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(57) Abstract: A self-regulating gene expression construct
comprises a single promoter in operative association with a
repressor sequence (e.g., bacterial repressor lacl or gaiR),
operator sequence(s) responsive to the expressed repressor
protein, and a transgene. A dual-regulating construct com-
prises a single promoter controlling expression of a bacterial
repressor sequence and a transgene, and which, in the pres-
ence of a first inducer molecule, transcribes the transgene
and repressor; and a ribozyme in association with an
aptamer sequence, the aptamer sequence capable of interact-
ing with a second inducer molecule to terminate mRNA de-
gradation by the ribozyme. Also provided are recombinant
vectors or viruses containing the self-regulating or dual self-
regulating constructs and cells containing the vectors. Such
compositions are useful in methods of treating a diseases us-
ing gene therapy.
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COMPOSITIONS AND METHODS FOR SELF-REGULATED
INDUCIBLE GENE EXPRESSION

[001] STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[002] This invention was made with government support under Grant Nos. R24EY (019861,
1F30AG044078-01A1 and SDP1EY 023177 awarded by the National Institutes of Health. The

government has certain rights in this invention.
[003] CROSS-REFERENCE TO RELATED APPLICATIONS

[004] This application claims the benefit of the priorities of US Provisional Patent
Application No. 62/159,797, filed May 11, 2015 and US Provisional Patent Application No.
62/032,449, filed August 1, 2014. The priority applications are incorporated herein by

reference.
[005] SEQUENCE LISTING

[006] Applicant hereby incorporates by reference the Sequence Listing material filed in
electronic form herewith. This file is labeled "UPN-Y6194PCT_ST25.txt".

[007] BACKGROUND OF THE INVENTION

[008] Gene therapy is a powerful tool that is being used to combat inherited and acquired
disease. The ability to introduce transgenes into a cell and restore normal physiology holds
the future for ameliorating a variety of inherited and acquired errors in metabolism. Currently,
there are roughly 1800 ongoing clinical trials where the transgene is constitutively expressed,
using cither ubiquitous or tissue-specific promoters. However, for most inherited or acquired
disorders the transgene must be tightly regulated and/or titrated with disease progression. An
additional major concern is that constitutive transgene expression can be toxic, producing
undesirable side effects and even death. For safe and effective protein delivery, the transgene

must be appropriately regulated.

[009] The field of gene therapy has seen many significant advances over the past decade °.
Viral vectors are available that can effectively express heterologous genes in vivo and provide

long-term gene expression to target tissues with minimal toxicity and immune response. One
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of the most successful applications of this technology has been the restoration of vision for
individuals with the retinal degenerative disorder described as Leber's congenital amaurosis
(LCA) *°. Currently there are approximately 1800 ongoing human gene therapy clinical trials
that use similar gene replacement therapies; however, for many pathological conditions gene
augmentation therapies need to be regulated '. Indeed, gene regulation remains one of the most
important and unresolved obstacles for safe and effective development of clinical gene

therapeutics.

[0010] Most transgene regulatory systems are based upon the classical bacterial operons,
where a regulating protein is constitutively produced by one promoter to modulate
transcription of a second promoter expressing a functional gene®. A variety of such inducible
regulatory systems have been developed utilizing a number of different regulatory proteins.
These regulatory proteins are allosterically controlled by effector molecules such as the
antibiotic tetracycline (Tet), steroid hormones (ecdysone), anti-steroid hormone analogs
(mifepristone and tamoxifen), and immunosuppressant (rapamycin)® . Regardless of how the
regulator is controlled, the fundamental problems that have plagued all of these regulatory
systems is that effector molecules can produce unwanted side effects, the regulatory circuitry
exhibits a high basal level of gene expression with only a modest dynamic range, and many of
these systems are too large to easily fit within the packaging constraints of a single viral vector
such as a recombinant adeno-associated virus (rAAV). Additionally, the level of regulator
protein produced in these systems is constant and dependent on a number of extrinsic
variables, such that the system will behave differently in different environments. The resulting
switch must be empirically tuned for each particular application to ensure sufficient dynamic

range and to minimize leakiness of transgene expression in the uninduced state.

[0011] As a consequence there is tremendous interest in developing expression systems in
which the dosages of therapeutic transgenes are readily and easily regulated. Transgene
regulation has the potential to modulate, stop, and/or resume transgene expression in response
to disease evolution. A number of inducible systems have been developed to control

transgene expression in mammalian cells.

[0012] For example, one inducible activation system for regulating transgene expression in
eukaryotic cells was created by fusing the Tet repressor with an activation domain, VP16,
from Herpes Simplex Virus. This fusion protein binds to the tetracycline response elements

(TRESs) located within an inducible promoter, activating transcription either in the presence or
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the absence of inducer. The two systems, "Tet-On" and "Tet-Off' both activate expression but
respond to doxycycline (Dox) differently; Tet-Off activates expression in the absence of Dox,
whereas Tet-On activates in the presence of Dox. Another commonly used switch to regulate
transcription relies on rapamycin, an immunosuppressant. Analogous to the Tet-On system,
rapamycin mediates heterodimer formation between two proteins; FKBP and FRB; where
FKBP is fused to a zinc finger homeodomain and FRB to an activation domain. Transcription
is activated by recruiting the activation domain to the promoter that is mediated by rapamycin

facilitated dimerization of FKBP and FRP.

[0013] These known inducible systems require delivery of multiple components, thereby
increasing the potential for immunologic complications. For both tetracycline and rapamycin,
repeated administration can lead to toxic (and sometimes life-threatening) side effects.
Existing inducible systems also suffer wide variations in expression levels that increase the

risk of adverse effects in the host organism and confound scientific experimentation.
[0014] SUMMARY OF THE INVENTION

[0015] The invention described herein fulfills a need in the art by providing self-regulating
gene expression switches used to regulate transgene expression, particularly in a virus vector
or recombinant virus. This switch is inducible with drug-like agents or ligands which activate
transcription rather than silence it. This self-regulating expression system thus ensures that the
transgene is produced only when needed. A more robust inducible transgene regulatory
system is provided by layering two regulatory systems to control both the synthesis and the

degradation of messenger RNA.

[0016] In one aspect a heterologous self-regulating gene expression cassette or construct
comprises, in operative association, a single promoter controlling expression of a repressor
sequence and a transgene; one or more operator sequences responsive to the expressed
repressor protein; the repressor gene sequence, an internal ribosome entry site (IRES)
sequence or a 2A sequence; and a sclected transgene sequence. This cassette is designed in
one embodiment for use in a recombinant vector, preferably a viral vector, such as an adeno-
associated virus (AAV). In certain embodiments, the repressor sequences are bacterial

repressor sequences such as lacl or galR.

[0017] In another aspect, a dual self-regulating inducible gene expression construct or cassette

comprises, in operative association, a single promoter controlling expression of a bacterial
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repressor sequence and a transgene, and which, in the presence of a first inducer molecule,
transcribes the transgene and repressor. These elements of the dual self-regulating construct
can be similar to those of the immediately preceding cassette or constsruct. The dual construct
also contains a ribozyme in association with an aptamer sequence, the aptamer sequence
capable of interacting with a second inducer molecule to terminate mRNA degradation by the
ribozyme. When operative in a cell, this construct transcribes the transgene in the presence of
the first inducer molecule and second inducer molecule, and, in the absence of the first inducer
molecule and second inducer molecule, transcription is terminated. In certain embodiments,

the first inducer molecule and second inducer molecule are the same molecule.

[0018] In another aspect, a recombinant vector is provided that comprises one of the self-
regulating or dual self-regulating constructs or cassettes. The vector can be a virus, such as an
AAYV, or anon-viral vector. The constructs are particularly suited for easy inclusion into the

TAAYV due to the size of the constructs.

[0019] In yet another aspect, a recombinant cell is provided that comprises one of these

vectors and is characterized by tight regulation of transgene expression.

[0020] In another aspect, a method of producing a recombinant adeno-associated virus or

other viral vector containing a heterologous self-regulating gene cassette is provided.

[0021] In another aspect, a method of controlling expression of a transgene in a mammalian
cell comprises infecting the cell with a recombinant virus or vector comprising the
heterologous self-regulating expression cassettes or constructs, wherein the gene cassette is
stably expressed by the infected cell. The method includes inducing expression of a specific
amount of transgene in the cell by contacting the cell in vivo with a first inducing molecule
that interacts with the repressor to permit simultaneous expression of the transgene and
repressor protein by the single promoter. The repressor protein is then expressed along with
the transgene. The repressor protein autoregulates transgene expression by interacting with
the operator sequence as the repressor protein accumulates in the cells turning off further
expression of both the repressor protein and the transgene. Thus, the amount of transgene
expressed is regulated. When the method employs infecting the cells with the dual regulating
cassette or construct, the additional use and presence of a second inducing molecule that
interacts with the ribozyme-aptamer shuts off the ribozymes ability to degrade the mRNA

transcript. When the second inducer is removed, generally, simultancously with removal of
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the first inducing the ribozyme functions to degrade any residual mRNA and provides a
second mechanism to that of the repressor —operator function to tightly shut off transgene

expression.

[0022] In another aspect, a method of treating an ocular condition comprises administering,
e.g., by intravitreal or subretinal injection, to a mammalian subject in need thereof a
recombinant virus comprising the heterologous self-regulating expression cassette. The gene
cassette in the virus becomes stably expressed in the subject’s ocular cells. The course and
amount of expression of the transgene in the ocular cell is controlled by subsequently and/or
repeatedly administering to the subject, a first inducing molecule that interacts with the
repressor sequence to permit simultancous expression of the transgene and repressor protein
by the single promoter. In the absence of additional amounts of the molecule, the repressor
protein expressed in the cell auto-regulates and reduces or inhibits its own further expression.
Similarly use of the dual regulating construct and second inducing molecule in this method

adds tighter regulation and reduces any “leakiness” of the self-regulating expression cassettes.

[0023] These and other embodiments and advantages of the invention are described in more

detail below.
[0024] BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1A is a map of the design of an autogenous regulatory cassette in the basal (top
panel) and induced (lower panel) states. The cassette includes the minimal CMV with a
symmetric lac operator (Lsym) between the TATA box and the transcription start site and a
second Lsym placed 92 base pairs downstream in order to facilitate cooperative binding of the

lac repressor tetramer.

[0026] FIG. 1B is a Western gel analysis that provides a preliminary assessment of the
autogenous regulatory system, showing that approximately 90% of protein product was

correctly split by the 2A sequence in the cassette.

[0027] FIG. 1C is a bar graph showing that the cassette demonstrated a rheostat-like dose
response to isopropylthio-f-galactoside (IPTG) that agrees with the autogenous regulation in

E. coli.
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[0028] FIG. 1D is a bar graph indicating that transfection into human retinal pigment
epithelium (ARPE-19) cells showed approximately 20% basal expression with a 3.5-fold
induction (p <0.05). Expression of luciferase did not change with IPTG induction with the

modified lac repressor (i.e. unregulated expression).

[0029] Figs 2A and 2B demonstrate reversible regulation mediated by the lac autogenous
switch in the retina. FIG. 2A are XENOGEN imaging pictures revealing regulatable induction
of luciferase in the AAV-injected eye of a mouse only after IPTG is administered. The left eye
of each mouse served as an uninjected, negative control. The pictures were taken at the
indicated times. FIG. 2B is a graph showing quantification of luciferase levels before and

after induction.

[0030] FIGs. 3A and 3B show reversible regulation mediated by the lac autogenous switch in
the liver. FIG. 3A shows XENOGEN imaging revealing externally regulatable induction of
luciferase in the liver after IPTG is administered. FIG. 3B is a bar graph showing

quantification of luciferase levels before and after induction.

[0031] FIG. 4 is a plasmid map of p794 which is pAAV.CMV.Lsym.YFP.IRES.
EuLac::mCH SEQ ID NO: 1. This plasmid contains an autogenous gene expression cassette
containing the minimal CMVI promoter under control of the Lsym operator, the YFP reporter
gene separated by an IRES sequence from the lac repressor sequence, which was C-terminally
tagged with mCherry to quantify the lac repressor concentration in cells. The plasmid co-

expresses YFP and the lac repressor fused to mCherry, separated by an IRES sequence.
[0032] FIG. 5 is the nucleic acid sequence of p794 SEQ ID NO: 1.

[0033] FIG. 6 is a design for a pSW-GFP plasmid map, p826 SEQ ID NO: 2. The CMV
promoter in this plasmid has two Lsym (LysM) sites and a 2A sequence separating the lacl

repressor from the GFP reporter gene.
[0034] FIG. 7 is the nucleic acid sequence of p826 SEQ ID NO: 2.

[0035] FIG. 8A is a schematic diagram of a bacterial classically regulated expression system

(CRES). Promoters, regulator genes, reporter genes, and operator sequence are indicated.

[0036] FIG. 8B is a schematic of an autogenously regulated expression system (ARES).

Promoters, regulator genes, reporter genes, and operator sequence are indicated.
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[0037] FIG. 8C shows the mean normalized YFP fluorescence as a function of IPTG
concentration for both the CRES of FIG. 8A and ARES of FIG. 8B in E.coli. Data were
normalized to an E.coli tranformant expressing YFP under the control of a constitutive

promoter. Data points represent mean +/- SEM, n=5.

[0038] FIG. 8D shows the mean normalized mCherry fluorescence of the /ac/-mCherry fusion
as a function of IPTG concentration for both CRES of FIG. 8 A and ARES of FIG. 8B in E.
coli. Data were normalized to an E.coli tranformant expressing /ac/-mCherry under the control

of a constitutive promoter. Data points represent mean +/- SEM, n=5.

[0039] FIG. 8E is a schematic diagram of another eukaryotic classically regulated expression
system (CRES). Promoters, regulator genes, reporter genes, polyadenylation sites, 2A

cleavage signal, and operator sequence are indicated.

[0040] FIG. 8F is a schematic diagram of another autogenously regulated expression system
(ARES). Promoters, regulator genes, reporter genes, polyadenylation sites, 2A cleavage signal,

and operator sequence are indicated.

[0041] FIG. 8G shows the mean YFP fluorescence as a function of IPTG concentration for
both the CRES of FIG. 8E and ARES of FIG. 8F in transfected 293T cells. Data points

represent mean +/- SEM, n=3.

[0042] FIG. 8H shows the mean luminescence as a function of IPTG concentration for the
ARES encoding luciferase as a reporter in AAV-transduced 293T cells. Data points represent

mean +/- SEM, n=3.

[0043] FIG. 9A is a map of the autogenously regulated expression system (ARES) within an
AAYV production vector (AAV8.ARES.Luciferase). A CMV promoter controls the expression
of both the Jac! repressor and Luciferase, linked via a 2A peptide cleavage sequence. Lac
operator sites are indicated by orange boxes. Intronic, polyadenylation, and AAV ITR
sequences are indicated. The autogenous regulatory system is functional in mouse retina in

Vivo.

[0044] FIG. 9B shows live imaging of luciferase activity over a 33-day period in a
representative animal subretinally injected with AAVS.ARES.luciferase in the right eye.
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[0045] FIG. 9C shows live imaging of luciferase activity in the left, un-injected eye of the

same animal as in FIG. 9A.

[0046] FIG. 9D shows the normalized integrated luminescence of the right, injected eye for

cach animal on cach imaging day. Bars on the X axis represent days of IPTG gavage.

[0047] FIG. 9E shows the fold change in integrated right eye luminescence on each imaging
day. Fold change > 1 indicates induction of luciferase expression while fold change < 1

indicates repression of luciferase expression. * p < 0.05, ** p <0.01,n=38.

[0048] FIG. 9F shows histological sections of injected mouse retina from two representative
animals stained with hematoxylin and eosin. (ONL, outer nuclear layer, INL, inner nuclear

layer. GC, ganglion cells layer).

[0049] FIG. 10 is a graph showing the theoretical steady state RNA production vs. inducer for
constitutive expression of a transgene (rnal - horizontal line at steady state of 100); a
ribozyme switch with 4 fold reduction (rna2 — line starting at about 24 and ending at about
100); a standard inducible switch (rna 3- line starting at about 8 and ending at about 80 ) and
for the dual gene switch described herein (rna4 — dark black line). The Y axis represents
luciferase activity (relative light units/mg protein), which was standardized to total protein.
The constitutive expression sample was assigned a relative value of 100% and all others
adjusted accordingly. The X axis represents relative molar concentration of inducers (IPTG

and/or Tet, depending on construct tested).

[0050] FIG. 11 is a schematic diagram of a regulatory system that contains two levels of

regulation, e.g., inducible plus ribozyme switch.

[0051] FIG. 12 is a schematic diagram of the regulatory construct pSW2.Luc.161.RF2.K7
flanked by a 5> AAV ITR and a 3° AAV ITR, that contains two levels of regulation, ¢.g.,
inducible with a CMV enhance/promoter, codon-optimized lacl operator and repressor, P2A
cleavage sequence, lucifierase transgene and the tetracycline dependent ribozyme sequence,

K7.

[0052] FIG. 13A is a bar graph showing luciferase levels (ranging from 0 to 6 x 107) for the
regulatory system when uninduced and induced with the inducible switch only (layer 1), the

ribozyme switch only (layer 2) and with the dual switch (layer 1+2).
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[0053] FIG. 13B is a bar graph showing the fold change in transgene expression for individual

switches: inducible only, ribozyme only and combined (symbols as in FIG. 12A).
[0054] FIG. 14 is the nucleotide sequence encoding the construct of FIG. 11.
[0055] DETAILED DESCRIPTION OF THE INVENTION

[0056] Self-regulating gene switches and transgene expression cassettes and constructs, as
well as vectors and cells containing them, are provided for use in auto-regulating the
expression of a transgene in a cell. Also provided herein is an adeno-associated virus (AAV)
vector which reversibly regulates a transgene using an autogenously regulated lac repressor.
These regulatory system addresses several key areas for gene therapeutic regulation
applications: they allow reversible regulation of a transgene delivered by an AAV vector. The
expression constructs responds to an otherwise inert effector, and the system can be easily
augmented to target it for specific applications. Autogenous regulation derived from the
Lacl/GalR family in AAV vectors can provide safe, effective regulation and has application in

human gene therapy.

[0057] In one embodiment, a self-regulating inducible gene expression construct comprises in
operative association, as a first level of regulation, the regulation created by use of a repressor
sequence. The expression construct comprises a single promoter controlling expression of a
bacterial repressor sequence and a transgene, and which, in the presence of a first inducer
molecule, transcribes the transgene and repressor. The repressing regulator binds DNA close
to or within a promoter and blocks access of RNA polymerase for the promoter. Binding of
the repressor to its operator effectively decreases gene expression by preventing polymerase
access to the promoter7. When the cassette is present in, and delivered by a vector, ¢.g., a
recombinant virus, it can be readily employed to express the transgene in a selected amount
and in a selected time courseln contrast to the operation of the lactose operon of Escherichia
coli, in which transcription of the operon is positively activated by a cyclic AMP- dependent
catabolite gene regulator protein (CAP) and negatively regulated by a constitutively expressed
lacl repressor, the present expression system provides an autogenously regulated gene switch.
In the embodiments described herein, the repressor is not constitutively expressed, but is auto-
regulated by negative feedback. Polymerase transcribes both the transgene and regulator
genes from the promoter that is itself regulated. The newly synthesized repressor, when bound

to the promoter, prevents transcription of both the transgene and itself.
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[0058] In another embodiment, a dual self-regulating inducible gene expression construct
comprises the single promoter controlling expression of a bacterial repressor sequence and a
transgene, and which, in the presence of a first inducer molecule, transcribes the transgene and
repressor; and further comprises a ribozyme in association with an aptamer sequence. The
aptamer sequence is capable of interacting with a second inducer molecule to terminate
mRNA degradation by the ribozyme. When operative in a cell, the construct transcribes the
transgene in the presence of the first inducer molecule and second inducer molecule, and, in
the absence of the first inducer molecule and second inducer molecule, transcription is

terminated.

[0059] As exemplified below, autogenous regulation of a reporter gene is demonstrated using
the gene switch in Escherichia coli, eukaryotic cells in vitro, and both the retina and the liver
of living mice. This autogenously regulated system has several attributes that are attractive for
in vivo transgene regulation. The response to effector is linearized creating a more rheostat-
like switching behavior; the response of the regulator to effector is faster than constitutive
regulation; and the response of regulation to changes in the environment is buffered due to an
increase in stability. Furthermore, autogenous regulation maintains the minimum necessary
intracellular concentration of the regulator that is necessary thus reducing the potential of an
immune response to the regulator protein. Relatedly, the stability of autogenously regulated
system is independent of changes in cell size or growth rate. Thus, autogenous regulation
provides the cell with a means of accomplishing a number of different regulatory tasks and is

an ideal regulatory circuit for controlling a transgene in mammalian cells.

