In vitro
angiogenesis is quantified by determining the number and length of sprouts emanating from
10 microcarrier beads grown in the presence or absence of conditioned medium.
Experiments are performed in triplicate.

All publications and patents mentioned in the above specification are herein
incorporated by reference. Various modifications and variations of the described method
and system of the invention will be apparent to those skilled in the art without departing
from the scope and spirit of the invention. Although the invention has been described in
connection with specific preferred embodiments, it should be understood that the invention
as claimed should not be unduly limited to such specific embodiments. Indeed, various
modifications of the described modes for carrying out the invention which are obvious to
those skilled in medicine, cell biology, molecular biology, genetics, or related fields are

intended to be within the scope of the following claims.
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Claims

What is claimed is:
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1. A composition comprising keratinocytes, said keratinocytes comprising at

least one exogenous angiogenic factor operably linked to a promoter.

2. The composition of Claim 1, wherein said keratinocytes are selected from

the group consisting of primary keratinocytes and immortalized keratinocytes.

3. The composition of Claim 2, wherein said immortalized keratinocytes are
NIKS cells.

4. The composition of Claims 1-3, further comprising a dermal equivalent.
5. The composition of Claim 4, wherein said dermal equivalent comprises

collagen and fibroblasts.

6. The composition of Claims 1-5, wherein said keratinocytes are stratified,

thereby forming cultured skin tissue.

7. The composition of Claim 6, wherein said cultured skin tissue is stratified

into squamous epithelia.

8. The composition of Claims 1-7, wherein said angiogenic factor is selected

from the group consisting of a VEGF gene and an angiopoietin gene.

9. ' The composition of Claim 8, wherein said VEGF gene is VEGF-A.

10.  The composition of Claim 8, wherein said angiopoietin gene is angiopoietin-
1.
11.  The composition of Claims 1-10, wherein said promoter is inducible.
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12.  The composition of Claim 11, wherein said inducible promoter is a Tet-

responsive promoter.

13. The composition of Claims 1-12, wherein said composition is a human skin

equivalent.

14.  The composition of Claims 1-13, further comprising at least two sub-
populations of keratinocytes, one of said subpopulations comprising an exogenous
VEGEF gene and the other of said populations comprising an exogenous angiopoietin

gene.

15.  The composition of Claim 8, wherein said VEGF-A gene is encoded by SEQ
ID NO:1 or sequences that hybridize to SEQ ID NO:1 under conditions of low

stringency.

16.  The composition of Claim 8, wherein said angiopoietin-1 gene is encoded by
SEQ ID NO:2 or sequences that hybridize to SEQ ID NO:2 under conditions of low
stringency.

17. A skin graft comprising keratinocytes, wherein said keratinocytes comprise

an exogenous HIF-1 gene operably linked to an inducible promoter.

18. A skin graft composition comprising at least first and second sub-populations
of keratinocytes, wherein said first subpopulation of keratinocytes is transfected with
a first exogenous angiogenic factor operably linked to an inducible promoter and
said second sub-population is transfected with a second exogenous angiogenic factor
operably linked to an inducible promoter.

19. A coinposition of Claims 1-18 for use in treating burns.

20. A composition of Claims 1-18 for use in treating wounds.
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21. A method of treatment comprising:

a) providing a patient in need of a graft and the composition of Claim 1; and

b) contacting said patient with said composition of Claim 1 under conditions

such that said graft vascularizes.

22. A method of treatment comprising:
a) providing a patient in need of graft and a human skin equivalent, wherein
said human skin equivalent comprises keratinocytes comprising at least one
exogenous angiogenic factor operably linked to a promoter inducible by
10 application of a topical substance; and
b) contacting said patient with said human skin equivalent; and
c) applying said topical substance to said graft under conditions such that said

human skin equivalent vascularizes.

15 23. A composition according to Claim 1 substantially described herein in any of

the examples.
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Figure 1

Nucleic acid sequence for VEGF (coding region in capital letters)

CCATGAACTTTCTGCTGTCTTGGGTGCATTGCGAGCCTTGCCTTGCTGCTCTACCTCCACCATGCCAAGTGGTCC
CAGGCTGCACCCATGGCAGAAGGAGCAGGGCAGAATCATCACGAAGTGGTGAAGTTCATGGATGTCTATCAGCG
CAGCTACTGCCATCCAATCGAGACCCTGGTGGACATCTTCCAGGAGTACCCTGATCGAGATCCAGTACATCTTCA
AGCCATCCTGTGTGCCCCTGATGCGATGCGGGGGCTGCTGCAATGACGAGGGCCTGGAGTGETGTGCCCACTGAG
GAGTCCAACATCACCATGCAGATTATGCGGATCAAACCTCACCAAGGCCAGCACATAGCAGAGATGAGCTTCCT
ACAGCACAACAAATGTGAATGCAGACCAAAGAAAGATAGAGCAAGACAAGAAAATCCCTGTGGGCCTTGCTCAG
AGCGGAGAAAGCATTTGTTTGTACAAGATCCGCAGACGTGTAAATGTTCCTGCARAARACACAGACTCGCGTTAGC
AAGGCGAGGCAGCTTGAGTTAAACGAACGTACTTGCAGATGTGACAAGCCGAGGCGATGAgCccgggcaggagga
aggagcctccectcagggtttegggaaccagatctectcaccaggaaagactgatacagaacgatega
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Figure 2

Nucleic acid sequence for Ang-1 (coding region in capital letters)

cagctgactcaggcaggctcecatgetgaacggtcacacagagaggaaacaataaatctcea
gctactatgcaataaatatctcaagttttaacgaagaaaaacatcattgecagtgaaataa
aaaattttaaaattttagaacaaagctaacaaatggctagttttctatgattcttettcea
aacgctttcetttgagggggaaagagtcaaacaaacaagcagttttacctgaaataaagaa
ctagttttagaggtcagaagaaaggagcaagttttgecgagaggcacggaaggagtgtget
ggcagtacaATGACAGTTITCCTTTCCTTTGCTTTCCTCGCTGCCATTCTGACTCACATA
GGGTGCAGCAATCAGCGCCGAAGTCCAGAAAACAGTGGGAGAAGATATAACCGGATTCAA
CATGGGCAATGTGCCTACACTTTCATTCTTCCAGAACACGATGGCAACTGTCGTGAGAGT
ACGACAGACCAGTACAACACAAACGCTCTGCAGAGAGATGCTCCACACGTGGAACCGGAT
TTCTCTTCCCAGAAACTTCAACATCTGGAACATGTGATGGARAATTATACTCAGTGGCTG
CAAAAACTTGAGAATTACATTGTGGAAAACATGAAGTCGGAGATGGCCCACGATACAGCAG
AATGCAGTTCAGAACCACACGGCTACCATGCTGGAGATAGGAACCAGCCTCCTCTCTCAG
ACTGCAGAGCACGACCAGAAAGCTGACAGATGTTGAGACCCAGGTACTAAATCAAACTTCT
CGACTTGAGATACAGCTGCTGGAGAATTCATTATCCACCTACAAGCTAGAGAAGCAACTT
CTTCAACAGACAAATGAAATCTTGAAGATCCATGAAAAAAACAGTTTATTAGAACATARA
ATCTTAGAAATGGAAGGAAAACACAAGGAAGAGTTGGACACCTTAAAGGAAGAGAARGAG
AACCTTCAAGGCTTGGTTACTCGTCAAACATATATAATCCAGCGAGCTGGAAARAGCAATTA
AACAGAGCTACCACCAACAACAGTGTCCTTCAGAAGCAGCAACTGGAGCTGATGEACACA
GTCCACAACCTTGTCAATCTTTGCACTAAAGAAGGTGTTTTACTAAAGGCGAGGAAAAAGA
GAGGAAGAGAAACCATTTAGAGACTGTGCAGATGTATATCAAGCTGGTTTTAATAAAAGT
GGAATCTACACTATTTATATTAATAATATGCCAGAACCCAAAAAGGTGTTTTGCAATATG
GATGTCAATGGGGGAGGTTGGACTGTAATACAACATCGTGAAGATGGAAGTCTAGATTTC
CAAAGAGGCTGGAAGGAATATAAAATGGGTTTTGGAAATCCCTCCGGTGAATATTGGECTG
GGGAATGAGTTTATTTTTGCCATTACCAGTCAGAGGCAGTACATGCTAAGAATTGAGTTA
ATGGACTGGGAAGGGAACCGAGCCTATTCACAGTATGACAGATTCCACATAGGARATGAA
AAGCAAAACTATAGGTTGTATTTAAAAGGTCACACTGGGACAGCAGGAAAACAGAGCAGC
CTGATCTTACACGGTGCTGATTTCAGCACTAAAGATGCTCGATAATGACAACTGTATGTGC
AAATGTGCCCTCATGTTAACAGGAGGATGETGEGTTTGATGCTTGTCGECCCCTCCAATCTA
AATGGAATGTTCTATACTGCGGGACAAAACCATGGAAAACTGAATGGGATAAAGTGECAC
TACTTCAAAGGGCCCAGTTACTCCTTACGTTCCACAACTATGATGATTCGACCTTTAGAT
TTTTGAaagcgcaatgtcagaagcgattatgaaagcaacaaagaaatccggagaagetge
caggtgagaaactgtttgaaaacttcagaagcaaacaatattgtcteccttecagcaata
agtggtagttatgtgaagtcaccaaggttcttgaccgtgaatctggagecegtttgagtte
acaagagtctctacttggggtgacagtgctcacgtggetegactatagaaaactecactg
actgtcgggcectttaaaaagggaagaaactgctgagecttgetgtgettcaaactactactg
gaccttattttggaactatggtagccagatgataaatatggttaattte
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Figure 3a