[0060] Unless defined otherwise, technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs and by reference to published texts, which provide one skilled in the art with a general
guide to many of the terms used in the present application. The following definitions are

provided for clarity only and are not intended to limit the claimed invention.

[0061] The terms “a” or “an” refers to one or more, for example, “a subject” is understood to
represent one or more such subjects. As such, the terms “a” (or “an”), “one or more,” and ““at
least one” are used interchangeably herein. As used herein, the term “about” means a

y

variability of 10% from the reference given, unless otherwise specified.

10



WO 2016/019364 PCT/US2015/043335

[0062] Throughout this specification, the words "comprise", "comprises”, and "comprising"
are to be interpreted to include components in addition to those identified. The words
"consist", "consisting", and its variants, are to be interpreted exclusively, i.e., to exclude
significant components other than those specifically identified. It should be understood that
while various embodiments in the specification are presented using “comprising” language,
under various circumstances, a related embodiment is also be described using “consisting of”

or “consisting essentially of”” language.

[0063] As used herein, the term “mammalian subject” or “subject” includes any mammal in
need of these methods of treatment, including particularly humans. Other mammals in need of
such treatment or prophylaxis include dogs, cats, or other domesticated animals, horses,
livestock, laboratory animals, including non-human primates, etc. The subject may be male or

female.

[0064] As used herein, when referring to a range, any number included within the range of

values, including the endpoints, are interpreted to be included.

[0065] By “natural or wildtype lac! repressor” is meant the lactose operon repressor of £.
coli, strain K12. The 360 amino acid sequence of /ac! is found at UniProtKB/Swiss-Prot
accession number P03023 SEQ ID NO: 3. The mutations of /ac/ referred to herein correspond
to the amino acid numbers in the 360 amino acid sequence of SEQ ID NO: 3. This term may

also refer to lactose operon repressors of other bacterial strains.

[0066] By “natural or wildtype ga/R repressor” is mean the galactose operon repressor of £.
coli, strain K12, the amino acid sequence of which is located UniProtKB/Swiss-Prot accession
number P03024 SEQ ID NO: 4. This term may also refer to galactose operon repressors of

other bacterial strains.

[0067] “Autogenous” or “self-regulating” as the term is used herein is meant in one
embodiment to indicate that the repressor of the gene expression cassette controls its own
transcription through its interaction with a functional operator. In another embodiment, these
terms refer to the dual regulatory constructs with also employ a ribozyme-coupled aptamer to
introduce the additional ability of the construct to tightly regulate mRNA degradation with the

transcription regulation of the repressor.

11
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[0068] By the cassette references “synlacl” or “EulLacTet” is meant to refer to a cassette that
employs the lac/ sequence with some codon optimization, a splice site removed, and a nuclear

15, 30

localization sequence positioned N-terminally. See e.g., Cronin ™, cited herein and

Scrable®, cited herein. SEQ ID NO: 13.

[0069] By the cassette reference “Eulac” is meant to refer to a cassette that employs synlacl

with codons for lacl amino acids 349-360 of SEQ ID NO: 3 removed.

[0070] By “first inducing molecule” as used herein is meant an effector molecule, usually a
small chemical molecule that interacts with the repressor sequence so as to prevent it from
binding to its operator(s) and permitting transcription to occur from the promoter. In the
absence of the first inducing molecule, the repressor of the construct binds to its operators and
shuts down transcription of both itself and the transgene. The first inducing molecule
functions in both embodiments of the self-regulating constructs described herein. In one
embodiment, the first inducing molecule is isopropyl p-D-1-thiogalactopyranoside (IPTG).
Other molecules that interact with the selected repressors used in these constructs may

function as first inducing molecules.

[0071] By “second inducing molecule” as used herein is meant a small chemical molecule or
drug that interacts with the aptamer coupled to the ribozyme in the construct and prevents the
ribozyme from self-cleaving. In the absence of the second inducing molecule, the ribozyme in
the construct which is located upstream of the polyA site cleaves itself and thus degrades any
remaining mRNA transcribed from the promoter. In some circumstances, the second inducing
molecule may be the same molecule as the first inducing molecule and thus both interact with
the repressor and with the aptamer of the dual regulatory constructs described herein. In one
embodiment, the second inducing molecule is tetracycline. Other molecules that are bound by
aptamers designed to interact with them may be used as second inducing molecules, including

IPTG.

[0072] In one embodiment, the self-regulating inducible gene expression construct or
“switch” disclosed herein can regulate the amount of the transgene and control such regulation
by the affinity between the repressor and its operator. This first level of regulation controls
the synthesis of mRNA, which is controlled by transcriptional regulators. The repressor
attenuate transcription by interfering with polymerase binding. Binding of the repressor to an

operator downstream of the promoter, physically blocks polymerase from binding to the
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promoter. The repressor is allosterically regulated such that in the absence of effector
molecules (e.g., first inducing molecule), the repressor binds to its operator and decreases the
probability that polymerase binding to the promoter. In the presence of the first inducing
molecule, the repressor no longer can bind to its operator, allowing polymerase to bind to the
promoter. This gene expression system maintains a low level of basal expression of the
transgene; and exhibits functional levels of transgene upon induction. It has an inducing
dynamic range that provides useful dose response control, i.e. the system resembles rheostat as
opposed to an on-off switch. The gene switch is dynamic and responds quickly to changes in
the effector concentration. It responds to effector molecules (e.g., first inducing molecule)
that are orally active small molecule with no effect on endogenous gene expression and
minimal toxicity. It minimizes potential immunogenicity. Additionally, this gene expression
system is useful for delivery of a transgene by, among others, an adeno associated virus

(AAYV), because it is compact and can fit with a transgene into the AAV viral capsid.

[0073] In another embodiment, the dual self-regulating inducible gene expression construct
or “switch” further includes a second level of regulation that controls the degradation of
mRNA. As described in more detail in Example 8, the rate of the degradation of m RNA
effects the production of the transgene. By using an inducible hammerhead ribozyme that that
cleaves itself in the absence of an effector molecule (i.c., second inducing molecule) placed
upstream of a polyA tail , the degradation of the mRNA becomes inducible. The dual
construct combines control of transcription and control of mRNA degration, thereby creating a

novel and less leaky transgene regulatory system with an enhanced dynamic range.

[0074] In one embodiment, the heterologous self-regulating gene expression cassette or
construct comprises, in operative association: a single promoter controlling expression of a
repressor sequence and a transgene; one or more operator sequences responsive to the
expressed repressor protein; the repressor gene sequence; an internal ribosome entry site
(IRES) sequence or a 2A sequence that allows for multiple genes transcribed under one

promoter; and the selected transgene sequence.

[0075] In another embodiment, a dual construct contains, in operative association, a single
promoter controlling expression of a bacterial repressor sequence and a transgene; one or more
operator sequences responsive to the expressed repressor protein; the repressor gene sequence,
said repressor sequence capable of interacting with a first inducer molecule and thereby

initiating transcription by the promoter; a 2A sequence; a selected transgene sequence; and a
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ribozyme in association with an aptamer sequence, said aptamer sequence capable of
interacting with a second inducer molecule, and thereby prevent degradation of the

transcription, positioned upstream of a polyadenylation sequence.

[0076] In one embodiment, the components of any of the constructs or cassettes described
herein are in the order 5° to 3’: Promoter — Operator(s)-Repressor — 2A or IRES — Transgene.
In another embodiment, the components of any of the constructs or cassettes described herein
are in the order 5° to 3’: Promoter — Operator(s)-Transgene — 2A or IRES — Repressor. In
another embodiment, the order of components includes the ribozyme-aptamer sequence,
located in a position that does not disrupt transcription of the transgene or functioning of the
other components of the construct, but is always upstream of the polyA sequences of the

constructs.

[0077] These self-regulating control constructs each have an inducible promoter to regulate
the expression of the repressor as well as the transgene. Since the repressor regulates its own
synthesis, it precisely controls the amount of a reporter gene or transgene that is delivered. A
self-regulating switch is extremely useful in the design of inducible vectors for gene therapy.
For example, in one embodiment, the inducible self-regulating gene delivery system that is
driven from a single promoter saves space within the vector, which is particularly important
with viral delivery of therapeutic genes. In another embodiment, the therapeutic gene under
control of the self-regulated inducible expression system can be constitutively maintained at a
suitable level by altering the affinity between the repressor and the operator. Additionally, the
use of a single promoter controlling the transcription of two genes provides an additional
safeguard that the therapeutic transgene is less likely to reach toxic levels or stimulate an

mmune response.

[0078] In the constructs described herein, the amount of transcript produced can be precisely
defined by having a repressor regulate its own synthesis. Using this system, one can
pharmacologically set the level of expression in a manner that is independent of dose and
promoter strength and is customized for a particular therapeutic. Dose and promoter are
important for determining the lower and upper limits of the system. The levels of the
expressed gene and the repressor depend upon the binding affinity of the repressor to its
operator and can easily be tailored to a particular application. This system requires the
presence of a first inducing molecule or drug to cause the repressor to be removed from the

operator, thereby inducing the promoter to direct expression of both the repressor protein and
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the transgene. One advantage of this system is that there is a maximum amount of the
inducing drug required to displace the repressor from the operator and additional quantities of
drug are not effective. This permits a limited amount of inducer to be used to trigger
expression of a specific amount of transgene, before the accumulating repressor protein again
interacts with its operator and effectively turns off expression of itself and the transgene. Thus
toxicity of the inducing molecule is controlled. Moreover, since transgene expression is
inducible, a bolus of the transgene can be delivered when warranted. Additionally in the dual
construct, as stated, the regulation of the mRNA degradation by the ribozyme-aptamer
sequence in response to the second inducing molecule provides an advantage by reducing

leakiness of the constructs.

[0079] More precisely, the elements of the autonomous gene expression constructs are as
follows. It is understood that all components or elements of these constructs may be codon

optimized for expression in specified cells, e.g., human cells.:
[0080] The Single Promoter

[0081] The single promoter in the construct or cassette may be selected from a variety of
known and useful promoters. In one embodiment, as exemplified in the plasmids p794 and
p826, the promoter is a cytomegalovirus (CMV) promoter or minimal CMYV promoter. In
another embodiment, the promoter may be a chicken B-actin (CBA) promoter. Still another
useful promoter is the immediate early CMV enhancer coupled with the CBA promoter.
Other useful promoters may be one of the promoters for arrestin, rhodopsin kinase, EF1 or
EFla, mGluR6, tyrosine kinase, BEST1, GFAP, or GRK1. In one embodiment, promoter is
the native promoter for the gene to be expressed. Useful promoters include, without
limitation, the rod opsin promoter, the red-green opsin promoter (and/or modified red-green
opsin), the blue opsin promoter, the cGMP-B-phosphodiesterase promoter, the mouse opsin
promoter, the thodopsin promoter; the alpha-subunit of cone transducin; beta
phosphodiesterase (PDE) promoter; the retinitis pigmentosa (RP1) promoter; the
NXNL2/NXNLI1 promoter, the RPE65 promoter; the retinal degeneration slow/peripherin 2
(Rds/perph2) promoter; and the VMD2 promoter. Each of these promoters is publicly

available or described in publications available to those of skill in the art.

[0082] Other useful promoters include transcription factor promoters including, without

limitation, promoters for the neural retina leucine zipper (Nrl), photoreceptor-specific nuclear
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receptor Nr2e3, and basic-leucine zipper (bZIP). In one embodiment, the promoter is of a
small size, under 1000 bp. This small size of promoter is suitable to meet the size limitations

of the AAV vector. In another embodiment, the promoter is under 400 bp.

[0083] Still other promoters useful herein include ubiquitous or constitutive promoters, when
universal expression of the transgene is desired. In one embodiment, the promoter is selected
from the phosphoglycerate kinase-1 (PGK) promoter. Other examples of constitutive
promoters useful herein include, without limitation, the retroviral Rous sarcoma virus (RSV)
LTR promoter (optionally with the RSV enhancer), the SV40 promoter, or the dihydrofolate

reductase promoter.

[0084] Inducible promoters allow regulation of gene expression and can be regulated by
exogenously supplied compounds, environmental factors such as temperature, or the presence
of a specific physiological state, ¢.g., acute phase, a particular differentiation state of the cell,
or in replicating cells only. In one embodiment, the inducible promoter is selected from
rapamycin/rapalog promoter, the ecdysone promoter, the estrogen-responsive promoter, and
the tetracycline-responsive promoter. Examples of other inducible promoters regulated by
exogenously supplied compounds which are useful herein, include, the zinc-inducible sheep
metallothionine (MT) promoter, the dexamethasone (Dex)-inducible mouse mammary tumor
virus (MMTYV) promoter, the T7 polymerase promoter system. Other types of inducible
promoters which may be useful in this context are those which are regulated by a specific
physiological state, e.g., temperature, acute phase, a particular differentiation state of the cell,
or in replicating cells only. In one embodiment, any type of inducible promoter which is

tightly regulated and is specific for the particular target ocular cell type may be used.

[0085] One of skill in the art has ready access to the sequences and public sources of these
selected promoter sequences. Examples of useful promoters are also demonstrated by the

promoters used in the examples below.
[0086] The Repressor Sequence

[0087] As described herein, a number of repressor sequences may be used in the self-
regulating gene expression constructs or cassettes designed herein. However, these constructs
are exemplified with a bacterial repressor sequence. For example, the combination of the

bacterial /acl or galR repressor/operator genetic switch with an autogenous switch
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organization addresses the requirements of an ideal, inducible transgene regulator for AAV-

mediated gene therapy.

[0088] In one embodiment, the repressor gene is /ac/. In one embodiment, the lac/ repressor
has the wildtype protein sequence UniProtKB: P03023 SEQ ID NO: 3, encoded by a suitable
nucleic acid sequence. In one embodiment, the nucleic acid sequence is, ¢.g., GenBank Gene
ID: 945007 (also NCBI NC000913.3) SEQ ID NO: 5. In the embodiments that follow, all
amino acids residues refer to SEQ ID NO: 3. In another embodiment, the lac/ repressor
contains a mutation at /ac/ repressor protein residue 18 from Q to A, and the gene contains a
suitable mutation to effect this change. In another embodiment, the /ac/ repressor contains a
mutation at /acl repressor protein residue 18 from Q to M, and the gene contains a suitable
mutation to effect this change. In another embodiment, the /ac/ repressor contains a mutation
at lacl repressor protein residue 161 from F to S, and the gene contains a suitable mutation to
effect this change. In another embodiment, the /ac/ repressor contains a mutation at /ac/
repressor protein residue 161 from F to W, and the gene contains a suitable mutation to effect
this change. In another embodiment, the /ac/ repressor contains a mutation at /ac/ repressor
protein residue 161 from F to T, and the gene contains a suitable mutation to effect this
change. In another embodiment, the /ac/ repressor contains a mutation at /ac/ repressor protein
residue 291 from Q to K, and the gene contains a suitable mutation to effect this change. In
another embodiment, the /ac/ repressor contains a mutation at /ac! repressor protein residue
291 from Q to M, and the gene contains a suitable mutation to effect this change. In another
embodiment, the lac/ repressor contains a mutation at /ac/ repressor protein residue 17 from Y
to H, and the gene contains a suitable mutation to effect this change. In another embodiment,
the lacl repressor contains a mutation at Jac/ repressor protein residue 148 from L to D, and
the gene contains a suitable mutation to effect this change. In another embodiment, the lac/
repressor contains a mutation at /ac/ repressor protein residue 148 from L to W, and the gene

contains a suitable mutation to effect this change.

[0089] In one embodiment, the repressor is a tetrameric /acl repressor. In another
embodiment, the repressor is a dimeric /ac/ repressor. In one embodiment, the repressor
sequence comprises a dimeric lac!l repressor sequence which lacks the 11 C terminal residues
of the /lacl repressor (aa 350-360 of SEQ ID NO: 3). In another embodiment, the repressor is a

tetrameric /acl repressor.
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[0090] In another embodiment, the repressor sequence is the bacterial ga/R repressor, about

which numerous publications are available.

[0091] In another embodiment, the repressor sequence is the bacterial tetR repressor. See,
¢.g., Baron U, Bujard H. 2000 Methods Enzymol 327: 401-21; and Schonig, K, Bujard H.
2003. In:Transgenic Mouse Methods and Protocols, Hofker, M, van Deursen, J (eds.) Humana

Press, Totowa, New Jersey, pp. 69-104, incorporated herein by reference.

[0092] Particularly useful are repressor sequences that interact with an inducing molecule to
which an aptamer is designed for use coupled to a ribozyme in the dual regulatory construct
described herein. Still other repressor sequences are anticipated to be similarly useful in place
of the exemplified bacterial repressors following the instructions of this specification. For
other repressors, see, ¢.g., Zoltick PW, Wilson JM, Dec 2001, Ann. NY Acad. Sci., 953:53-63,

incorporated by reference herein, among other publications.
[0093] Operator Sequences

[0094] Operator sequences used in the constructs described herein include the naturally
occurring operator sequences associated with the selected repressor protein. Such sequences
are known in the art. The natural /ac/ operon includes three operators: O1 which is located
within the promoter, O2 which is 401 base pairs downstream of O1, and O3 which is 92 base
pairs upstream of O1. The operators are all pseudo-palindromic and have similar, yet distinct
sequences and different affinities for the lac repressor. In one embodiment, the operator is a
fully symmetric operator that was created by copying the left half of the O1 operator and
removing the central G base, i.¢., the Lsym operator (Sadler, Sasmor, & Betzt, 1983). The

sequences of four exemplary operators are:
015 -AATT GTG AGC G GAT AACAATT -3' SEQID NO: 6
025'- AA AT GTG AGC G AGT AAC AA CC -3' SEQIDNO:7
035'-GG CAGTGAGC GCAACGCAATT -3 SEQIDNO: 8
Lsym 5'- AATT GTG AGC GCT CAC AATT -3' SEQIDNO:9

[0095] In one embodiment, an operator sequence is located between the TATA box and the
start of transcription within the promoter. In another embodiment, an operator sequence is

located upstream of the repressor gene. In another embodiment, the operator sequence is
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located upstream of the transgene in the cassette. In another embodiment, the operator
sequence is located downstream of the promoter at about 70bp from the start of transcription
of the repressor gene or the transgene in the cassette. In still another embodiment, the operator
sequence is located downstream of the promoter at about 92bp from the start of transcription
of the repressor gene or the transgene in the cassette. In one embodiment, the cassette
contains multiple operator DNA sequences responsive to the expressed repressor protein. In
one embodiment, the cassette contains one or two Lsym operator DNA sequences responsive
to the expressed repressor protein. It is anticipated that other locations and other multiples of
operators will be suitable for placement of the multiple operators in the constructs described
herein. See, for example, the locations of the optimized Lacl operator sequences described in

FIG. 14 SEQ ID NO: 15 and Example 8 Table 1.
[0096] Ribozyme-Aptamer Sequences

[0097] In the dual-regulating constructs described herein, the use of a ligand-dependent
ribozyme-aptamer sequence provides a second layer of regulation and controls any leakiness
of transcription that occurs from allowing the repressor to shut off transcription. Hammerhead
ribozymes represent one of a number of distinct structural classes of natural self-cleaving
RNAs. A hammerhead ribozyme is characterized by a three-stem junction constituting the
catalytic core. Additional sequence and structural elements form an extended hammerhead
motif. See, e.g., Perreault J et al, 2011 PLOS Compu. Biol., 7(5): ¢1002031). Coupling an
aptamer, i.¢., a three-dimensional nucleic acid sequence that is capable of binding a specified
target, to a ribozyme has permitted the generation of ribozymes useful in the constructs herein.
Such ribozymes are described in detail in Beilstein K. et al, 2015 May, ACS Synth Biol.,
4(5):526-534 (ref 53), incorporated by reference herein. In fact, Example 8 below employs as
one embodiment a dual self regulating construct employing the K7 tetracyline-dependent
hammerhead ribozyme-aptamer as well as others. In the absence of the ligand, i.¢., second
inducing molecule, to which the aptamer sequence specifically binds, the ribozyme self-

cleaves, thus degrading the mRNA.

[0098] A variety of ribozyme-aptamers or riboswitches are described. Further aptamer
sequences may be readily designed to bind to any selected small molecule which is desired to
be used as a second inducing molecule in the dual regulatory construct described herein. In
one embodiment, the aptamer binds tetracycline as described™. However, an aptamer

designed to bind another small molecules, such as IPGT, permits the first inducer and second
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inducer used in the dual regulatory construct to be the same molecule, thus increasing the
efficiency of the dual construct in transgene expression regulation. Aptamers are generally
random RNA sequences of about 40-50 nucleotides in length. High throughput screens are

used to identify new aptamer RNA sequences that bind to a selected small molecule.

[0099] Therefore, the specific ribozyme and aptamer construct exemplified herein does not
limit the dual constructs. Other such ribozyme-aptamer switches may be readily used in a
similar manner. It is particularly desired that the ribozyme-aptamer sequence be located in the
dual construct upstream of the polyadenylation sequence. In the construct exemplified in FIG.
11 and 12, and in the sequence of FIG. 14 the ribozyme-aptamer sequence is located in the
construct between the transgene and the polyA sites. In another embodiment, the ribozyme-
aptamer sequence is located in the construct in any position in which it does not disrupt the
open reading frame of the transgene sequence or disrupt the functioning of the other
components of the dual self-regulating construct, provided that it is always upstream of the

polyA sequence.

[00100] Thus, other ribozyme-aptamer sequences are anticipated to be useful in the

constructs described herein.

[00101] The Selected Transgene Sequence.

[00102] The selection and composition of the transgene sequence will depend upon the
use to which the resulting vector will be put. The transgene may be used to correct or
ameliorate gene deficiencies which may include deficiencies in which normal genes are
expressed at less than normal levels or deficiencies in which the functional gene product is not
expressed. In one embodiment, a transgene sequence encodes a therapeutic protein or

polypeptide which is expressed in a target cell.

[00103] In one embodiment, the transgene encodes a product which is useful in biology
and medicine, such as proteins, peptides, RNA, enzymes, or catalytic RNAs. RNA molecules
include shRNA, tRNA, dsRNA, ribosomal RNA, catalytic RNAs, and antisense RNAs. One
example of a useful RNA sequence is a sequence which extinguishes expression of a targeted

nucleic acid sequence in the treated animal.

[00104] More specifically, in one embodiment, the transgene encodes a human gene for

expression in an ocular cell. The selection of transgene may be made by one of skill in the art.
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A variety of transgenes are useful and would generally depend upon the particular use of the
virus, e.g., for the treatment of a particular disease. Thus, a suitable transgene may be soluble
F1t (sF1t), angiostatin, endostatin, RACVF, GDNF, BDNF, XIAP, BCL2, CNTF, or PEDF.
Where the virus is being used to treat ocular discases, other suitable transgenes are RHO,

LCAS, CHM, ABCA4, RPE65, RDH12, CEP290, RPGR, PRPF31, CNGB3.

[00105] In one embodiment, the transgene is selected to provide optogenetic therapy. In
optogenetic therapy, artificial photoreceptors are constructed by gene delivery of light-
activated channels or pumps to surviving cell types in the remaining retinal circuit. This is
particularly useful for patients who have lost a significant amount of photoreceptor function,
but whose bipolar cell circuitry to ganglion cells and optic nerve remains intact. In one
embodiment, the heterologous nucleic acid sequence (transgene) is an opsin. The opsin
sequence can be derived from any suitable single- or multicellular- organism, including
human, algae and bacteria. In one embodiment, the opsin is rthodopsin, photopsin, L/M
wavelength (red/green) -opsin, or short wavelength (S) opsin (blue). In another embodiment,

the opsin is channelrhodopsin or halorhodopsin.

[00106] In another embodiment, the transgene is selected for use in gene augmentation
therapy, i.e., to provide replacement copy of a gene that is missing or defective. In this
embodiment, the transgene may be readily selected by one of skill in the art to provide the
necessary replacement gene. In one embodiment, the missing/defective gene is related to an
ocular disorder. In another embodiment, the transgene is NYX, GRM6, TRPMI1L or GPR179
and the ocular disorder is Congenital Stationary Night Blindness. See, eg., Zeitz et al, Am J
Hum Genet. 2013 Jan 10;92(1):67-75. Epub 2012 Dec 13 which is incorporated herein by

reference.

[00107] In another embodiment, the transgene is selected for use in gene suppression
therapy, i.¢., expression of one or more native genes is interrupted or suppressed at
transcriptional or translational levels. This can be accomplished using short hairpin RNA
(shRNA) or other techniques well known in the art. See, ¢.g., Sun et al, Int J Cancer. 2010
Feb 1;126(3):764-74 and O'Reilly M, et al. Am J Hum Genet. 2007 Jul;81(1):127-35, which
are incorporated herein by reference. In this embodiment, the transgene may be readily

selected by one of skill in the art based upon the gene which is desired to be silenced.
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[00108] In another embodiment, the transgene is selected for use in gene correction therapy.
This may be accomplished using, e.g., a zinc-finger nuclease (ZFN)-induced DNA double-
strand break in conjunction with an exogenous DNA donor substrate. See, ¢.g., Ellis et al,
Gene Therapy (epub January 2012) 20:35-42 which is incorporated herein by reference. The
transgenes may be readily selected by one of skill in the art based on the intended therapeutic

result.

[00109] In another embodiment, the transgene is selected for use in neurotropic factor gene
therapy, i.e., providing exogenous neurotropic factors to provide neuroprotection. In this
embodiment, the transgene may be any neurotropic factor, including ciliary-derived
neurotrophic factor (CNTF), fibroblast growth factor (FGF), glial-derived neurotrophic factor
(GDNF), Rod-derived Cone Viability Factor (RACVF) (Yang et al, Mol Ther. 2009
May;17(5):787-95) and brain-derived neurotrophic factor (BDNF). See, ¢.g., Schlichtenbrede
ct al, Gene Therapy (2003) 10, 523-527. The neurotropic factor may be readily selected by

one of skill in the art. These documents are incorporated herein by reference.

[00110] Transgenes selected for expression where the disease is not an ocular discase may
include, without limitation, nucleic acid sequences encoding insulin, growth hormone,
erythropoietin, antibodies (e.g., to HIV envelope proteins, herpes virus, and other pathogens),
clotting factors such as factor VIII, factor IX; galactosidase, enzymes involved in lysosomal

storage discase (e.g., alpha-glucocerebrosidase, alpha-iduronidase, arylsulphatase B).

[00111] Useful therapeutic products encoded by the transgene include hormones and growth
and differentiation factors including, without limitation, insulin, glucagon, growth hormone
(GH), parathyroid hormone (PTH), growth hormone releasing factor (GRF), follicle
stimulating hormone (FSH), luteinizing hormone (LH), human chorionic gonadotropin (hCG),
vascular endothelial growth factor (VEGF), angiopoietins, angiostatin, granulocyte colony
stimulating factor (GCSF), erythropoictin (EPO), connective tissue growth factor (CTGF),
basic fibroblast growth factor (bFGF), acidic fibroblast growth factor (aFGF), epidermal
growth factor (EGF), platelet-derived growth factor (PDGF), insulin growth factors I and 11
(IGF-1 and IGF-II), any one of the transforming growth factor o superfamily, including TGFa,
activins, inhibins, or any of the bone morphogenic proteins (BMP) BMPs 1-15, any one of the
heregluin/neuregulin/ARTA/neu differentiation factor (NDF) family of growth factors, nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophins NT-3 and NT-
4/5, ciliary neurotrophic factor (CNTF), glial cell line derived neurotrophic factor (GDNF),
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neurturin, agrin, any one of the family of semaphorins/collapsins, netrin-1 and netrin-2,

hepatocyte growth factor (HGF), ephrins, noggin, sonic hedgehog and tyrosine hydroxylase.

[00112] Other useful transgene products include proteins that regulate the immune system
including, without limitation, cytokines and lymphokines such as thrombopoietin (TPO),
interleukins (IL) IL-1 through IL-25 (including, e.g., IL-2, IL-4, IL-12 and IL-18), monocyte
chemoattractant protein, leukemia inhibitory factor, granulocyte-macrophage colony
stimulating factor, Fas ligand, tumor necrosis factors a and J, interferons a, B, and v, stem
cell factor, flk-2/f1t3 ligand. Gene products produced by the immune system are also useful in
the invention. These include, without limitations, immunoglobulins IgG, IgM, IgA, IgD and
IgE, chimeric immunoglobulins, humanized antibodies, single chain antibodies, T cell
receptors, chimeric T cell receptors, single chain T cell receptors, class I and class I MHC
molecules, as well as engineered immunoglobulins and MHC molecules. Useful gene
products also include complement regulatory proteins such as complement regulatory proteins,

membrane cofactor protein (MCP), decay accelerating factor (DAF), CR1, CF2 and CD59.

[00113] Still other useful gene products include any one of the receptors for the hormones,
growth factors, cytokines, lymphokines, regulatory proteins and immune system proteins.
Other transgenes are receptors for cholesterol regulation and/or lipid modulation, including the
low density lipoprotein (LDL) receptor, high density lipoprotein (HDL) receptor, the very low
density lipoprotein (VLDL) receptor, and scavenger receptors. The invention also
encompasses gene products such as members of the steroid hormone receptor superfamily
including glucocorticoid receptors and estrogen receptors, Vitamin D receptors and other
nuclear receptors. In addition, useful gene products include transcription factors such as jun,
fos, max, mad, serum response factor (SRF), AP-1, AP2, myb, MyoD and myogenin, ETS-box
containing proteins, TFE3, E2F, ATF1, ATF2, ATF3, ATF4, ZF5, NFAT, CREB, HNF-4,
C/EBP, SP1, CCAAT-box binding proteins, interferon regulation factor (IRF-1), Wilms tumor
protein, ETS-binding protein, STAT, GATA-box binding proteins, e.g., GATA-3, and the

forkhead family of winged helix proteins.

[00114] Other useful transgene products include, carbamoyl synthetase I, ornithine
transcarbamylase, arginosuccinate synthetase, arginosuccinate lyase, arginase,
fumarylacetacetate hydrolase, phenylalanine hydroxylase, alpha-1 antitrypsin, glucose-6-
phosphatase, porphobilinogen deaminase, cystathione beta-synthase, branched chain ketoacid

decarboxylase, albumin, isovaleryl-coA dehydrogenase, propionyl CoA carboxylase, methyl
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malonyl CoA mutase, glutaryl CoA dehydrogenase, insulin, beta-glucosidase, pyruvate
carboxylate, hepatic phosphorylase, phosphorylase kinase, glycine decarboxylase, H-protein,
T-protein, a cystic fibrosis transmembrane regulator (CFTR) sequence, and a dystrophin gene
product [e.g., a mini- or micro-dystrophin]. Still other useful transgene products include
enzymes such as may be useful in enzyme replacement therapy, which is useful in a variety of
conditions resulting from deficient activity of enzyme. For example, enzymes that contain
mannose-6-phosphate may be utilized in therapies for lysosomal storage diseases (e.g., a

suitable gene includes that encoding B-glucuronidase (GUSB)).

[00115] Still other useful transgenes encode products include those used for treatment of
hemophilia, including hemophilia B (including Factor IX) and hemophilia A (including Factor
VIII and its variants, such as the light chain and heavy chain of the heterodimer and the B-

deleted domain; US Patent No. 6,200,560 and US Patent No. 6,221,349).

[00116] In another embodiment, the transgenes useful herein include reporter sequences,
which upon expression produce a detectable signal. Such reporter sequences include, without
limitation, DNA sequences encoding f-lactamase, P -galactosidase (LacZ), alkaline
phosphatase, thymidine kinase, green fluorescent protein (GFP), red fluorescent protein (RFP),
chloramphenicol acetyltransferase (CAT), luciferase, membrane bound proteins including, for
example, CD2, CD4, CDS, the influenza hemagglutinin protein, and others well known in the
art, to which high affinity antibodies directed thereto exist or can be produced by conventional
means, and fusion proteins comprising a membrane bound protein appropriately fused to an

antigen tag domain from, among others, hemagglutinin or Myc.

[00117] These reporter coding sequences, when associated with regulatory elements which
drive their expression, provide signals detectable by conventional means, including enzymatic,
radiographic, colorimetric, fluorescence or other spectrographic assays, fluorescent activating
cell sorting assays and immunological assays, including enzyme linked immunosorbent assay
(ELISA), radioimmunoassay (RIA) and immunohistochemistry. For example, where the
marker sequence is the LacZ gene, the presence of the vector carrying the signal is detected by
assays for beta-galactosidase activity. Where the transgene is green fluorescent protein or
luciferase, the vector carrying the signal may be measured visually by color or light

production in a luminometer.
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[00118] Nucleic acids sequences coding for the gene products can be obtained using
recombinant methods or by deriving the sequence from a vector known to include the same.
Furthermore, the sequence can be isolated directly from cells and tissues containing the same,
using standard techniques, such as phenol extraction and PCR of cDNA or genomic DNA
[See, e.g., texts such as the various editions of Sambrook et a/, Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Press, Cold Spring Harbor, NY. Transgene

nucleotide sequences can also be produced synthetically, rather than cloned.

[00119] The transgenes useful in these cassettes are not limited to human transgenes. Indeed,
it is intended that the above transgenes may be those of animals other than humans, including
but not limited to companion animals (e.g., canine, felines, and equines), livestock (e.g.,
bovines, caprines and ovines), laboratory animals, marine mammals, large cats, etc. Such
compositions and methods described herein are thus useful for treatment of plant and

agricultural processes as well.

[00120] As stated throughout this specification, the selection of the transgene may be
selected depending upon the therapeutic use to which the recombinant vector is to be put. The

lists of transgenes described herein are not limiting.
[00121] Other Components

[00122] In one embodiment, the DNA encoding the repressor gene and the transgene are
separated by an internal ribozyme entry site (IRES). IRES was originally discovered in
poliovirus RNA, where it promotes translation of the viral genome in eukaryotic cells. A
variety of IRES sequences have been discovered from viruses and from cellular mRNAs.
IRES sequences spark translation initiation independent of the 5° cap. IRES sequences are
quite large (500-600 bp). An exemplary IRES is the poliovirus internal ribosome entry
sequence, which supports transgene expression in photoreceptors, RPE and ganglion cells.
Still others are known and available in the art (see Mokrejs M et al, 2010 Nucl Acids Res,
39(S1):D131-D136).

[00123] As an alternative to an IRES, the DNA encoding the repressor and transgene are
separated by sequences encoding a 2A peptide, which self-cleaves in a post-translational
event. See, e.g., Donnelly®’; Furler, S., et al, Gene Ther., 8(11):864-873 (June 2001); Klump
H., et al., Gene Ther., 8(10):811-817 (May 2001). This 2A peptide is significantly smaller

than an IRES, making it well suited for use when space is a limiting factor. A variety of such
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2A cleavage sites exist. See the summary in Kim JH et al, PLoS One, 2011 6(4): ¢18556. doi:
10.1371/journal.pone.0018556, incorporated by reference herein. An exemplary 2A sequence
is disclosed at nt.2188-2253 of SEQ ID NO: 15.

[00124] In other embodiments, the cassette further comprises a spacer sequence of about 15-
25 nucleic acids interposed between the repressor sequence and the transgene in the cassette.
In another embodiment, the cassette further comprises an intron spaced between the promoter
and the one or more operator sequences and the repressor gene. In still another another
embodiment the cassette further comprises a nuclear localization sequence (NLS). In certain
embodiments, each component of the cassette is codon optimized for expression in human

cells.

[00125] Additional regulatory sequences for inclusion in the cassette include, without
limitation, an enhancer sequence, a polyadenylation sequence, a splice donor sequence and a
splice acceptor sequence, a site for transcription initiation and termination, a ribosome binding
site for translation in the transcribed region, an epitope tag, a Goldberg-Hogness “TATA”
element, a restriction enzyme cleavage site, a selectable marker, origins of replication,
polyadenylation sequences (e.g., BGH polyA, SV40 polyA), drug resistance markers (e.g.,
kanamycin resistance). All such elements may also be selected from among widely known
sequences. Examples of such publically available sequences are illustrated in Example 8,

Table I and in FIG. 14 and SEQ ID NO: 15.
[00126] Exemplary Cassettes

[00127] In one embodiment, self-regulating expression constructs described above and are
flanked on either end by a 5> AAV ITR and a 3> AAV ITR so that the repressor is arranged so
that it is autogenously regulated, and optionally the mRNA degradation is similarly regulated
and the construct can be used in an AAV expression cassette. The size of these gene
expression constructs or switches are small, thus they are ideal for AAV delivery system.
Because a single plasmid design encompasses all the elements of either embodiment of the
switch, these constructs are ideal for use in recombinant AAV as vectors, although they are

useful in other viral or non-viral vectors.

[00128] In one embodiment, the gene expression cassette or genetic switch comprises: a
CMYV promoter; the appropriate operator(s) that works with the corresponding Jac/ or galR

repressor family member; a lac/ or galR family member repressor protein that can utilize its
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own metabolic inducer (Isopropyl f-D-1-thiogalactopyranoside-IPTG), a 2A or IRES
sequence and a selected transgene. In another embodiment, the switch further comprises a

ribozyme-aptamer construct to regulate mRNA degradation.

[00129] As one example, a heterologous self-regulating gene expression cassette comprises
in operative association,: a single minimal CMV1 promoter controlling expression of the
repressor sequence and transgene; one or two Lsym operator DNA sequences responsive to
the expressed repressor protein; the /acl repressor gene sequence; a 2A sequence; and a
selected transgene sequence. In another embodiment, the construct further included a
hammerhead ribozyme in association with a tetracycline-binding aptamer upstream of the
polyadenylation site. In another embodiment, this construct is flanked with 5° AAV ITR and
3> AAV ITR, as in FIG. 14. Optional spacers, intergenic sequences, and nuclear localization

sequences among others may be included in the cassette.

[00130] As another example, a heterologous self-regulating gene expression cassette
comprises in operative association, the nucleic acid sequences providing or encoding: (a) a
single minimal CMV1 promoter controlling expression of the repressor sequence and
transgene; (b) one Lsym operator DNA sequence responsive to the expressed repressor
protein; (¢) the dimeric /ac/ repressor gene sequence; (d) a 2A sequence; and (¢) a selected
transgene sequence. In another embodiment, the construct further includes a hammerhead
ribozyme in association with a tetracycline-binding aptamer upstream of the polyadenylation
site. In another embodiment, this construct is flanked with 5> AAV ITR and 3> AAV ITR.
Optional spacers, intergenic sequences, and nuclear localization sequences among others may

be included in the cassette.

[00131] As another example, a heterologous self-regulating gene expression cassette
comprises in operative association, the nucleic acid sequences providing or encoding: a single
minimal CMV1 promoter controlling expression of the repressor sequence and transgene; two
Lsym operator DNA sequences responsive to the expressed repressor protein; the tetrameric
lacl repressor gene sequence; a 2A sequence; and a selected transgene sequence. In one
embodiment, the construct further includes a hammerhead ribozyme in association with a
tetracycline-binding aptamer upstream of the polyadenylation site. In another embodiment,
this construct is flanked with 5> AAV ITR and 3> AAV ITR. Optional spacers, intergenic

sequences, and nuclear localization sequences among others may be included in the cassette.
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[00132] In still another example, a heterologous self-regulating gene expression cassette
comprises in operative association, the nucleic acid sequences providing or encoding: a single
minimal CMV1 promoter/enhancer controlling expression of the repressor sequence and
transgene; from one to three Lac operator DNA sequences responsive to the expressed
repressor protein; a lac/ or dimeric lac/ or tetrameric /acl repressor gene sequence; a 2A
cleavage sequence; a selected transgene sequence; a hammerhead ribozyme in association
with a tetracycline-binding aptamer upstream of the polyadenylation site. In another
embodiment, this construct is flanked with 5> AAV ITR and 3> AAV ITR, as in FIG. 14.
Optional spacers, intergenic sequences, and nuclear localization sequences among others may

be included in the cassette.

[00133] The examples below discuss in detail the assembly of plasmids and creation of
cassettes and constructs as described herein for use in a recombinant vector as discussed

below.

[00134] Another aspect of this invention is a recombinant vector containing the heterologous
gene expression construct or cassette. As used herein, a vector may include any genetic
clement including, without limitation, naked DNA, a phage, transposon, cosmid, episome,
plasmid, bacteria, virus or nanoparticle. As used herein, the term vector refers to a genetic
clement which expresses, or causes to be expressed, the “heterologous gene” in the host cell.
In a preferred embodiment, the “heterologous gene” is a nucleic acid sequence that encodes
the repressor protein and the nucleic acid sequence that encodes the transgene. The gene
expression cassettes or constructs described herein can be produced in plasmid based systems,

of which many are commercially available.

[00135] However, one embodiment because they are easy to deliver, are non-replicating
recombinant viral vectors. Thus, in one embodiment, the vector is a non-pathogenic virus. In
another embodiment, the vector is a non-replicating virus. In one embodiment, a viral vector
may be a retroviral vector, such as a lentiviral vector. In another embodiment, a vector is an
adenoviral vector. In still another embodiment, a suitable vector is an adeno-associated viral
vector. Adenovirus, adeno-associated virus and lentiviruses infect actively dividing as well as
resting and differentiated cells such as the stem cells, macrophages and neurons. A variety of
adenovirus, lentivirus and AAYV strains are available from the American Type Culture

Collection, Manassas, Virginia, or available by request from a variety of commercial and
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institutional sources. Further, the sequences of many such strains are available from a variety

of databases including, e.g., PubMed and GenBank.