Nucleic acid sequence for HIF-1 (Coding region in capital letters)

cacgaggcagcactctcttcgtcgcttcggccagtgtgtcgggctgggccctgébaagcc
acctgaggagaggctceggagecegggeccggaccceggegattgeegecegetteteteta
gtctecacgaggggttteccegectegeaccccecacctetggacttgectttecttetette
tecegegtgtggagggagecagegettaggeeggagegagectgggggecgecegeegtga
agacatcgcggggaccgattcaccATGEGAGGCCEGCCCGGCGGCGCGAACGACAAGAARAARG
ATAAGTTCTGAACGTCGAAAAGAAAAGTCTCGAGATGCAGCCAGATCTCGGCGAAGTAAA
GAATCTGAAGTTTTTTATGAGCTTGCTCATCAGTTGCCACTTCCACATAATGTGAGTTCG
CATCTTGATAAGGCCTCTGTGATGAGGCTTACCATCAGCTATTTGCGTGTGAGGAAACTT
CTGCGATGCTGGTGATTTGCGATATTGARGATCGACATGAAAGCACAGATGAATTGCTTTTAT
TTGAAAGCCTTGGATGGTTTTGTTATGGTTCTCACAGATCGATGGTGACATGATTTACATT
TCTGATAATGTGAACAAATACATGEGATTAACTCAGTTTGAACTAACTGGACACAGTGTG
TTTGATTTTACTCATCCATGTGACCATGAGGAAATGAGAGARATGCTTACACACAGAAAT
GGCCTTGTGAAAAAGGGTAAAGAACAAAACACACAGCGAAGCTTTTTTCTCAGAATGAAG
TGTACCCTAACTAGCCGAGGAAGAACTATGAACATAAAGTCTGCAACATGCGAAGGTATTG
CACTGCACAGGCCACATTCACGTATATGATACCAACAGTAACCAACCTCAGTGTGGGTAT
AAGAAACCACCTATGACCTGCTTGGTGCTGATTTGTGAACCCATTCCTCACCCATCAAAT
ATTGAAATTCCTTTAGATAGCAAGACTTTCCTCAGTCGACACAGCCTGGATATGAAATTT
TCTTATTGTGATGAAAGAATTACCGAATTGATGGGATATGAGCCAGAAGAACTTTTAGGC
CGCTCAATTTATGAATATTATCATGCTTTCGACTCTGATCATCTGACCAAAACTCATCAT
GATATGTTTACTAAAGGACAAGTCACCACAGGACAGTACAGGATGCTTGCCAAAAGAGGT
GGATATGTCTGGGTTGAAACTCAAGCAACTGTCATATATAACACCAAGAATTCTCAACCA
CAGTGCATTGTATGTGTGAATTACGTTGTCGAGTGGTATTATTCAGCACGACTTGATTTTC
TCCCTTCAACAAACAGAATGTGTCCTTAAACCGGETTGAATCTTCAGATATGAAAATGACT
CAGCTATTCACCAAAGTTGAATCAGAAGATACAAGTAGCCTCTTTGACAAACTTAAGAAG
GAACCTGATGCTTTAACTTTGCTGGCCCCAGCCGCTGGAGACACAATCATATCTTTAGAT
TTTGGCAGCAACGACACAGAAACTGATGACCAGCAACTTGAGGAAGTACCATTATATAAT
GATGTAATGCTCCCCTCACCCAACGAAAAATTACAGAATATAAATTTGGCAATGTCTCCA
TTACCCACCGCTGAAACGCCAAAGCCACTTCGAAGTAGTGCTGACCCTGCACTCAATCAA
GAAGTTGCATTAAAATTAGAACCAAATCCAGAGTCACTGGAACTTTCTTTTACCATGCCC
CAGATTCAGGATCAGACACCTAGTCCTTCCGATGGAAGCACTAGACAAAGTTCACCTGAG
CCTAATAGTCCCAGTGAATATTGTTTTTATGTGGATAGTGATATGGTCAATGAATTCAAG
TTGGAATTGGTAGAAARAACTTTTTGCTGAAGACACAGAAGCAAAGAACCCATTTTCTACT
CAGGACACAGATTTAGACTTGGAGATGTTAGCTCCCTATATCCCAATGGATGATGACTTC
CAGTTACGTTCCTTCGATCAGTTGTCACCATTAGAAAGCAGTTCCGCAAGCCCTGAAAGC
GCAAGTCCTCAAAGCACAGTTACAGTATTCCAGCAGACTCAAATACAAGAACCTACTGCT
AATGCCACCACTACCACTGCCACCACTGATGAATTAAAAACAGTGACAAAAGACCGTATG
GAAGACATTAAAATATTGATTGCATCTCCATCTCCTACCCACATACATAAAGAAACTACT
AGTGCCACATCATCACCATATAGAGATACTCAAAGTCGGACAGCCTCACCAAACAGAGCA
GGAAAAGGAGTCATAGAACAGACAGAAAAATCTCATCCAAGAAGCCCTAACGTGTTATCT
GTCGCTTTGAGTCAAAGAACTACAGTTCCTGAGGAAGAACTAAATCCAMAGATACTAGCT
TTGCAGAATGCTCAGAGAAAGCGAAAAATGGAACATGATGGTTCACTTTTTCAAGCAGTA
GGAATTGGAACATTATTACAGCAGCCAGACGATCATGCAGCTACTACATCACTTTCTTGG
ARACGTGTAAARAGGATGCAAATCTAGTGAACAGAATGGAATGGAGCAAAAGACAATTATT
TTAATACCCTCTGATTTAGCATGTAGACTGCTGGGGCAATCAATGCGATGAAAGTGGATTA
CCACAGCTGACCAGTTATGATTGTGAAGTTAATGCTCCTATACAAGGCAGCAGARAACCTA
CTGCAGGGTGAAGAATTACTCAGAGCTTTGGATCAAGTTAACTGAgectttttcttaattt
cattecctttttttggacactggtggctcactacctaaagcagtetatttatattttetac
atctaattttagaagcctggectacaatactgcacaaacttggttagttcaatttttgate
ccctttetacttaatttacattaatgectettttttagtatgttetttaatgetggatcac
agacagctcattttctcagttttttggtatttaaaccattgecattgecagtagecatecattt
taaaaaatgcacctttttatttatttatttttggctagggagtttatcectttttegaat
tatttttaagaagatgccaatataatttttgtaagaaggcagtaaccttteatcatgatc
ataggcagttgaaaaatttttacaccttttttttcacattttacataaataataatgctt
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Figure 3b