[00136] In one embodiment, the recombinant vector is a recombinant adeno-associated virus
(AAV). Recombinant adeno-associated virus (AAV) vectors have been developed for gene
replacement therapy because they are non-pathogenic and exhibit a broad range of tissue
specificity (Flotte and Carter 1995). These vectors generally retain the AAV inverted terminal
repeats (ITRs) located at cach end of a gene expression cassette, but lack the AAV rep and cap
genes necessary for viral replication and packaging. Therefore rAAV cannot replicate, and
viruses must be assembled in packaging cell lines with the rep and cap functions supplied in
trans or expressed within the packaging cell itself. The gene expression cassette described
above is flanked by 5° and 3> AAV inverted terminal repeats (ITRs) for insertion into the
rAAV. The auto-regulated gene expression cassette described above, flanked by the AAV
ITRs, may also be referred to herein as a minigene. It is this minigene which is packaged into
a capsid protein to form an rAAV particle, which is delivered to a selected target for

therapeutic applications.

[00137] The design and construction of the components, such as the plasmids and gene
expression cassettes necessary for producing a recombinant AAV or other recombinant virus
or recombinantly transfected host cells, can be quite labor intensive, due to the variety of
plasmids and vectors available, and the need to modify the genes to fit into the appropriate
plasmids. This complexity is further increased by pharmaceutical industry and governmental

requirements surrounding obtaining approval of an rAAV for pharmaceutical use.

[00138] The AAV may have one of multiple AAV serotypes (i.e., any one of the known
AAV1-10 as well as engineered AAV variants. The recombinant virus can contain an AAV
capsid proteins of serotype AAV1-10, AAV variants made by directed evolution (such as
AAVSEB, AAV7mS; or tyrosine mutant capsid AAVs. In one embodiment, the AAV capsid is
AAVE - AAVEB, AAVS, AAVT7mS, AAVs with tyrosine mutants (such as Y733F, quad Y-F).
See, ¢.g., International patent application No. PCT/US14/015340; US Patent No. 7,282,199,

among other known patents discussing AAV variants.

[00139] In one embodiment, the vectors useful in compositions and methods described
herein contain, at a minimum, sequences encoding a selected AAV capsid, e.g., an AAVD or

AAVh capsid, or a fragment thercof. In another embodiment, useful vectors contain, at a
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minimum, sequences encoding a selected AAV serotype rep protein, e.g., AAV8 rep protein,
or a fragment thereof. Optionally, such vectors may contain both AAV cap and rep proteins.
In vectors in which both AAV rep and cap are provided, the AAV rep and AAV cap
sequences can both be of one serotype origin, e.g., all AAVS origin. Alternatively, vectors
may be used in which the rep sequences are from an AAV which differs from the wild type
AAYV providing the cap sequences. In one embodiment, the rep and cap sequences are
expressed from separate sources (e.g., separate vectors, or a host cell and a vector). In another
embodiment, these rep sequences are fused in frame to cap sequences of a different AAV
serotype to form a chimeric AAV vector, such as AAV2/8 described in US Patent No.
7,282,199, which is incorporated by reference herein.

[00140] In another embodiment, the AAV is a self-complementary AAV (sc-AAV) (See, US
2012/0141422 which is incorporated herein by reference). Self-complementary vectors
package an inverted repeat genome that can fold into dsDNA without the requirement for
DNA synthesis or base-pairing between multiple vector genomes. Because scAAV have no
need to convert the single-stranded DNA (ssDNA) genome into double-stranded DNA
(dsDNA) prior to expression, they are more efficient vectors. However, the trade-off for this
efficiency is the loss of half the coding capacity of the vector. SCAAV are useful for small
protein-coding genes (up to ~55 kd) and any currently available RNA-based therapy.

[00141] Pseudotyped vectors, wherein the capsid of one AAV is replaced with a
heterologous capsid protein, are useful herein. Unless otherwise specified, the AAV ITRs,
and other selected AAV components described herein, may be individually selected from
among any AAYV serotype, including, without limitation, AAV1, AAV2, AAV3, AAV4,
AAVS5, AAV6, AAVT, AAVSE, AAV9, AAV10 or other known and unknown AAV serotypes.
In one embodiment, the ITRs of AAV serotype 2 are used. However, ITRs from other suitable
serotypes may be selected. These ITRs or other AAV components may be readily isolated
using techniques available to those of skill in the art from an AAV serotype. See also,
International Patent Application Publication No. W0O2006/110689, incorporated herein by
reference. Such AAV may be isolated or obtained from academic, commercial, or public
sources (e.g., the American Type Culture Collection, Manassas, VA). Alternatively, the AAV
sequences may be obtained through synthetic or other suitable means by reference to
published sequences such as are available in the literature or in databases such as, ¢.g.,

GenBank, PubMed, or the like.
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[00142] In one embodiment, a lentiviral vector is used. Among useful vectors are the equine
infectious anemia virus, and feline and bovine immunodeficiency virus, and HIV-based
vectors. A variety of useful lentivirus vectors, as well as the methods and manipulations for
generating such vectors for use in transducing cells and expressing heterologous genes are
described in N Manjunath ez a/, 2009 Adv Drug Deliv Rev., 61(9): 732-745, incorporated
herein by reference. In one embodiment the self-inactivating lentiviral vector (GeMCRIS
0607-793) which was successfully used to transduce T cells directed against tumor cells in
leukemia patients (Porter ez al., N Engl ] Med. 2011 Aug 25;365(8):725-33) is useful to carry

and express a nucleotide sequence.

[00143] Methods of producing recombinant vectors for delivery of the self-regulating gene
expression constructs with its selected repressors, operators, promoters and transgenes, and
ribozyme-aptamers as described above are generally known in the art. Such methods employ
known recombinant methods of assembly. Given the teachings of this specification, and the
knowledge extant in the art, one of skill in the art can readily assemble a recombinant vector
as described herein. See, ¢.g., texts such as the various editions of Sambrook et a/, Molecular

Cloning: A Laboratory Manual, Cold Spring Harbor Press, Cold Spring Harbor, NY.

[00144] In one aspect, a method of producing a recombinant adeno-associated virus (AAV)
containing a heterologous self-regulating gene cassette comprises (a) inserting a heterologous
self-regulating gene expression cassette as described herein in an AAV c¢is construct with
AAYV ITR sequences flanking the gene expression construct or cassette. The resulting AAV
cis construct is co-transfected into a mammalian cell with a packaging plasmid containing the
capsid proteins of a selected AAV type and an adenoviral helper plasmid. Infectious AAV
particles having a selected AAV capsid protein and comprising the gene cassette are produced.
Optionally the infectious AAV particles are subjected to purification processes to separate the

particles from the other components of the host cell.

[00145] The above-described recombinant viral or non-viral vectors may be delivered to host
cells according to published methods. Where the delivery to a host cell is designed for in vitro
expression, ¢.g., for research, the vectors may be delivered in any conventional manner to the
selected host cell, e.g., mammalian, insect, avian, etc. The host cells may be selected from any
host cell commonly used in research. Similarly the formulation of the vectors for laboratory
rescarch is well known. Where the vectors are intended for pharmaceutical use, the vectors,

preferably suspended in a physiologically compatible carrier, may be administered to a human
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or non-human mammalian patient. Suitable carriers may be readily selected by one of skill in
the art in view of the indication for which the vector is directed. For example, one suitable
carrier includes saline, which may be formulated with a variety of buffering solutions (e.g.,
phosphate buffered saline). Other exemplary carriers include sterile saline, lactose, sucrose,
calcium phosphate, gelatin, dextran, agar, pectin, peanut oil, sesame oil, and water. The

selection of the carrier is not a limitation of the present invention.

[00146] Optionally, the compositions of the invention may contain, in addition to the
recombinant vector (e.g., tAAYV) and carrier(s), other conventional pharmaceutical ingredients,
such as preservatives, or chemical stabilizers. Suitable exemplary preservatives include
chlorobutanol, potassium sorbate, sorbic acid, sulfur dioxide, propyl gallate, the parabens,
ethyl vanillin, glycerin, phenol, and parachlorophenol. Suitable chemical stabilizers include

gelatin and albumin.

[00147] The vectors are administered in sufficient amounts to transfect the cells and to
provide sufficient levels of gene transfer and expression to provide a therapeutic benefit
without undue adverse effects, or with medically acceptable physiological effects, which can
be determined by those skilled in the medical arts. Conventional and pharmaceutically
acceptable routes of administration include, but are not limited to, systemic administration,
depending on the disease and cells to be targeted. Conventional and pharmaceutically
acceptable routes of administration include, but are not limited to, direct delivery to a desired
organ or cell type (e.g., the liver/hepatic cells (optionally via the hepatic artery) or lung), oral,
inhalation, intranasal, intratracheal, intraarterial, intraocular, intravenous, intramuscular,
subcutaneous, intradermal, and other parental routes of administration. Routes of

administration may be combined.

[00148] Concentrations, doses or dosages of the vector will depend primarily on factors such
as the condition being treated, the age, weight and health of the patient, and may thus vary
among patients. For example, a therapeutically effective human amount of a viral vector is
generally in the range of from about 0.1 mL to about 100 mL of a suspension containing
concentrations of from about 1 x 10 to 1 x 10'® genomes virus vector. A preferred human
amount for delivery to large organs (e.g., liver, muscle, heart and lung) may be about 5 x 10"
to 5 x 10" AAV genomes per 1 kg, at a volume of about 1 to 100 mL of suspension. A
preferred amount for delivery to eye is about 5 x 10° to 5 x 10'* genome copies, at a

suspension volume of about 0.1 mL to 1 mL. The amounts will be adjusted to balance the
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therapeutic benefit against any side effects and such amounts may vary depending upon the
therapeutic application for which the recombinant vector is employed. The levels of
expression of the transgene can be monitored to determine the frequency of delivery of viral
vectors, preferably AAV vectors, containing the minigene. Optionally, delivery regimens
similar to those described for therapeutic purposes may be utilized for immunization using the

compositions of the invention.

[00149] In one embodiment, the recombinant AAV or other vector containing the self-
regulating gene expression cassettes for use in the target ocular cells as detailed herein is
optionally assessed for contamination by conventional methods and then formulated into a
pharmaceutical composition intended for subretinal or intravitreal injection. Such formulation
involves the use of a pharmaceutically and/or physiologically acceptable vehicle or carrier,
particularly one suitable for administration to the eye, e.g., by subretinal injection, such as
buffered saline or other buffers, e.g., HEPES, to maintain pH at appropriate physiological
levels, and, optionally, other medicinal agents, pharmaceutical agents, stabilizing agents,
buffers, carriers, adjuvants, diluents, etc. For injection, the carrier will typically be a liquid.
Exemplary physiologically acceptable carriers include sterile, pyrogen-free water and sterile,
pyrogen-free, phosphate buffered saline. A variety of such known carriers are provided in US
Patent Publication No. 7,629,322, incorporated herein by reference. In one embodiment, the
carrier is an isotonic sodium chloride solution. In another embodiment, the carrier is balanced
salt solution. In one embodiment, the carrier includes tween. If the virus is to be stored long-
term, it may be frozen in the presence of glycerol or Tween20. In another embodiment, the
pharmaceutically acceptable carrier comprises a surfactant, such as perfluorooctane

(Perfluoron liquid).

[00150] In certain embodiments of the methods described herein, the pharmaceutical
composition described above is administered to the subject by subretinal injection. In other
embodiments, the pharmaceutical composition is administered by intravitreal injection. Other
forms of administration that may be useful in the methods described herein include, but are not
limited to, direct delivery to a desired organ (e.g., the eye), oral, inhalation, intranasal,
intratracheal, intravenous, intramuscular, subcutancous, intradermal, and other parental routes

of administration. Routes of administration may be combined.

[00151] The volume and viral titer of each injection is determined individually, as further

described below, and may be the same or different from other injections performed in the
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same, or contralateral, eye. In another embodiment, a single, larger volume injection is made
in order to treat the entire eye. In one embodiment, the volume and concentration of the
rAAYV composition is selected so that only a specific region of ocular cells is impacted. In
another embodiment, the volume and/or concentration of the rAAV composition is a greater
amount, in order reach larger portions of the eye, including non-damaged ocular cells. When
administered to treat a non-ocular cell, one of skill in the art may adjust the routes of

administration and dosages.

[00152] In one embodiment, the vector composition may be delivered in a volume of from
about 0.1 pL to about 1 mL, including all numbers within the range, depending on the size of
the area to be treated, the viral titer used, the route of administration, and the desired effect of
the method. In one embodiment, the volume is about 50 uL. In another embodiment, the
volume is about 70 pL. In another embodiment, the volume is about 100 pL. In another
embodiment, the volume is about 125 pL. In another embodiment, the volume is about 150
puL. In another embodiment, the volume is about 175 puL. In yet another embodiment, the
volume is about 200 puL. In another embodiment, the volume is about 250 pL. In another
embodiment, the volume is about 300 uL. In another embodiment, the volume is about 450
puL. In another embodiment, the volume is about 500 puL. In another embodiment, the volume
is about 600 uL. In another embodiment, the volume is about 750 pL. In another
embodiment, the volume is about 850 uL.. In another embodiment, the volume is about 1000

uL.

[00153] An effective concentration of a recombinant adeno-associated virus carrying a
autologous gene expression cassette encoding the transgene ranges between about 107 and 10"
vector genomes per milliliter suspension (vg/mL) (also called genome copies/mL (GC/mL)).
The rAAYV infectious units are measured as described in S.K. McLaughlin et al, 1988 J. Virol,,
62:1963, which is incorporated herein by reference. Preferably, the concentration in the retina
is from about 1.5 x 10° vg/mL to about 1.5 x 10" vg/mL, and more preferably from about 1.5
x 10° vg/mL to about 1.5 x 10" vg/mL. In one embodiment, the effective concentration is
about 1.4 x 10% vg/mL suspension. In one embodiment, the effective concentration is about
3.5x 10" vg/mL. In another embodiment, the effective concentration is about 5.6 x 10"
vg/mL. In another embodiment, the effective concentration is about 5.3 x 10" vg/mL. In yet
another embodiment, the effective concentration is about 1.5 x 10'* vg/mL. In another

embodiment, the effective concentration is about 1.5 x 10" vg/mL. In one embodiment, the
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effective dosage (total genome copies delivered) is between 107 and 10" vector genomes. In
one embodiment, the lowest effective concentration of virus is utilized in order to reduce the
risk of undesirable effects, such as toxicity, retinal dysplasia and detachment. Still other
dosages and administration volumes in these ranges may be selected by the attending
physician, taking into account the physical state of the subject, preferably human, being
treated, the age of the subject, the particular ocular disorder and the degree to which the
disorder, if progressive, has developed. For extra-ocular delivery, the dosage will be increased
according to the scale-up from the retina. Intravenous delivery, for example may require

doses on the order of 1.5 X 10" vg/kg.

[00154] Amounts of inducing molecules will vary depending upon the particular use, e.g., in
vitro or in vivo research or pharmaceutical use, the condition of any intended host organism,
the disease being treated, the size of the organ or tissue being treat, the general health of the
subject, etc. Desirably the smallest amount of inducing molecule that can achieve the effect of
transiently and controllable interacting with the gene expression construct to control
expression of the transgene is desired. In one embodiment the amount of administration of the
first inducing molecule and timing and route of administration is the same as that for the
second inducing molecule. In other embodiments, the amounts, timing and routes of

administration may differ for the two inducing molecules, depending on the identity thereof.

[00155] In one embodiment a method of tightly regulating expression of a transgene in a
mammalian cell comprising: (a) infecting the cell with a recombinant vector comprising an
operational self-regulating inducible dual regulatory gene expression construct, wherein the
gene cassette is stably expressed by the infected cell; and (b) contacting the cell in vivo with
a first inducing molecule that interacts with the repressor to permit simultaneous expression of
the transgene and repressor protein by the single promoter. Thereafter, the cell is contacted in
vivo with a second inducing molecule that interacts with the aptamer to prevent the ribozyme
from degrading the transcribed message. The first inducing molecule is stopped which
permits the repressor protein to autoregulate and reduce or inhibit transcription of the
repressor protein and the transgene as the repressor protein accumulates in the cells and
interacts with the operator sequence in the absence of additional amounts of the molecule.
Substantially simultaneously, the second inducing molecule is stopped, which permits the
ribozyme to degrade any further transcription of the repressor and transgene. In one

embodiment, the first inducing molecule and the second inducing molecule are the same
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molecule and therefore these latter steps occur simultaneously to terminate transcription in a
tightly regulated manner. Subsequent contact with the inducing molecules is used repeatedly
to controllably express the transgene. When the repressor is lac/, the inducing molecule or
first inducing molecule is IPTG, an artificial sweetener, or a sugar substitute for sucrose.
When the repressor is ga/R and the inducing molecule or first inducing molecule is galactose.
When the repressor is tetR and the inducing molecule or first inducing molecule is
tetracycline. When the aptamer binds tetracycline and the second inducing molecule is
tetracycline or when the aptamer binds IPTG and the seconding inducing molecule is IPTG,
the method employs a single inducing molecule. The inducing molecules are intended to be

administered by any convenient and conventional route and in similar amounts.

[00156] Another aspect of this invention involves method of controlling expression of a
transgene in a mammalian cell. In one embodiment, the method involves infecting the cell
with a recombinant virus as described herein, and permitting the gene cassette to become
stably expressed by the infected cell. A suitable amount of transgene is expressed in the
infected mammalian cell by contacting the cell in vivo with a first inducing molecule that
interacts with the repressor to permit simultancous expression of the transgene and repressor
protein by the single promoter. Additionally the cell is contacted in vivo with a second
inducing molecule that interacts with the aptamer coupled to the ribozyme to prevent mRNA
degradation at the same time. While the first inducing molecule remains in contact with the
cell, the repressor protein is expressed along with the transgene. As the molecule diminishes
or is no longer in contact with the cell, the increased amount of expression of the repressor
protein autoregulates its own expression. As the repressor protein accumulates in the cells, it
interacts with the operator sequence, and reduces or inhibits its own expression and that of the
transgene in the absence of additional amounts of the molecule. In a dual construct, when the
second inducing molecule is removed from the cell, the ribozyme self cleaves and degrades
remaining mRNA transcript of the transgene and repressor, thereby assisting in tight control.
In another embodiment, therefore, the transgene may be repeatedly increased in expression in
the cell whenever the cell is contacted with the first and second molecules, which may be a
single molecule which interacts with both the repressor and aptamer. One may thus control
the timing and amount of transgene expression by contolling the timing and administration of

the first and second inducing molecules.
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[00157] In one example, where the cassette comprises the repressor is lac/, a suitable first
inducing molecule is Isopropyl B-D-1-thiogalactopyranoside (IPTG) or an artificial sweetener
such as “Splenda” , a sugar substitute for sucrose, such as fructose, a galactoside, a fucosides,
etc. Such other innocuous food supplements containing the molecule may be employed for

this purpose.

[00158] In another example, where the cassette comprises the repressor galR, a suitable first
inducing molecule is, for example, galactose or glucose or an artificial sweetener such as

“Splenda”, a sugar substitute for sucrose, such as fructose, a galactoside, a fucoside, ctc.

[00159] Still other suitable molecules and repressors responsive to them may be selected or

generated by one of skill in the art using the teachings of this specification.

[00160] As a specific example, a method of treating an ocular condition in a mammalian,
preferably human, subject comprises administering by intravitreal or subretinal injection to a
mammalian subject in need thereof a recombinant virus as described herein, wherein the gene
cassette in the virus becomes stably expressed in the subject’s ocular cells and its expression
in the ocular cell is thereafter controllable as described above. In one embodiment, a
recombinant AAV carries a heterologous self-regulating gene expression cassette as described
above. For example, the cassette comprises a single minimal CMV1 promoter controlling
expression of the lac/ repressor sequence and a transgene encoding a protein that is absent or
defective in the targeted ocular cell. The cassette also contains two Lsym operator DNA
sequences responsive to the expressed /ac/ repressor protein. The first operator sequence is
located at about 70bp from the start of transcription of the repressor gene and the second
operator sequence is located at about 90bp from the start of transcription of the repressor gene.
The cassette also contains the lacl repressor gene sequence and a 2A sequence. Additionally,
the cassette contains a wildtype or mutated or codon optimized transgene sequence encoding,

e.g., RHO, LCAS, CHM, ABCA4, RPE65, RDH12, CEP290, RPGR, PRPF31, or CNGB3.

[00161] The course and amount of expression of the transgene once the cassette is stably
expressed in the ocular cell is controlled by subsequently and repeatedly administering to the
subject a molecule that interacts with the repressor sequence to permit simultaneous
expression of the transgene and repressor protein by the single promoter. The first inducing
molecule can be administered to the mammalian subject by any suitable route. In certain

embodiments, the route is by topical eye drops. In another embodiment, the route is oral, or
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by injection, e.g., intravenous or intraperitoneal or by any of the routes of administration
described above. The molecule in this instance may be IPTG in a suitable formulation for
ready administration by the selected route. After first administration of the molecule to the
subject, the cassette components operate to turn on expression of the repressor protein and the
transgene. In the absence of additional amounts of the molecule, e.g., as the first
administration is used up by the subject, the repressor protein autoregulates and reduce or
inhibit expression of both itself and the transgene, effectively turning off the expression of the
transgene. Any need for increased expression of the transgene is thereby controlled by
subsequent and timed readministration of the molecule, e.g., by treating periodically with the

eye drops.

[00162] Ocular diseases which are suitably treated by this method include, without
limitation, ocular neovascular disease (including choroidal neovascularization, a complication
of age-related macular degeneration; diabetic retinopathy, sickle cell disease, retinal vein
occlusion, retinopathy of prematurity, neovascular glaucoma); glaucoma, age-related macular
degeneration, retinitis pigmentosa, Leber’s congenital amaurosis, uveitis, congenital stationary
nightblindness, optic atrophy, cone dystrophy, Stargardt disease, Bardet-Biedl syndrome,
Usher syndrome, systemic disease with retinopathy (such as Stickler syndrome); systemic
disease with ocular manifestations (such as Wilson’s disease); optic neuritis; and Leber’s

hereditary optic neuropathy.

[00163] As another embodiment, a method of treating an inborn error of metabolism or other
disease in a mammalian, preferably human, subject comprises administering by injection or
any suitable route of administration to a mammalian subject in need thereof a recombinant
virus as described herein, wherein the gene cassette in the virus becomes stably expressed in
the subject’s hepatic or other cells and its expression in the cell is thereafter controllable as
described above. For example, the route of administration may be designed or the particular
virus may be selected or viral capsid selected to target certain cells in the subject, such as liver
cells, for expression of the transgene. In one embodiment, a recombinant AAV carries a
heterologous self-regulating gene expression cassette as described above. For example, the
cassette comprises a single minimal CMV1 promoter controlling expression of the ga/R
repressor sequence and a transgene encoding a protein that is absent or defective in the
targeted cell. The cassette also contains a single Lsym operator DNA sequences responsive to

the expressed galR repressor protein. The operator sequence is located at about 70bp from the
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start of transcription of the repressor gene. The cassette also contains the ga/R repressor gene
sequence and a 2A sequence. Additionally, the cassette contains a wildtype or mutated or
codon optimized transgene sequence encoding, e.g., insulin, growth hormone, erythropoietin,
factor VIII, factor IX; galactosidase, alpha-glucocercbrosidase, alpha-iduronidase, or

arylsulphatase B.

[00164] The course and amount of expression of the transgene once the cassette is stably
expressed in the cell is controlled by subsequently and repeatedly administering to the subject
a molecule that interacts with the ga/R repressor sequence to permit simultaneous expression
of the transgene and repressor protein by the single promoter. The first inducing molecule can
be administered to the mammalian subject by any suitable route. In certain embodiments, the
route is oral. In another embodiment, the route is topical, by inhalation, or by injection, ¢.g.,
intravenous or intraperitoneal. The molecule in this instance may be glucose in a suitable
formulation for ready administration by the selected route. After first administration of the
molecule to the subject, the cassette components operate to turn on expression of the repressor
protein and the transgene. In the absence of additional amounts of the molecule, ¢.g., as the
first administration is used up by the subject, the repressor protein autoregulates and reduce or
inhibit expression of both itself and the transgene, effectively turning off the expression of the
transgene. Any need for increased expression of the transgene is thereby controlled by
subsequent and timed readministration of the molecule, e.g., by treating periodically with the

cye drops.

[00165] Discases which are suitably treated by this method include, without limitation,
inborn errors of metabolism, including fatty acid oxidation or gluco-neogenesis; diabetes,
pituitary hormone deficiency, chronic disease (including cancer) that impacts erythropoietin

production.

[00166] Another example of a method of using the self-regulating gene expression systems
and recombinant vectors described herein includes in the regulated expression of anti-
angiogenic inhibitors of VEGF, such as Bevacizumab (Avastin), in the eye for the treatment of
the exudative form of age-related macular degeneration (or wet AMD). Current practice for
this indication requires repeated ocular injections of the protein product. In one embodiment,
use of the compositions of this invention, e.g., an rAAV containing a self-regulating gene
expression cassette carrying an anti-angiogenic inhibitor transgene, enables, with a single

injection, delivery of the therapeutic inhibitor protein to the ocular cell. Because there are
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safety concerns associated with expressing an anti-angiogenic factor at high levels for long
periods of times, the compositions and methods described herein permit expression of the anti-
angiogenic factor for limited durations and in limited amounts. Thus, this manner of treatment
allows for regulated exposure to the inhibitor so that VEGF, which remains important for the
maintenance of a healthy retina even in wet AMO, can be expressed in a balance with the
therapeutic VEGF-antagonist. Genetic control using the compositions and method may be
continuously adjustable in magnitude which is useful for AMO or any genetic therapy in

which intermediate levels of gene expression are indicated.

[00167] In another embodiment, the self-regulating gene expression systems and
recombinant vectors described herein can be employed in methods for delivering a
neurotrophic factor for the treatment of retinal degeneration. In one embodiment one may
"titer' the expression of such a factor to limit side effects to cells uninvolved in the disease

process.

[00168] In another embodiment, the self-regulating gene expression systems and
recombinant vectors described herein can be employed in methods for regulated expression of
anti-microbial proteins, such as broadly neutralizing antibodies toward, e.g., influenza and

HIV, to a mammalian subject.

[00169] In another embodiment, the self-regulating gene expression systems and
recombinant vectors described herein can be employed in methods for regulated expression of
insulin cDNA or erythropoietin cDNA as transgene for treatment of diabetes or anemia,

respectively. Careful control of gene expression over time is necessary for either condition.

[00170] In another embodiment, the self-regulating gene expression systems and
recombinant vectors described herein can be employed in known agricultural crop
enhancement that employing vectors to express desired plant genes in plant cells to confer

certain characteristics to the plant, ¢.g., resistance to drought, stress, over-ripening, ctc.

[00171] In another embodiment, the self-regulating gene expression systems and
recombinant vectors described herein can be employed in non-human model organisms for

scientific study.

[00172] Many more indications and gene therapy strategies that require the ability to fine-

tune the level of expression can be treated with the compositions and methods described
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herein. In one embodiment, the compositions and methods are useful to fine-tune the level of
expression to physiological levels for a naturally expressed molecule or transgene. In another
embodiment, the compositions and methods are useful to fine-tune the level of expression to
levels with a therapeutic window for protein drugs. In another embodiment, the compositions
and methods are useful to fine-tune the level of expression to control expression of silencing
RNA. Delivering these and other therapeutic transgenes based on need, symptoms or
circadian rhythm may be accomplished using the compositions and methods described herein.
Moreover, the ability to turn off expression by withdrawing the inducing molecules is highly
desirable from a safety perspective in order to remove the genetic graft following vector

administration.

[00173] As instructed by the teachings of this specification, one of skill in the art may select
the cassette components so as to make a recombinant vector or recombinant virus useful to
treat any particular disease or defect. The compositions and method described herein may be
incorporated into genetic therapies for human disease, including reducing the expression level
variance in genetic therapies for human diseases caused by insufficient expression of proteins.
The compositions and method described herein may be incorporated into genetic therapies for
veterinary medicine. Additionally, model organisms for various genes of interest could be

produced with very consistent and toggle-able levels of gene expression.

[00174] The following examples are illustrative only, and do not limit the scope of the
present invention. Particular embodiments of the autogenous genetic switch and its uses are
described below. We have redesigned the /ac/ repressor genetic switch to be autogenously
regulated (regulates its own expression) to create an AAV-mediated gene therapy regulatory
tool. This autogenous switch was shown to work in various cell types in cell culture. We have
improved regulatory behavior of the switch through the use of multiple operator DNA sites
and the restoration of the tetramerization domain in the lac/ repressor. We found further
improvement by making point mutations to the /ac/ repressor that are known to improve the
phenotype in E. coli. Additional improvements were added by the dual regulatory
embodiments which includes a second inducing molecule-dependent ribozyme-aptamer.
Finally, we packaged our autogenously regulated gene expression constructs or switches in
AAYV vectors. These vectors were used to reversibly regulate luciferase expression in the livers

of living mice as a function of IPTG as the first inducing molecule.

[00175] EXAMPLE [: Methods And Materials
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[00176] Bacterial Strains and Media

[00177] The strain EPB229 (E. coli F- A- ilvG- rfb-50 rph-1 A(lacl-lacA): :frf) was used for
prokaryotic GFP regulation assays. This strain was made by the laboratory of Dr. Mark
Goulian and derived from MG1655 (E. coli F- A- ilvG- rfb-50 rph-1). This strain is the “wild-
type” K-12 strain and has a total deletion of the /ac/ operon allowing for a clean background
within which to study our Jac/ genetic regulatory systems. Liquid media for GFP regulation
assays with EPB229 cells used MOPS minimal media supplanted with 0.4% glucose and 50
ng/mL kanamycin.

[00178] Eukaryotic Cell Lines and Media

[00179] The following cell lines were used for eukaryotic GFP and luciferase regulation
assays and also in microscopy: The cell line HEK293T is derived from human embryonic
kidney cells and stably expresses the Simian Vacuolating Virus (SV40) which codes for the
large T-antigen. The cell line Cos-7 was derived from the African green monkey
Cercopithecus aethiops fibroblast-like kidney cells. This cell line was developed from the
CV-1 line by transformation with SV40 to express the T-antigen. The cell line ARPE-19 was
derived from human retinal pigment epithelial (RPE) cells.

[00180] The culture medium for all cell lines was Dulbecco’s modified Eagle’s medium
(DMEM) containing 20% fetal bovine serum (FBS), L-glutamine and sodium bicarbonate.
For ARPE-19 cells, DMEM was supplemented with F-12 nutrient mixture containing 20%

fetal bovine serum (FBS), L-glutamine and sodium bicarbonate.
[00181] Plasmid Preparation

[00182] Plasmids were isolated using the NucleoSpin plasmid purification kit (Clontech).
For both the repressor and reporter bacterial plasmids a slightly modified protocol was
followed as they both are low-copy number plasmids. A larger initial volume of LB is
inoculated (8mL) and larger volumes of individual DNA purification buffers are used: 500 pL
Al, 500 pL. A2, and 700 pL. A3 of the Macherey-Nagel quick purification kit. The remainder
of the protocol was unchanged. Large volumes of plasmid were obtained using the Plasmid
Plus Maxi Kit (Qiagen). This allowed for endotoxin free plasmid preparation for transient

transfections and also for virus preparation from AAV encoding plasmids.

[00183] Cloning - Inverse PCR Mutagenesis
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[00184] The following protocol was used for point mutations, deletions and small insertions
(typically less than 10 base pairs). The primer design completely defines what the result of the
cloning will be. Each primer is broken down into two parts: an annealing region that overlaps
with the starting plasmid and an optional un-matched 5’ tail. The annealing region is designed
to follow two basic rules. First, the melting temperature should be as close to 60°C as possible.
Second, both the 3” and 5 ends should be cither cytosine (C) or guanine (G). The reverse
primer is designed to anneal to the left of the region to change/insert/delete and the forward

primer is designed to anneal to the right of the region to change/insert/delete.

[00185] For a deletion, primers are chosen that skip the region to delete. For a point
mutation, a 5’ tail is added to one of the primers that matches the desired sequence. Similarly,
for an insertion a 5’ tail is added to one of the primers that matches the desired insertion.
Finally, one of the primers is given a 5* phosphorylation. Full circle PCR is used with
Phusion Hot Start High Fidelity DNA Polymerase (NEB) and the extension time is set to 20
seconds for every kilobase and follows the recommended thermal cycle. PCR follows 15
rounds of amplification and is then held at 4C until ready to proceed. The mixture now
contains plasmid (initially isolated from DH5a) and linearized PCR product which has the
desired change/insert/deletion. A 10 minute ligation with 2000 Units T4 DNA Ligase (NEB),
10 puL quick ligation buffer (NEB) and 10 pL. PCR product is used to ligate the linearized PCR
product into closed plasmid. This is followed by a 1 hour digestion to remove the initial
plasmid by adding 5 pL NEB #4 Buffer, 25 puL MilliQ, and 20 Units Dpnl (NEB). The Dpnl
enzyme specifically cleaves DNA with the methylation pattern given by DH5a. cells, therefore
specifically cleaving only the starting plasmid while sparing the ligated PCR product. 2.5 pL.
of this mixture is transformed into 50 pL. DHS5a cells and plated onto LB agar with appropriate

selection antibiotic.

[00186] Typically >90% of colonies that survive on the plate have the intended
change/deletion/insertion. Common difficulties are 5° adenosine (A) or thymine (T) bases will
not make it into the final plasmid which is why they are to be avoided if possible in the initial
primer design step. It is also commonly seen that the starting plasmid will survive the Dpnl
digestion so it is recommended to include a Dpnl negative control where primers are omitted

so only starting plasmid exists.

[00187] Cloning - In-Fusion
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[00188] This method is used to insert large DNA segments into plasmids. The primer design
exactly follows the recommendations of the In-Fusion HD Liquid Kit (Clontech). Long DNA
regions (approximately greater than 1 kilobase) were amplified with Phusion Hot Start High
Fidelity DNA Polymerase (NEB) following the standard thermal cycle and extension time of
20 seconds per kilobase. Small DNA regions (approximately less than 1 kilobase) were
amplified with Vent DNA Polymerase (NEB) following the standard thermal cycle and
extension time of 60 seconds per kilobase. Linearized PCR fragments were isolated through
5% agarose gel filtration and the NucleoSpin Extract II (Clonetech) purification kit.
Alternatively, restriction enzyme digestion was used when appropriate to linearized DNA

fragments as described in the In-Fusion protocol.

[00189] Essentially, two linearized fragments are desired: the vector which typically contains
the new plasmid and the insert to be placed into that plasmid. The vector and insert are
designed such that 15 base pairs on each end perfectly match. The In-Fusion enzyme then
anneals the insert and vector to create a final plasmid. The In-Fusion reaction follows the
recommended protocol and 2.5 uL is transfected into 50 pL. DHSa cells and plated onto LB-
agar with appropriate antibiotic. Again >90% of the colonies typically contain the designed

insert.
[00190] Lacl Repressor Purification

[00191] Lacl repressor constructs were cloned into a pBAD expression vector which controls
expression of a gene using the arabinose repressor system. All repressor constructs were
inserted into the multiple cloning site (MCS) of the pBAD vector and given a 6x-Histidine tag
on the C-terminus. Cloning was achieved using in-fusion. Purification begins by first
transforming the desired plasmid into BL21(DE3) cells and plating onto LB supplemented
with ampicillin and incubating overnight at 37C. The plate is used to innoculate 100 mL 2xY'T
medium (Sigma) supplemented with ampicillin in the morning. Many colonies (>100) are
picked in the innoculation to prevent any potential bias from selecting a single colony. This
starter culture is incubated at 37°C with shaking (~200 RPM) for 3-4 hours until the flask
grows past the mid-log phase and approaches the stationary phase (optical density at 600 nm
(OD600) > 1.0). 10mL of the starter culture is then used to innoculate 1L 2xYT medium
supplemented with ampicillin. The large culture is incubated at 37°C with shaking
(~200RPM) until early mid-log growth phase (OD600 = 0.3-0.4). At this point, the incubator

temperature is reduced to 15°C to slow bacterial growth. Expression is also induced at this
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point by adding 10mL of 20% v/v arabinose that has been sterile filtered. The liquid culture is

allowed to grow overnight (~16 hours).

[00192] In the morning, the culture is removed from the incubator and placed into 1L
centrifuge flasks. The cells are centrifuged at 5000g for 10 minutes at 4°C to pellet the cells.
The superatant is removed and cells are resuspended 20 mL in Nickel Lysis Buffer (300 mM
NaCl, 50 mM NaH2PO4, pH 8.0). Cells are lysed using three passes through a cell
homogenizer (Avestin) at ~18,000 PSI and whole cell lysate is immediately stored on ice.
Lysate is then centrifuged at 15,000g for 15 minutes at 4°C to separate soluble protein from
insolubate cell lysates. Supernatant is filtered through filter paper (Whatman #3) at 4°C to
remove further insoluble materials. A sample of the supernatant is collected for analysis on an

SDS-PAGE gel.

[00193] A His-tag purification column is prepared by loaded 2 mL His60 Ni Superflow
Resin (Clontech) into a Flex-Column (Kontes) fitted with a stopcock to regulate flow rate
through the column. All work with the his-tag column is undertaken in refrigeration at 4°C.
Resin is first equilibrated with 20 mL cold Nickel Lysis Buffer and the stopcock is set to very
slowly drip out the buffer such that the nickel beads will form an equilibrated bed of beads.
Filtered supernatant is then carefully added to the column and flow again is set to very slowly
drip. A sample of the flow through is collected for SDS-PAGE gel analysis. The beads are
then washed three times with Nickel Wash Buffer (50 mM NaH2PO4, 300mM NaCl, 20 mM
Imidazole, 2.5% v/v glycerol, pH 8) and samples of each wash are collected for SDS-PAGE
gel analysis. His-tagged lac/ repressor is then eluted from the column using Nickel Elution (50
NaH,PO,4, 300 mM NaCl, 250 mM Imidazole, 2.5% v/v glycerol, pH 8) and clutant was
collected. A sample of clutant was saved for SDS-PAGE gel analysis.

[00194] Nickel elutant is then buffer exchanged using an Amicon Ultra centrifuge filter with
a 30,000 molecular weight cutoff (Millipore). Elutant is centrifuged at 5,000g for 15 minutes
at 4C and the filter flow through is discarded. Typically, depending on yield, 200-300 puL
concentrated protein remains above the filter. Protein is carefully resuspended in ~3-4 mL ice-
cold Gel Filtration (GF) Buffer (200 mM Tris pH 7.4, 200 mM KCl, 10 mM EDTA, 3 mM
DTT). Buffer replaced in this fashion reduces the initial buffer to about 7% of its starting
concentration. Buffer is replaced three times resulting in < 0.1% of the elutant buffer

remaining. Protein is then concentrated a final time to achieve a protein concentration in the 1-
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10 mg/mL range as measured using absorbence at 280nM (A280) on a spectrophotometer

(NanoDrop).

[00195] Purified protein can be saved at this step by flash freezing the protein in liquid
nitrogen and storing at -80°C. All samples from the nickel purification are boiled in LDS
sample buffer (Expedeon) for 10 minutes and run on a 4-12% SDS-PAGE gel (Expedeon) at
110V for 1 hour. Protein for in vitro transcription assay underwent a size exclusion
chromatography step. His-tag purified /ac/ repressor in GF buffer was concentrated and
loaded onto a Hi Load 16/60 Superdex 75 column and sample was driven by Akta Prime
FPLC. Fractions were collected and samples were SDS boiled and run on SDS-PAGE gels to
determine purity. Protein was concentrated again using centrifugal 30,000 MW filter and

stored in GF buffer. Protein was flash frozen and store at -80°C.
[00196] Prokaryotic GFP and YFP Regulation Assays
[00197] GFP regulation assay

[00198] EPB229 cells were co-transformed with a /ac/ repressor plasmid providing
chloramphenicol resistance and a reporter plasmid providing ampicillin resistance and plated
onto LB agarose plates with ampicillin and chloramphenicol. Plates were incubated overnight
at 37°C and stored at 4°C. The repressor plasmids are all derived from pABD34 plasmid and
constitutively express the /ac/ gene using its native promoter from £. coli. The lacll sequence
has 10 C-terminal residues truncated to prevent tetramerization. Point mutations to the /ac/
sequence made using inverse PCR mutagenesis. For repressor quantification experiments a C-

terminal mCherry tag was inserted using in-fusion cloning.