tgccagcagtacgtggtagccacaattgcacaatatattttcttaaaaaataccagcagt
tactcatggaatatattctgegtttataaaactagtttttaagaagaaattttttttgge
ctatgaaattgttaaacctggaacatgacattgttaatcatataataatgattettaaat
gctgtatggtttattatttaaatgggtaaagccatttacataatatagaaagatatgeat
atatctagaaggtatgtggcatttatttggataaaattctcaattcagagaaatcatetg
atgtttctatagtcactttgccagectcaaaagaaaacaataccctatgtagttgtggaag
tttatgctaatattgtgtaactgatattaaacctaaatgttetgectaccctgttggtat
aaagatattttgagcagactgtaaacaagaaaaaaaaaatcatgcattcttagcaaaatt
gectagtatgttaatttgctcaaaatacaatgtttgattttatgcactttgtegetatta
acatcctttttttcatgtagatttcaataattgagtaattttagaagcattattttagga
atatatagttgtcacagtaaatatcttgttttttctatgtacattgtacaaattttteat
tccttttgetetttgtggttggatctaacactaactgtattgttttgttacatcaaataa

acatcttctgtggaaaaaaaaaaaaaaaaaaaa
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Figure 4
A) Regulation of VEGF expression by doxycycline (Tet-On)
Doxycycline Absent Doxycycline Present

rtT

| tet ﬁ VEGF165 tet VEGF165

()

B) Regulation of Ang-1 expression by doxycycline (Tet-Off)

Doxycycline Absent Doxycycline Present

tTA

| tet | Ang-1 | tet I——l Ang-1

tTA
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