[00199] Reporter plasmid were derived from the pBR plasmid and have a reporter gene,
Green or Yellow Fluorescent Protein (GFP or YFP), under control of the native LacZ/Y/A

promoter. The operator sequences of the promoter used were:
O1: 5 AATT GTG AGC G GAT AACAA TT 3' SEQID NO: 6
Lsym: 5' AATT GTG AGC GCT CAC AATT 3' SEQ ID NO: 9

[00200] In the original assay, only GFP was monitored. Single colonies were picked intol
mL LB supplemented with ampicillin and chloramphenicol and grown ~ 16 hours at 37°C

with shaking (~200 RPM). 100 pL of the sample aliquoted into a 96-well clear bottom plate
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(Corning) and OD600 and fluorescence (excite: 488 nm, emit: 525 nm) were measured on
Infinite M1000 plate reader (Tecan). Samples to be assayed are typically picked in triplicate.

Fluorescence is normalized by OD600 and averaged across replicates.
[00201] YFP and mCherry E. Coli regulation assay

[00202] The self-regulated reporter plasmid included the O1 operator sequence (5’-AA TT
GTG AGC G GAT AAC AA TT-3° SEQ ID NO: 6) followed by yellow fluorescent protein
(YFP), an ampicillin (AMP) resistance sequence and a 15 base pair spacer (5’-AAT TCA
GGG TGG TGA-3’ SEQ ID NO: 10), followed by the lac/ repressor. A C-terminal mCherry
tag was added to the lac/ repressor gene after an 11bp linker to create the Lac/-mCherry

construct.

[00203] We transformed the autogenously regulated reporter plasmid into EPB229 cells (F-
A(lacl-lacA)::frt). These cells were derived from the MG1655 “wild type” line. Colonies were
picked in triplicate into MOPS minimal media with 0.4% glucose, ampicillin and CAM and
grown overnight at 37°C with shaking. 50uL of the overnight culture was used to inoculate
ImL fresh MOPS minimal media supplanted with varying amounts of IPTG. We measured
optical density at 600nm (OD600), YFP fluorescence (excite: 510 nm emit: 535nm), and
mCherry fluorescence (excite: 585 nm emit: 610 nm) for all wells over a 12 hour period using
a TECAN M1000 plate reader in 384 well optical bottom plates (Corning). /n vivo data was
normalized for growth by measuring cells in triplicate as they were growing. All data points
collected were then fit to a 2nd order polynomial to obtain a curve which is fluorescence as a
function of OD600. A positive control was established by co-transforming EPB229 cells with
O1 YFP reporter and a CAM plasmid without LacmCherry (pABD34). YFP signal was
normalized to the polynomial fit from the positive control. Final values for fitting were

calculated for cells at approximately mid-log growth phase (0.4 OD600).
[00204] Native Gel Electrophoresis

[00205] We used the NativePage (Invitrogen) kit for native gel electrophoresis. The primary
advantage of this kit is that it is based upon Blue Native Polyacrylamide Gel Electrophoresis

(BN Page) which uses Coomassie G-250 as the molecule to provide charge shift for proteins.
Coomassie G-250 binds to proteins providing a net negative charge without denaturing the

protein.
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[00206] Lac repressor was purified and was mixed in non-denaturing sample loading buffer.
10 puL of samples and NativeMark (Invitrogen) protein standard were added to wells of
NativePage 4-16% Bis-Tris Gels. Gels were loaded within Novex Mini-cell (Invitrogen) gel
running boxes. The interior (between the gels) was filled with NativePage cathode running
buffer which contains Coomassie G-250. The exterior was filled with NativePage anode
running buffer. Gels were run at 150V for 2 hours, then removed. Gels were placed in Fix
(40% methanol, 10% acetic acid), microwaved on high for 45 seconds, and then shaken on an
orbital shaker for 15 minutes to fix the gel. The gels were then switched to Destain (8% acetic
acid), microwaved on high for 45 seconds, and placed on an orbital shaker overnight to

remove any unbound Coomassie G-250. Gels were then imaged.
[00207] Eukaryotic Gene Regulation Assays

[00208] All gene regulation assays start by transiently transfecting the cell line of choice with
the appropriate plasmid. Media is supplemented with effector of varying concentration in
wells (IPTG for lacl repressor experiments and doxycycline for tet repressor experiments) and
specific experimental conditions are typically grown side by side in triplicate. Experimental
measurement times varied depending upon cell confluence but occurred 24 to 72 hours after

transfection.
[00209] Fluorescence Microscopy

[00210] Fluorescence microscopy was performed in several different ways. For live cell
microscopy, cells were grown as previously described. Media was switched to phosphate
buffered saline (PBS) to reduce auto-fluorescence and cells were imaged on a Nikon Eclipse
TE2000-U inverted microscope equipped with green and blue filters and a Nikon Intensilight
C-HGFI power source. High resolution fluorescence microscopy was also performed by
growing cells in the Lab-Tek II 8 well Chamber Slides system (Nunc) and cells were stained
with 4',6-diamidino-2-phenylindole (DAPI). Slides were viewed on the Zeiss AX100

microscope with an X-cite series 120Q light source.
[00211] Bulk Fluorescence Assays

[00212] Quantitative fluorescence data was achieved by measuring the bulk properties of
eukaryotic cells. Two assays were developed which were shown to give approximately the

same result. Cells were lysed with Reporter Lysis Buffer (Promega) and fluorescent emission
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was read on the Tecan M1000 with the following excitation/emission wavelengths: GFP
excite: 485nm and emit: 510nm; YFP excite: 510 nm and emit: 535 nm; and mCherry excite:
585 nm and emit: 610 nm. Second, entire cell culture plate was scanned on the Typhoon
scanner using a 473 nm blue excitation laser to excite GFP and the >520 nm filter to read

emission. Images were analyzed using ImageJ (NIH).
[00213] Luciferase Assay

[00214] Cells were lysed with Reporter Lysis Buffer (Promega) and 5 uL of whole cell lysate
was added to 45 pL of luciferase assay buffer (Promega) containing luciferin in 384 well
optical bottom plates (Corning). Plates were immediately loaded into the Tecan M1000 and
luciferase signal was measured for each well over time. Peak luciferase signal values were

used for quantification.
[00215] Western

[00216] Whole cell lysate is then mixed with 4x LDS sample buffer (Expedeon) and boiled
at 70°C for 10 minutes to denature the proteins. Samples were loaded into wells of 10-20%
SDS-PAGE gels (Expedeon) and electrophoresed at 110V for 1 hour using the RunBlue SDS
Running Buffer (Expedeon). Gels were removed and washed with MilliQ water and then
prepared for semi-dry transfer to Immobilon-P transfer membrane (Millipore). Gels were
soaked for 10 minutes in western transfer buffer (25 mM Tris, 200mM glycine, 10%
methanol). Transfer membrane is placed in 100% methanol for 15 seconds, moved to MilliQ
for 2 minutes, and then to western transfer buffer for 5 minutes. Six pieces of 3mm filter paper
(Whatman) are also soaked in western transfer buffer. The transfer stack is prepared as
follows: 3 pieces filter paper — equilibrated PVDF transfer membrane — equilibrated gel — 3
pieces filter paper. The sandwich is then loaded onto the semi-dry transfer plates and run at at

15V for 15 minutes.

[00217] PVDF membrane is then removed from the sandwich and blocked in Blotto (1g non-
fat powdered milk in 20 mL PBS-T(PBS with 0.1% Tween-20)) for 1 hour. Membrane was
then washed three times for 10 minutes each with PBS-T. Membrane was then placed in the
primary antibody at 4C overnight on an orbital shaker. The buffer and concentration of
primary antibody were determined by the manufacturers recommendation for each antibody.

In the morning, the gel was washed three times with PBS-T and placed in the appropriate
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secondary antibody conjugated to horseradish peroxidase (HRP). The gels were then exposed

to chemiluminescent substrate specific to HRP and imaged.
[00218] Animal Studies

[00219] All animal work was conducted according to relevant national and international
guidelines and steps were taken to be sure there was minimal suffering. Studies were approved
by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC #
805057).

[00220] AAV Injection

[00221] Subretinal injections were performed as described’ in a cohort of 2-4 month old CD-
1 mice at a dose of 1x10° vg/retina. Contralateral eyes were used as uninjected controls.
Animals were anesthetized with isoflurane and injections were monitored by direct
visualization through the dissecting microscope. Tail vein injections were performed under

direct visualization using a dose of 1x10'° vg in a volume of 0.15 mL.
[00222] Transgene Expression

[00223] Inducer (IPTG) was given by oral gavage with a dose of 15 uM in a volume of 0.1
mL. Imaging was carried out after sedation with ketamine/xylazine using a Xenogen imager.

Luciferin (150 mg/kg) was injected IV immediately prior to imaging.
[00224] Modeling

[00225] All functions from text were coded into Matlab (Mathworks) scripts to calculate the
MWC model outputs. Standard linear regression minimization functions were used to
minimize the difference between experimental and theoretical curves in order to fit for the
thermodynamic parameters of interest. Various minimization schemes were used and all were
built in Matlab functions such as a genetic algorithm and direct-pattern search. The error
estimates in fit parameters were done by a monte carlo approach. Each individual data point
had some random fraction of its error added to it and the data was refit. This process was
repeated > 100 times and then the standard deviation of the individual parameters was taken to
be the error in that fit parameter. The best fit to the data without error added was taken to be

the reported value for the individual parameters.

[00226] Plasmid Maps
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[00227] Various plasmids were used in the development of the expression cassette and AAV

vectors described herein.
[00228] Prokaryotic plasmids

[00229] pBR series reporter plasmids were derived from giving ampicillin resistance and
strict plasmid copy number of approximately 10-20 per cell. The reporter cassette contains the
natural lacZ/Y/4 promoter from the lacl operon of E. coli. Only one operator is present in the
plasmid and is located downstream of the promoter in the transcriptional initiation region.
Regulated genes downstream of the promoter included ¢GFP, YFP and the polycistronic
message of dimeric /ac/ repressor-mCherry fusion followed by YFP. An 18 base pair spacer
which was the 18 base pairs that preceding the /ac/-mCherry gene, had the sequence: 5' CAA
TTC AGG GTG GTG AAT 3' SEQ ID NO: 11.

[00230] The pLacl series of plasmids provide chloramphenicol resistance and constitutive
lacl repressor from the natural /ac/ promoter of E. coli. The lacl gene has the 11 C-terminal
codons truncated. Thelac! repressor-mCherry fusion includes an 18 base pair linker with the
sequence: 5' GGC TCA GGT CTC GAG TTG 3' SEQ ID NO: 12. The arabinose expression
plasmid is pBAD-DEST-49 (Invitrogen) and expression genes were placed within the first

multiple cloning site.
[00231] Eukaryotic Plasmids

[00232] The pIRES plasmid (Clontech) has a minimal CMVI promoter with two multiple
cloning sites linked by the IRES sequence. The original IRES plasmid put YFP in the first
multiple cloning site and EuLacmCherry in the second multiple cloning site. The EuLac
sequence was taken from the codon optimized sequence for Eukaryotic cells with the splice
site fixed". We first used a dimeric EuLac sequence with the 11 C-terminal codons removed.
Later we used the EuLacTet sequence with the 11 C-terminal codons of wild type lac! restored
for tetrameric lacl repressor. The following is the EuLacTet sequence with the 11 C-terminal

amino acids that result in tetramerization highlighted in bold:

5'- ATG AAA CCA GTA ACG TTA TAC GAC GTC GCA GAG TAT GCC GGT GTC TCT
TAT CAG ACT GTT TCC AGA GTG GTG AAC CAG GCC AGC CAT GTT TCT GCC
AAA ACC AGG GAA AAA GTG GAA GCA GCC ATG GCA GAG CTG AAT TAC ATT
CCC AAC AGA GTG GCA CAA CAA CTG GCA GGC AAA CAGAGCTTG CTG ATT
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GGA GTT GCC ACCTCC AGT CTG GCC CTG CAT GCA CCA TCT CAA ATT GTG
GCA GCC ATT AAA TCT AGA GCT GAT CAA CTG GGA GCCTCT GTG GTG GTG
TCA ATG GTA GAA AGA AGT GGA GTT GAA GCC TGT AAA GCT GCA GTG CAC
AAT CTT CTG GCA CAA AGA GTC AGT GGG CTG ATC ATT AACTAT CCA CTG
GAT GAC CAG GAT GCC ATT GCT GTG GAA GCT GCC TGC ACT AAT GTT CCA
GCA CTCTTT CTT GAT GTC TCT GAC CAG ACA CCC ATC AAC AGT ATT ATT TTC
TCC CAT GAA GAT GGT ACA AGA CTG GGT GTG GAG CAT CTG GTT GCATTG
GGA CAC CAG CAA ATT GCA CTG CTT GCG GGC CCA CTC AGT TCT GTCTCA
GCA AGG CTG AGA CTG GCC GGC TGG CAT AAATAT CTC ACT AGG AAT CAA
ATT CAG CCA ATA GCT GAA AGA GAA GGG GACTGG AGT GCC ATG TCT GGG
TTT CAA CAA ACC ATG CAA ATG CTG AAT GAG GGC ATT GTT CCC ACT GCA
ATG CTG GTT GCC AAT GAT CAG ATG GCA CTG GGT GCA ATG AGA GCC ATT
ACT GAG TCT GGG CTG AGA GTT GGT GCA GAT ATC TCG GTA GTG GGA TAC
GAC GAT ACC GAA GACAGCTCA TGT TAT ATC CCG CCG TTA ACC ACC ATC
AAA CAG GAT TTT CGC CTG CTG GGG CAA ACC AGC GTG GAC CGC TTG CTG
CAA CTC TCT CAG GGC CAG GCG GTG AAG GGC AAT CAG CTG TTG CCA GTC
TCA CTG GTG AAG AGA AAA ACCACC CTG GCA CCC AAT ACA CAA ACT GCC
TCT CCC CGG GCA TTG GCT GAT TCA CTC ATG CAG CTG GCA CGA CAG GTT
TCC CGA CTG GAA AGC GGG CAG-3' SEQIDNO: 13

[00233] The operator was placed within the CMVAIE\Promoter region of the minimal CMV
promoter 13 base pairs downstream of the TATA box. The following is the sequence of the

CMW\IE\Promoter region including the Lsym operator in bold:

5'- CGC CCC GTT GAC GCA AAT GGG CGG TAG GCG TGT ACG GTG GGA GGT
CTA TAT AAG CAG AGC TCG AAT TGT GAG CGC TCA CAATTG AGCTCGTTT
AGT GAA CCG TCA GAT C-3' SEQID NO: 14

[00234] The plasmid map of pAAV.CMV. Lsym.YFP.IRES.EuLac::mCh is shown in FIG. 4.
The entire cassette is flanked by ITR repeat regions for inclusion into AAV-viral capsids. The

nucleic acid sequence of that plasmid is given in FIG. 5 SEQ ID NO: 1.

[00235] The pSW plasmid that expresses EuLac followed by the 2A sequence followed by
the GFP gene is shown as a plasmid map in FIG. 6. The entire cassette is flanked by ITR
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repeat regions for inclusion into AAV-viral capsids. The nucleic acid sequence of that

plasmid is given in FIG. 7 SEQ ID NO: 2.
[00236] EXAMPLE 2 - Inducible Transgene Regulatory Systems (ITRS)

[00237] An ITRS was constructed for use in AAV using the control elements of the bacterial
lacl operon. We have demonstrated that the allosteric properties of the lacl repressor can be
tuned to improve transgene regulation. The repressor binds tightly to its operator as well as

cooperatively to ancillary sites which can potentially lower basal levels of expression.

[00238] A variety of switches were studied. We first made an autogenously regulated /ac/
genetic switch by placing the /ac/ gene fused to mCherry after the natural /ac/ promoter. A
reporter gene, YFP, was included after an 18 base pair spacer. Prokaryotes are capable of
expressing a poly-cistronic message where multiple genes are expressed off of a single
promoter (which is how the lacZ, lacY, and lacA genes are naturally expressed), therefore we
expected this single plasmid to make both a lac/ repressor-mCherry fusion protein and the
YFP reporter gene. The native lacZ/Y/4 promoter under control of the O1 natural lac/
operator controls two genes: /ac! repressor fused to mCherry and YFP. Lac-mCherry binds to

01 leading to autoregulation and the YFP acts as a cytoplasmic readout of the switch.

[00239] The autogenously regulated prokaryotic switch was tested in EPB229 cells growing
in minimal media supplemented with glucose. Both mCherry and YFP were measured in
living cells. The autogenously regulated /ac/ genetic switch successfully turns off YFP
expression and induces to a lower value than the constitutive lac/ genetic switch (data not
shown). Essentially, the autoregulation diminishes the overall dynamic range of the
prokaryotic switch, which is expected because the promoter that drives the /ac/ repressor in .
coli is well tuned to have a maximal dynamic range switch. Autoregulation also regulates the
lacI repressor (data not shown). The induction is much less than what is seen for YFP. The
calculated /ac/ repressor concentration from the autogenously regulated switch is actually

much higher than was measured from the constitutive plasmid.

[00240] The reporter operator is much stronger than the natural /ac/ promoter that makes
constitutive Jacl repressor. The autogenously regulated stronger promoter actually makes
more repressor than the constitutive weak promoter. That is why leakiness is not greater in the

autogenously regulated as expected. Alternatively, there is so much repressor that the switch
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cannot turn fully on. Clearly the strength of the promoter that is being autogenously regulated

plays a significant role in the functional output of the genetic switch.

[00241] The first generation of autogenous only repressed half of the constitutive level. In
order to address this, point mutations were made in the /ac/ repressor of SEQ ID NO: 3 to
decrease the leakiness of the switch or to increase the dynamic range. We tested both the
DNA binding domain mutants (Q18A and Q18M) and effector pocket mutants (F161S,
F161W, Q191K and Q291M) on the autogenously regulated /ac/ genetic switch in
prokaryotes. The two DNA binding domain mutants clearly follow the same phenotypic
changes seen in the constitutive switch therefore we can change leakiness and dynamic range
by mutating the DNA binding domain. The effector pocket mutants also exhibited changes in

leakiness and dynamic range.

[00242] The second generation of switch was created as follows: To evaluate autogenous
regulation in mammalian cells, we created an inducible CMV promoter to regulate the
synthesis of a bi-cistronic message by inserting a symmetric /ac/ operator between the TATA
box and the transcription start site. This bi-cistronic message codes for both the repressor and
reporter, separated by either Internal Ribosomal Entry Sequence (IRES) or the smaller 2A
sequence. For a frame of reference, we also created a bi-directional vector by constitutively

expressing the repressor.

[00243] We next sought to test the autogenously regulated /ac/ repressor in transiently
transfected HEK293T cells to test its ability to regulate a reporter gene. We first developed a
plasmid that has the minimal CMVI promoter with the Lsym /ac/ operator between the TATA
box and the transcription start site. Eukaryotes do not translate poly-cistronic mRNA
messages so an alternative strategy is needed to express the two genes. We first used an
Internal Ribosomal Entry Sequence (IRES) that allows the ribosome to translate a second gene
within the mRNA and therefore make an autogenously regulated switch. We used YFP as the
reporter gene and the /acl repressor sequence was the codon optimized sequence corrected for
a splice site, which we term EuLac, which was then fused to the mCherry15 . The
EuLac::mCherry fusion has the canonical nuclear localization sequence (NLS) on the C

terminus to localize the repressor to the nucleus.

[00244] We next developed a minimal length cassette with the goal of using it in an AAV

viral delivery vector. This cassette again uses the same minimal CMV I promoter with a Lsym
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operator DNA sequence. The gene order has been switched so the FuLac gene is first,
followed by the 2A sequence, followed by GFP as the readout. Extrancous DNA was trimmed
and unique restriction enzyme cleavage sites were designed around every gene in the cassette
for casier downstream cloning. The same plasmid was made with luciferase as the readout

gene.

[00245] One lacl repressor construct we used has the 11 C-terminal residues of the lac/
repressor truncated to create a dimeric repressor. We have used a dimeric repressor in
previous switches. We sought to restore the tetramerization domain and multiple operator
DNA sequences to restore the allosteric of /ac! repressor to two DNA operators. First, we
cloned a second Lsym operator DNA sequence 92 base pairs downstream of the first Lsym
site. We transiently transfected dimeric /acl repressor with one Lsym operator (pSW-Luc) and
dimeric /acl repressor with two Lsym operators (pSW-Luc Lsym x2) into ARPE-19 cells and
assayed for luciferase with and without IPTG (data not shown). The addition of a second

operator decreased both leakiness and maximal expression.

[00246] Next, the 11 C-terminal residues (nucleotides acids encoding aa 3530-360 of SEQ
ID NO: 3) were re-inserted into the FuLac gene to make EulacTet to make the pSW2-
Luc/GFP plasmids. This gene still has the 11 amino acid linker and NLS sequence following
the full /lacl repressor itself, and the partial 2A protein appended to the C-terminus. We first
wanted to see if the FuLacTet protein could form tetramers after 2A breakage. We cloned the
EuLacTet with a 6x Histidine tag (His-tag) into our standard pBAD expression vector and
followed the standard Jac/ repressor purification protocol. We also purified the original
construct without the 11 C-terminal insertion which should be dimeric. These putative dimeric
and tetrameric proteins were run on a native electrophoresis gel where oligomeric state is
preserved and stained for protein. The native gel confirmed that the tetrameric protein ran at

twice the molecular weight of the dimeric protein.
[00247] EXAMPLE 3 — Testing An Autogenously Regulated Laci Genetic Switch In E. Coli

[00248] We first verified that the lac repressor can autogenously regulate a gene of interest in
E. coli. Bacteria have many natural autogenous gene regulatory circuits and will express
multiple mRNAs from a single promoter if they are linked in cis with short DNA spacer

clements.?’
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[00249] We made an autogenous switch by taking the lac repressor gene and linking it, with
a 21 base pair space, after the YFP reporter gene. The lac repressor sequence was C-
terminally tagged with mCherry to quantify the lac repressor concentration in the cells. The
constitutive and autogenous switches were transformed into EPB225 bacteria, which lack the
native lac operon, and YFP and mCherry fluorescence were measured as a function of IPTG
concentration in the media. Both the constitutive and autogenous switches repressed YFP
expression in the absence of IPTG and showed full induction at low mM IPTG concentrations
(data not shown). As expected, the autogenous switch also showed increased mCherry signal
upon induction as expression of the lac repressor is also induced; the constitutive switch
showed no significant increase in mCherry signal (data not shown). Thus, the autogenous lac

genetic switch is functional in £. coli.

[00250] EXAMPLE 4 — Testing an autogenously regulated lacl genetic switch in mammalian

cells

[00251] Next we established that the lac autogenous switch appropriately regulates gene
expression in mammalian cells. We used a lac repressor gene (syrlacl) which has been
demonstrated to be capable of constitutive regulation in mice'>*°. This gene includes a C-
terminal nuclear localization sequence (NLS) to target the repressor to the nucleus. We
verified that the lac repressor correctly localized to the nucleus by fusing mCherry to the C-
terminus and visualizing mCherry localization through fluorescent microscopy (figure not
shown). We next created a minimal length autogenous regulatory cassette for use in AAV
(FIG. 1A). It is capable of accommodating a transgene up to approximately 2400 base pairs in
an AAV vector. This cassette has the minimal CMV with a symmetric lac operator (Lsym)
between the TATA box and the transcription start site and a second Lsym placed 92 base pairs
downstream in order to facilitate cooperative binding of the lac repressor tetramer. We
verified that the synlacl gene does form a tetramer using native gel electrophoresis (data not
shown). We co-expressed a transgene (either firefly luciferase or GFP) by linking syn/acl and
the transgene with a 2A sequence. This spontancously splits into two separate proteins as it is
being transcribed by the ribosome (Trichas ct al, 2008). We used anti-GFP western analysis to
show that approximately 90% of protein product was correctly split by the 2A sequence (FIG.
1B). We also showed that the cassette demonstrated a rheostat-like dose response to IPTG

that agrees with the autogenous regulation in £. coli (FIG. 1C).
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[00252] The plasmid containing the cassette controlling luciferase was transfected into
human retinal pigment epithelium (ARPE-19) cells and grown with and without 2.5 mM
IPTG. We measured approximately 20% basal expression with a 3.5-fold induction (p < 0.05)
(FIG. 1D).

[00253] To determine that the full length lac repressor is responsible for the signal change,
we made a deletion in the lac repressor from amino acids 18-290. We saw high expression of
luciferase which did not change with IPTG induction with this modified lac repressor (i.e.
unregulated expression) (FIG. 1D). These data demonstrate that the autogenous lac genetic
switch is functional in eukaryotic cell culture and that mutations in this sequence can eliminate

its function.

[00254] HEK293T cells were transiently transfected with either: (1) the original autogenous
IRES plasmid, (2) the new autogenous 2A plasmid, or (3) a constitutively expressed GFP
under control of the chicken B-actin (CBA) promoter. Cells were grown in varying
concentrations of IPTG and whole cell lysate was harvested for western. We performed a
western with a-GFP antibodies. The original plasmid only has a single band for YFP (which
is also detected with a-GFP) which induces ~ 2-fold with IPTG. The autogenous 2A plasmid
has three primary bands: the highest band corresponds to lacl::2A::GFP fusion protein, the
middle band is truncated 2A fused to GFP, and the third band is likely a degradation product.
Comparing the highest band to the middle band we estimate ~90% breakage of the fusion
protein to separated lac/ repressor and GFP. We also see induction of GFP with increasing

IPTG, again approximately 2-fold.

[00255] We demonstrated that an autogenously regulated /ac/ genetic switch functioned in
both E. coli and three different eukaryotic cell types in cell culture (HEK293T, Cos-7, and
ARPE-19). We found that our first generation of eukaryotic autogenous /ac/ switches were
not ideal; we measured 45% leakiness and only 2-fold induction. Addition of a second
operator DNA site downstream of the promoter decreased leakiness. Restoration of the
tetramerization domain of the Jac/ repressor marginally increased dynamic range while
maintaining the decreased leakiness. The Q18M mutation of lac I SEQ ID NO: 3 in the DNA
binding domain deceased leakiness at the expense of maximal expression; Q18M functions
has the same phenotype in £. coli. The F161W mutation decreased leakiness and increased
dynamic range in the dimeric /ac/ repressor but may not function the same for the tetrameric

lacl repressot.
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[00256] These two regulatory systems were evaluated in cell culture by measuring
production of reporter (GFP) and repressor fused to mCherry in HEK 293T cells. As we
observed in bacteria, both the reporter and repressor are inducible. The GFP is dispersed
throughout the cell while the mCherry signal is localized to the nucleus (data not shown).
Both regulatory circuits produce similar basal levels of reporter transcript and the most
noticeable difference is minimal basal synthesis of the repressor in the un-induced state. The
utility of this regulatory circuit was also evaluated in COS-7 and ARPE-19 (Retinal Pigment
Epithelial) cells, which produced similar results, suggesting there is not a cell specific bias. In
cell culture, the autogenously regulated switch appears to have many of the advantageous

characteristics for an ITRS.

[00257] An ITRS should have minimal leakiness. In order for the self-regulating system to
have the same dose response profile, a tighter binding repressor is needed. We have identified
many mutated repressors that bind more tightly to the operator and will decrease the leakiness
and restore optimal function. Furthermore, the use of multiple DNA operator sites and a
tetrameric /acl repressor could were found to decrease the leakiness of the switch and increase

the dynamic range.

[00258] We reduced basal expression and improved repression by incorporating a second
operator sequence or by increasing the binding affinity of the repressor for its operator. In
bacteria, /acl repressor binds to an operator immediately downstream of its promoter as well
as to an ancillary site either located 93 bp upstream or 401bp downstream from the start of
transcription. When the tetrameric repressor binds to the primary and one of the ancillary
operators levels of repression increase 40-70-fold''. The second operator increases operator

occupancy of the primary operator.

[00259] We introduced an ancillary operator (Og) 93bp downstream of the O4. The vector
was transfected into HEK293T cells and induction profiles measured to evaluate the leakiness,
dynamic range, and Eso Unlike bacteria, these modifications produced a modest decrease in
leakiness and marginal improvement of the induction. The potential cooperative effect was

much less than has typically been seen in £. coli.

[00260] Point mutations introduced in the repressor can decrease leakiness, increase dynamic
range, or change/alter the affinity for effector molecules in bacterial cells. A particular

mutation, Q18M, decreases leakiness by improving operator binding while another mutant,
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F161W, decreases leakiness and improves dynamic range by altering the allosteric equilibria.
These point mutations were introduced into the repressor and induction measured in ARPE-19
cells. Both mutant repressors displayed the same phenotype observed in E. coli. Q18M
exhibited decreased leakiness as well as the commensurate decreased dynamic range; while
F161W exhibited both decreased leakiness and increased dynamic range. These modifications

allowed us to improve the regulatory properties of this ITRS.

[00261] In order to develop a minimal length cassette, extrancous DNA was trimmed and
unique restriction enzyme cleavage sites were designed around every gene in the cassette for
casier downstream cloning. Since the switch is autogenously expressed, it has 1) reduced
immunogenicity: only minimal /ac/ repressor concentration is needed; 2) increased sensitivity:
the switch is highly sensitive to its inducer (i.c. IPTG in our example); 3) the response to

effector is faster; 4) highly stable; 5) tight regulation via point mutation at DNA binding site.
[00262] EXAMPLE 5 — Evaluation of Effector Molecule

[00263] An inducible regulatory system is only valuable for gene therapy if the effector
molecule can penctrate the appropriate tissue and the intracellular concentration is sufficient to

induce transgene expression.

[00264] Before carrying out comparative studies in mice, we wanted to test the autogenous
lac genetic switch in living mice. Prior to this, we carried out pilot studies evaluating the
bioavailability of the effector molecule, IPTG, after oral administration. Three mice were
given a 10mM oral gavage twice a day for 3 days. At the end of the third day, the animals
were sacrificed and their organs harvested. The lysate from liver, kidney, skeletal muscle and
neural retina was used to measure the steady state concentration of IPTG in those tissues.
Levels were determined to be approximately 100 uM in each of the organs after comparison of
expression generated reference levels of IPTG (data not shown). The lac repressor-IPTG Kp is
approximately 15 uM indicating that levels of IPTG reaching the different tissues after oral

gavage are more than sufficient to induce the autogenous switch®,
[00265] EXAMPLE 6 — In Vivo Studies

[00266] To evaluate this regulatory cassette in an animal model, AAVs with inducible
expression employing the /ac/ repressors and operators as described are designed. Briefly,

transcriptional cassettes (promoters, operators, transgene and polyadenylation signals) are
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inserted in ITR-flanked AAV cis constructs, thereby allowing them to be packaged into AAV
particles. These constructs are co-transfected in HEK293 cells alongside an AAV8 packaging
plasmid and an adenoviral helper plasmid in order to generate infectious AAV particles. The
lysate and supernatant are purified according to established protocols on a density gradient and

chromatography columns in order to obtain a high-titer vector.

[00267] Two in vivo settings are explored, i.e., hepatic targeted gene transfer and retinal

targeted gene transfer approaches.

[00268] Administration to the retina provides data relating to CNS applications of this
inducible self-regulating system. For that, we administer the vector in the subretinal space of
the-CD1 mice, a specialized technique successfully translated from mice to dogs, monkeys
and most recently humans. We demonstrate the time course of reporter gene expression non-

invasively both qualitatively (ophthalmoscopy) and quantitatively (luciferase imaging).

[00269] We tested the capability of the lac autogenous switch to reversibly regulate the
reporter gene, firefly luciferase, in the retina after subretinal injection of the relevant AAV.
Specifically, we packaged an ITR-flanked AAV cis construct (FIG. 4) into AAV particles
using an AAVS packaging plasmid and an adenoviral helper plasmid to generate infectious
AAV particles. Nine adult mice were given unilateral (right) subretinal injections of
autogenously regulated firefly luciferase in an AAV serotype 8 vector (AAV8.lac.ffLuc). The
left eye of each mouse served as an uninjected, negative control. Two weeks post-injection,
mice were given an intraperitoneal (IP) injection of the luciferase substrate, luciferin, and the
left and right eyes of each animal were imaged (without providing the IPTG inducer) to
establish a baseline level of luciferase expression (FIG. 2A). This baseline expression is
significantly higher than background across the 9 animals reflecting leakiness associated with

the autogenous regulation system (p < 0.05).

[00270] The mice were then subjected to repeated cycles of three days of IPTG oral gavage
to turn on the switch followed by >5 days without gavage to allow the switch to return to the
off state. The right (injected) eyes of the mice showed robust induction and return to baseline
through two on/off cycles (FIG. 2A). The left control eyes did not luminesce above
background (FIG. 2A). Quantification of the right eyes of the nine mice shows significant
first induction (p <0.01), significant repression after IPTG is first removed (p < 0.05),

significant second induction (p < 0.05), and significant return a repressed state after IPTG is
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again removed (p < 0.05) (FIG. 2B). On average, an approximate 5-fold increase in signal
was measured for the first induction which would indicate that the baseline level of expression
is less than 20% of an equivalent un-regulated AAV vector. A preliminary evaluation of
immunofluorescence staining for luciferase after the last induction is being conducted and the
data evaluated. Preliminary results appear to show high levels of luciferase in retinal pigment
epithelium (RPE) and photoreceptors, as would have been predicted about transgene
expression after subretinal injection of AAVS. There is no luciferase present in the control

(uninjected) eyes. (FIG. 3C).

[00271] Administration to the liver provides data on systemic applications of this system and

expression is monitored by serial luciferase imaging studies.

[00272] We also evaluated the same AAV vector delivered through tail-vein injection to 9
adult mice in order to assess function of this regulatory system in the liver. Four mice were
given saline tail-vein injections to serve as negative controls. All animals were subjected to
one on/off cycle through oral gavage of IPTG (FIG. 3A). Similar to the eye results, the
quantification showed: (i) baseline expression revealing that the switch is inherently leaky (p <
0.01); (i1) significant induction upon IPTG oral gavage in the liver (p < 0.05); and (ii1)
significant return to baseline levels upon removal of IPTG (p < 0.05) (FIG. 3B). The liver on
average showed a two-fold change in luciferase signal upon induction. Histology results are
pending and are expected to show luciferase in hepatocytes in the treated, induced animals, but

no luciferase in control (PBS-injected) animals (FIG. 3C).

[00273] In another version of this experiment, immunocompetent CD1 mice receive 10! GC
AAY particles, administered via parenteral route (a tail vein intravenous injection). Three
weeks after virus is administered the animals are imaged (Day 1), detectable but lows levels of
luciferace is observed (accessed by non-invasive bioluminescence imaging). Similar levels

are observed a week later.

[00274] On day 9, animals are gavaged a solution that contains the inducer, (IPTG) and
production of the luciferase was again determined by non-invasive bioluminescence imaging
(BLI). Gross anatomical localization of expression illustrates that the ITRS confined to the
liver. Five days after being induced (day 13) the animals are again imaged and low detectable
levels of luciferase were observed. On day fifteen, animals are again induced and luciferase

bioluminescence increased dramatically. The switch is functional and quantitative
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measurements of transgene expression show that when induced, levels of luciferase increased
20-30-fold. Morcover, the switch can be cycled on and off. Although this ITRS exhibits
some basal leakiness, it is immediately clear that the switch of the lac operon has the potential
to regulate transgene delivery. The optimized autogenous switch functions from transductions
of AAV virus encoding transgenes in cell culture and in living mice. The living mice are
stably expressing the AAV-encoded luciferase nearly 1 month post infection and are capable

of reversibly regulating the expression of luciferase in their liver.

[00275] In another experiment, we insert the cassette from the pSW2 plasmid which has two
Lsym operators and tetrameric /ac/ into a plasmid which will make serotype 8-AAV virus.
Virus was made at a virus core facility and confirmed to function in HEK293T cells. We
performed tail-vein injections of 12 nude mice with SW2-Luc (same cassette as pSW2-Luc)

virus (Multiplicity of Infection (MOI): 1x10"") to target the liver.

[00276] The 12 mice were split into two cohorts of 6 to differentiate between time dependent
changes in luciferase signal and IPTG dependent changes in luciferase signal. Noninjected
mice were also included as a control and showed no measurable luciferase signal. Four mice
died in the study, either due to complications with gavage or unknown circumstances. Of the
remaining mice, two from each cohort appeared to have luciferase correctly targeted to their
livers in the imaging. Many mice had significant luciferase signal in muscle tissue in the tail
and surrounding region and were excluded from further analysis. Mice were fed sequential
diets of either water or gavaged (force feeding) 1M IPTG. We previously confirmed that
gavage of 1M ITPG provides concentrations of IPTG in excess of 100 pM in brain, retina,

vitreous, muscle, liver, kidney, serum and urine.

[00277] Mice were given intraperitoneal (IP) injections of luciferin and scanned on a live
animal imaging scanner throughout the experiment. All four animals have low but measurable
levels of luciferase one month after the tail-vein injection. There is noticeable animal to
animal variation. The mice were not age and gender matched and they were all given the same

amount of viral vector regardless of weight which could account for some of the variation.

[00278] The first cohort were initially kept on a normal water diet throughout the first week.
There is a ~2-fold increase in luciferase signal throughout this time. The second cohort were
gavaged two times a day for three days; there is a potent increase (>20-fold increase) in

luciferase signal in these two mice. All four animals have low but measurable levels of
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luciferase one month after the tail-vein injection. There is noticeable animal to animal
variation with mouse #281 being particularly leaky. The mice were not age and gender
matched and they were all given the same amount of viral vector regardless of weight which

could account for some of the variation.

[00279] The first cohort was then gavaged with IPTG and saw a ~4-fold increase in
luciferase. Meanwhile the second cohort was put back on regular water and saw a ~3-fold
decrease in signal after 2 days and ~8-fold decrease after 6 days. Both cohorts were then re-
gavaged with IPTG to re-induce and there was a wide range of luciferase signal increase from
~3-fold to ~30-fold. This re-induction confirms that the mice still have AAV infected cells

capable of regulating luciferase signal through the /ac/ autogenous genetic switch.

[00280] In summary, transgene regulatory systems should: (i) maintain a low level of basal
expression of the transgene; (ii) exhibit functional levels of transgene upon induction; (iii)
have an inducing dynamic range that provides useful dose response control, i.e. the system
should resemble a rheostat as opposed to an on-off switch; (iv) should be dynamic and
respond quickly to changes in the effector concentration; (v) should respond to effector
molecules that are orally active, small molecules with no effect on endogenous gene
expression and minimal toxicity; (vi) should minimize potential immunogenicity; and finally
(vii) if the transgene is to be delivered by AAV, then the regulatory system needs to be
compact enough to fit (together with the transgene) into the AAV viral capsid.

[00281] The inducible trangene regulatory system described herein specifically addresses
many of these concerns by using an autogenously regulated lac repressor to control transgene
expression. By employing the lac repressor, the inventors have provided a regulatory system
which is simple and compact consisting only of a 360 amino acid protein and 20-21 base pair
DNA operator sequences. The allosteric properties of the repressor can be tuned to improve
transgene regulation. It allosterically induces gene expression by binding an orally active,
small molecule isopropyl p-D-thiogalactopyranoside (IPTG) that is non-toxic to mammalian
cells at inducing concentrations. Further the compositions described herein employ
autogenous regulation. In this system, the lac repressor regulates its own transcription and the
transgene is co-regulated. A basal amount of leakiness is required to maintain the repressed
state of the switch, but this can be minimized by inclusion of multiple operator DNA
sequences and high affinity lac repressor/operator pairs. This system in a viral vector has

many features of an ideal gene therapy switch including that co-expression of the lac repressor
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and the transgene reduces the overall size of the cassette allowing larger transgenes to fit into

an AAV capsid.

[00282] The results of the above examples demonstrate an autogenously regulated lac
repressor can be used successfully for controlling transgene expression in a variety of cell
types and in vivo in the retina and in the liver in mice after delivery of an AAV vector. The
system showed low baseline expression in retinal tissue (< 20% of constitutive expression)
and approximately 5-fold induction of transgene. More importantly this regulation was
reversible and capable of being turned on and off by giving an oral dose of a non-toxic
effector (IPTG). The lac autogenous switch takes advantage of the inherent properties of
autogeny: the response to effector is linear, fast and stable and minimal lac repressor
concentrations are produced. The latter property would minimize potential immunogenic
effects. The size of the switch allows for transgenes up to approximately 2400 base pairs to be
packaged in AAV and the regulation is built-in; the level transgene product is regulated in
every cell that is transduced by the AAV. Use of the lac repressor and operator has the
advantage of providing malleability in designing future versions of lac autogenous switches.
Different combinations of mammalian promoters, multiple lac operator sites, different lac
operator sequences, and different mutants of the lac repressor with altered regulatory profiles
can be used to engineer unique lac autogenous switches for specific discases. Additional
alterations could minimize leakiness of the system. This work illustrates that it is possible to
translate our fundamental understanding of transcriptional regulation to create an inducible

transgene regulatory system that can ultimately be used for AAV-mediated gene therapy.
[00283] EXAMPLE 7 — Additional Studies

[00284] An alternate approach for regulating gene expression, used by many biosynthetic
operons, is autogeny *°. Autogenous systems rely on a single regulated promoter that controls
the expression of both the regulatory protein as well as the functional gene. The fundamental
advantage of autogeny is that it eliminates the need to balance promoter productivity. In
theory, autogenous expression of the regulator protein ensures a steady state level of a
transcriptional regulator, regardless of the model system, cell type, copy number, or functional
gene. Moreover, autogenous regulation has been shown to exhibit a linearized effector
response (rheostatic) '°, have a quicker response upon effector dosage (sensitivity) ', and is
inherently less noisy than classically regulated gene circuits (stable) '*. An additional practical

advantage of an autogenously regulated system for gene replacement therapy is that using a
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single promoter significantly increases the effective cargo capacity of the viral delivery vector.
For some vectors, such as AAV, the size of the vector poses a real physical limitation. The
utility of autogeny has been recently demonstrated using a tetracycline regulated promoter =,
however, there have not been any direct comparisons of autogenously and classically
regulated expression systems. Here we compare classical and autogenous regulation in a

variety of model systems and explore the utility of autogenous regulation for gene therapy.

[00285] To evaluate the regulatory properties of an autogenously regulated expression
system, we first compared the induction profiles of constitutively and autogenously expressed
reporter protein in bacteria, with both systems utilizing the /ac/ repressor protein of the lac

operon as the transcriptional regulator. The following methods and materials were employed:

[00286] Bacterial Strains and Media: The strain EPB229 (E. coli F- &- ilvG- rfb-50 rph-1
A(lacI-lacA)::frt) was used for prokaryotic YFP regulation assays. This strain was made by the
laboratory of Dr. Mark Goulian and derived from MG1655 (E. coli F- &~ ilvG- rfb-50 rph-1).
This strain is the “wild-type” K-12 strain and has a total deletion of the lac operon allowing
for a clean background within which to study our lac genetic regulatory systems. Liquid media
for YFP regulation assays cells used LB media supplemented with appropriate concentrations

of antibiotics and the inducer isopropyl thiogalactoside (IPTG).

[00287] Plasmid Construction: The prokaryotic constitutive lac repressor and YFP reporter
plasmids were made as previously described ». Prokaryotic autogenously regulated reporter
plasmid was made with the O1 operator sequence (5°-AA TT GTG AGC GAT AAC AATT-
3> SEQ ID NO: 6) followed by YFP, a 15 base pair spacer (5’- AAT TCA GGG TGG TGA -
3> SEQ ID NO: 10) followed by the lac repressor with a C-terminal mCherry tag that was
added to the gene after an 11bp linker to create the Lac-mCherry fusion protein. The classical
cukaryotic gene regulatory plasmid was constructed using the commercially available pBI-
CMV1 plasmid (Clontech, Mountain View, CA) by subcloning a cukaryotic codon-optimized
lac repressor gene linked at it’s 3* end to an in-frame mCherry gene followed by a nuclear
localization sequence (NLS) into the MCS immediately following the Pincnvv2 promoter. The
gene encoding YFP was subcloned into the MCS immediately following the Pinenvvi
promoter, which we had modified by inserting the high affinity symmetric lac operator
sequence ‘¢ between the TATA box and the transcription start site. The autogenously regulated
cukaryotic gene regulatory plasmid was constructed using the same pBI-CMV1 plasmid. The

modified (as above) inducible Pyimenyvi promoter was used to drive expression of a transcript

65



WO 2016/019364 PCT/US2015/043335

coding for both the Eukaryotic codon-optimized lac repressor linked to mCherry and an NLS
(as above) in addition to the YFP reporter, with the two genes linked via a 2A peptide
cleavage sequence . To generate the cukaryotic ARES system expressing luciferase, the
entire construct as depicted in FIG. 9A was synthesized by DNA2.0 and subcloned via

restriction enzyme digestion and ligation into a previously described AAV production plasmid
19

[00288] Prokaryotic YFP and mCherry E. coli regulation assay: We transformed the
autogenously regulated reporter plasmid into EPB229 cells (F-A(lacl-lacA)::frt). These cells
were derived from the MG1655 “wild type” line. Colonies were picked in triplicate into LB
media with AMP and CAM and grown overnight at 37°C with shaking. SOuL of the overnight
culture was used to inoculate 0.5 mL fresh LB media supplemented with varying amounts of
IPTG. We measured optical density at 600nm (OD600), in addition to YFP and mCherry
fluorescence for all wells after 24 hours of growth using a TECAN M1000 plate reader in 96
well optical bottom plates (Corning, Corning, NY). All data points collected were normalized

to OD600 to account for differences in culture density.

[00289] Eukaryotic Cell Culture, Transfection, Transduction, and Induction: HEK293T cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). All cells were grown in humidified 5% CO- incubators at 37° C. All
transfections were carried out with Fugene 6 reagent following the manufacturer’s protocol.
Cells were infected with AAV8.ARES.Luciferase at a concentration of 1x10°vg/cell. Cell
media was supplemented with various concentrations of IPTG and cells were harvested 48

hours post-transduction/transfection and processed for luminescence/fluorescence analysis.

[00290] Mammalian cell luminescence and fluorescence assays: For luminescence assays,
cells were washed with DPBS, lysed with Reporter Lysis Buffer (Promega, Madison, WI), and
10 pL of whole cell lysate was added to 80 uL of luciferase assay buffer (Promega,
Madison,WI) containing luciferin within a well of a 96 well optical bottom plate (Coming,
Corning, NY). Plates were immediately loaded into a Tecan M 1000 instrument and luciferase
signal from each well was quantified. For fluorescence assays, cells were washed with DPBS
and dislodged from the culture vessel by vigorous pipetting. Cells were resuspended in 50 uL
of DPBS and added to individual wells of a 96 well optical bottom plate (Corning, Corning,
NY) and YFP fluorescence (excite: 510 nm emit: 535 nm) for all wells was determined using a

XXX.
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[00291] Mouse husbandry: Animals were housed in a 12 hour light:dark cycle facility.
Animal care was in compliance with the Association for Research in Vision and
Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research, and all
procedures were approved performed with approval by the local Institutional Animal Care and

Use Committee and were in compliance with federal guidelines.

[00292] Subretinal injections: Subretinal injections of AAV vectors were performed in 6
months old CD1 mice at a dose of 1 x 10'° Vg. All surgeries were performed under inhaled
ancsthesia, and all efforts were made to minimize suffering. Contralateral eyes were used as
uninjected controls. Injections were performed as described previously. > Administration of
IPTG: Induction of luciferase expression was accomplished by oral gavage of 2 doses of IPTG
twice a day over a 3 day period, with each dose consisting of 25 pl of 1M IPTG/10 g body
weight.

[00293] Bioavailability of IPTG: Three CD-1 adult mice were gavaged with 25 uL of 1M
IPTG per 10g of body weight twice a day for 3 days. Animals were then sacrificed and major
organs were harvested, mechanically homogenized, and steady state concentrations of IPTG in
liver, kidney, skeletal muscle, and retina were determined using a beta-galacosidase assay **.
The data (Figure not shown) showed that oral gavage provides sufficient IPTG concentrations
in diverse tissues for ITRS induction in mice. IPTG concentrations were tracked in various
mouse tissues after a single 3-day IPTG gavage induction cycle. Data points represent mean
+/- SD, n=3. The Kp, of the interaction between /ac/ and inducer is ~4 uM 2L Furthermore,
both the gavage concentration and steady state concentrations of IPTG are 50-fold and 500-

fold less, respectively, than concentrations where IPTG is found to be toxic to cells.">**

[00294] In vivo animal imaging: All mice were imaged before each cycle of IPTG gavage,
immediately after each cycle of IPTG gavage, and again after 5-8 days of IPTG abstinence.
The D-luciferin substrate (Goldbio, St Louis, MO) was injected intraperitoneally, at a dose of
15 ng/g of body weight. Animals were then anesthetized using isofluorane and imaging began
10 min after administration of D-luciferin. The mice were then placed in a light-tight chamber,
and images were generated using a cryogenically cooled charge-coupling device camera IVIS
100 (Xenogen, Alameda, CA). Grey scale surface images of mice were collected, and the in
vivo bioluminescence was represented as a pseudocolor images. The visual output represents
the number of photons emitted/second/cm” as a false color image, where the maximum is red

and the minimum is dark blue.
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[00295] Tissue fixation, cryosectioning and histology: At the end of final IPTG
administration, animals were imaged and sacrificed. Eyes were collected and fixed in 4%
paraformaldchyde. Tissues were then cryoprotected and embedded in optimal cutting
temperature media (Fisher Scientific Co., Pittsburgh, PA, USA) and frozen. Cryosections were
made using a Leica CM1850 cryostat (Leica Microsystems, Wetzlar, Germany). Sections were

then stained with hematoxylin and cosin (H&E).

[00296] Mouse Retinal Data Analysis: Custom image analysis software was written in
Matlab (Mathworks) and the files can be found on the Matlab File Exchange File ID: # 48972,
All analyses were performed on 5-second exposure raw luciferase images. Background was
measured from an image of an un-injected, negative control left eye and the mean and
standard deviation was recorded. A background threshold was defined as background mean +
6 standard deviations; pixels higher than this are considered to be true luciferase signal from
the AAVS.ITRS.luciferase vector. To isolate a single mouse eye, a region of interest is drawn
around the entire mouse head and all pixels above the threshold are recorded. Each pixel
intensity has the background mean subtracted and then is summed to integrate over the entire

eye. Integrated values were used for statistics and are reported in the text and figures.

[00297] Statistics: Statistical analysis of fold changes in bacterial experiments, eukaryotic
tissue culture experiments and mouse experiments were carried out using a Student’s T-test

using Gnumeric (gnumeric.org).

[00298] The results are described in summary and with reference to FIGs 8A through 9F, the
classically regulated expression system (CRES) was constructed using a weak constitutive
bacterial promoter (pLacl) to drive the expression of the lacl repressor protein fused to
mCherry. This repressor regulates a stronger inducible promoter (pLac) expressing yellow
fluorescent protein (YFP) (FIG. 8A). The autogenously regulated expression system (ARES)
relied on the same pLac inducible promoter to drive expression of a polycistronic message
containing both YFP and the lac/ protein fused to mCherry (FIG. 8B). Induction profiles were
measured as a function of inducer (isopropyl thiogalactoside, IPTG), and both regulatory
systems demonstrated inducible YFP expression, as expected, producing low levels of YFP in
the absence of inducer and showing nearly full induction at low millimolar IPTG
concentrations (FIG. 8C). In ARES, mCherry fluorescence, indicative of levels of mCherry-
tagged lacl repressor protein, was also found to be significantly inducible with increasing

doses of IPTG, confirming that in autogenously regulated systems repressor protein levels are
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appropriately titrated to the given conditions (FIG. 8D). We did also notice a very small
increase in mCherry fluorescence in CRES with increasing inducer concentrations, and
suspect that this is simply due to an overlap of the emission spectra of YFP and mCherry

rather than a true increase in levels of /ac/-mCherry fusion protein.

[00299] One significant advantage of the ARES system was immediately apparent in our
data: whereas ARES automatically titrates repressor protein levels to maintain appropriate
levels, CRES cannot fine-tune its own expression for different inducer levels or model
systems. This was apparent when looking both at repressor levels and at the leakiness of our
systems. Levels of repressor in CRES, as indicated by mCherry fluorescence, were too low
(nearly 5-fold lower than in ARES at the maximally induced state (FIG. 8D)) to maintain tight
control of YFP expression, and thus CRES was characterized by significant leakiness of YFP
expression when uninduced (FIG. 8C). On the other hand, the lower levels of repressor protein
also afforded CRES a greater induction profile than ARES, with YFP levels nearly double
those of the autogenous system in the maximally induced state (FIG. 8C). Thus, ARES was
found to be less leaky and more adaptable, but with a smaller fold change in YFP expression
than CRES, as would be expected '*. Given the kinetic advantages of autogeny and the
appropriate thermodynamic properties, we next wanted to establish how ARES would function

in eukaryotic cells.

[00300] To establish how these expression systems behave in eukaryotic cells, we created
eukaryotic expression systems that are classically and autogenously regulated and compared
their regulatory properties in transfected HEK293T cells. Analogous to the prokaryotic
system, a constitutively regulated expression system (CRES) was produced using a bi-
directional expression system (Clontech, Mountain View, CA) where a weak minimal
cytomegalovirus promoter (Phinemve) drives expression of a eukaryotic codon-optimized lac
repressor S and a second, stronger minimal cytomegalovirus promoter (Princnvi ), modified by
inserting the high affinity symmetric lac operator sequence '® between the TATA box and the
transcription start site, drives inducible expression of the YFP reporter gene (FIG. 8E). An
autogenously regulated expression system (ARES) was built using the same modified
inducible CMV promoter (Pminenv1) to drive expression of a transcript that codes for both the
lac repressor and the YFP reporter, linked via a 2A peptide cleavage sequence '’ (FIG. 8F).
These expression systems were transiently transfected into HEK293T cells and YFP

fluorescence was measured as a function of the inducer (FIG. 8G). Upon induction, gene
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expression increased roughly 2.5-fold (p < 0.001) in both systems, confirming that the lac
repressor is functional in eukaryotic systems. The induction profiles were similar to what we
had observed in prokaryotes, with ARES exhibiting lower levels of expression when
maximally induced and slightly lower fold change than what was observed for CRES, but

again with significantly lower leakiness in YFP expression in the uninduced state (FIG. 9G).

[00301] The autogenously regulated system was further evaluated by replacing YFP with
luciferase as a reporter and by the addition of an ancillary operator sequence within the intron,
a modification that previous studies have reported to result in tighter transgene regulation'®.
This new construct was sub-cloned into an AAV production vecto '°, and packaging into
AAVS virions (AAV8.ARES.luciferase) (FIG. 9A). HEK293T cells were transduced with
AAVS8.ARES luciferase and induction profiles were measured as a function of inducer. Again
we observed a robust dose-response (FIG. 8H), this time with a nearly 4-fold induction of
luciferase activity between the off and maximally induced states (p < 0.05), confirming that

the ARES, when delivered virally, can also successfully regulate cukaryotic gene expression.

[00302] To examine the utility of this ARES in vivo, eight, age-matched, adult CD-1 mice
received unilateral subretinal injections with AAVS.ARES.luciferase. These mice were then
subjected to cycles of IPTG gavage for three days at doses that we had previously found to
result in sufficient tissue concentrations of inducer for ARES induction (figure not shown),
followed by at least 5 days without IPTG gavage. Luciferase levels were determined using an
IVIS Series Pre-clinical in vivo Imaging System immediately before and immediately after
cach cycle of IPTG administration over a total of three induction cycles during a period of 33

days (FIG. 9B).

[00303] Injected retinas displayed substantial luminescence localized to the injected eye,
with the intensity of the signal being significantly increased following IPTG dosage (FIG. 9B,
9D); the un-injected eyes never showed luminescence (FIG. 9C). For each induction cycle, we
observed a significant increase in integrated retinal luciferase signal over baseline
luminescence when induced (p < 0.01, p <0.001, and p < 0.001, respectively) and a return to
baseline upon withdrawal of IPTG (p < 0.05 and p <0.001, respectively) (FIG. 9D). The first
induction was the most robust, with an average 8-fold increase in signal, whereas the second
and third inductions showed a 2-3-fold increase in signal, similar to results we had observed in

cultured cells (FIG. 9E). Histological evaluation of retinal sections from both injected and un-
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injected eyes did not reveal any abnormalities or immune infiltrates, suggesting that the

autogenous regulation is effective and well tolerated in the murine retina (FIG. 9F).

[00304] Here we have established that an autogenously regulated expression system exhibits
similar steady state induction profiles compared to the classical operon model system.
Although both regulatory systems successfully control transgene expression in a variety of cell
types both in vitro and in vivo, the autogenous system may be more useful for gene therapy.
While a two-promoter system has the desired effect of being able to regulate the transgene and
the repressor independently, if the promoters are not properly balanced the switch is
ineffective; too much repressor prevents transgene production while transgene production is
effectively constitutive if there is too little repressor. The simple architecture of the
autogenous system ensures a proper balance of the regulator to minimize leakiness and
maximize dynamic range regardless of the system being tested and without the need to
empirically balance promoters. On a more practical note, the compact nature of the
autogenous system lends itself more readily to packaging within viral vectors for gene

therapeutic applications.

[00305] A variety of inducible systems that rely on small bioactive effector molecules have
been developed for regulating transgene expression. A lac repressor-based system, however,
such as the one described here, has a variety of features that are potentially superior for
regulating transgene production. The binding affinity of this repressor is modulated with the
addition of a metabolite that is non-toxic with no known off-target effects. The allosteric
properties of the lac repressor can be tuned to both decrease basal expression and to increase
the induction ratio *. Such allosteric modifications, along with optimization of
promoter/terminator machinery and operator DNA number and placement could improve the
performance of the ARES described here while still maintaining its compact size. Finally, lac
repressor binds cooperatively to appropriately spaced operators, which in bacteria decrease the
leakiness and greatly improve its regulatory properties — this strategy could similarly be
applied to the ARES we describe here to affect improved dynamic range and decreased

leakiness.

[00306] Building a regulatory circuit specifically for gene therapy requires optimizing
several variables: The regulatory system needs have a large dynamic range, respond quickly to
changes in effector concentration, and must be small, providing sufficient space for the

therapeutic gene, given the limited capacity of a viral capsid. An autogenously regulated
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system satisfies these objectives and, as we have shown here, is comparable in kinetics and
dynamic range to traditional constitutively expressed transgene regulatory systems without the
need for promoter balancing or empiric tuning for different applications. These data establish
the proof-of-concept of using autogeny and the lac repressor to control transgenes in AAV-

mediated gene therapeutic applications.

[00307] The autogenous transgene regulatory system (ARES) based on the bacterial lac
repressor is comparable to constitutive transgene regulation in terms of kinetics and induction
profiles, but is superior in that it titrates the level of repressor to maintain appropriate levels
under all conditions, and is small enough to easily fit within the limited packaging constraints
of viral vectors such as adeno-associated virus (AAV). Transgene expression increased

several fold after induction.
[00308] EXAMPLE 8 — Gene Expression Employing Two Levels of Regulation

[00309] To optimize and enhance the expression of the gene inducible ARES system
described above, a second layer of regulation was introduced to create a robust transgene
regulatory system that layers two different regulatory systems: one to control the synthesis of

the mRNA and the other to control the degradation of mRNA.

[00310] The first level of regulation is the synthesis of mRNA, which is controlled by
transcriptional regulators. Repressors decrease the probability a promoter is occupied while
activators increase the probability of promoter occupancy. In general, repressors attenuate
transcription by interfering with polymerase binding. A variety of mechanisms have been
observed; the simplest is steric hindrance. In this situation a repressor binds to a site located
within, or close to, the promoter and competes with polymerase binding. Binding of the
repressor to an operator downstream of the promoter, physically blocks polymerase from
binding to the promoter. The repressor is allosterically regulated such that in the absence of
effector molecules (e.g., first inducing molecule), the repressor binds to its operator and
decreases the probability that polymerase binding to the promoter. In the presence of the
effector, the repressor no longer can bind to its operator, allowing polymerase to bind to the

promoter. A paradigm of this form of regulation is the lactose operon.

[00311] The second level of regulation is controlling the degradation of mRNA. The rate of
the messenger RNA is degraded, v, will determine the steady state level of mRNA and

therefore the production of the transgene. An inducible hammerhead ribozymes was created
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that that cleaves itself in the absence of effector molecule. When the ribozyme is placed
immediately upstream of a polyA tail , the degradation of the mRNA is inducible. Combining
two different inducible systems, one that regulates the synthesis of mRNA with a second that
regulates the degradation of the mRNA, creates a novel transgene regulatory system. Layering
two regulatory systems will potentially be less leaky than existing systems and has a better

dynamic range.

[00312] Based on this theoretical underpinning, this was accomplished by inserting an
inducible hammerhead ribozyme upstream of the polyA tail. The first level of regulation
(which involves regulating the promoter) is provided by the ARES systems and is
accomplished by inserting a symmetric lac operator sequence between the TATA box and the
transcription start site. The regulation of this system is controlled in a first example by IPTG.
The second layer of regulation is accomplished by inserting an inducible hammerhead
ribozyme upstream of the polyA tail. In one example, this second regulation can be controlled
by tetracycline. The first and second inducing molecules can be altered based on the selection
of components forming the construct. In a cell culture system, when this dual regulatory
system was tested there was more than one log unit change in transgene expression. This dual
regulatory system maintains the ARES system (compact, inducible, functional in eukaryotic
cells) but now enhances the level of induction significantly. Further, additional manipulations
(in progress) will be used to fine-tune the expression and allow incorporation of additional

enhancer molecules.

[00313] Another embodiment of a self-regulatory, inducible gene expression construct
employs layering two regulatory systems into a single construct to control both the synthesis
and the degradation of mRNA of a transgene. FIG. 10 illustrates that the first level of
regulation (rna3) and the second level of regulation (rna 2) are both leaky and have a modest
dynamic range. When the two regulatory systems are layered (rna4), the basal level of
expression is very low so it is less leaky and the dynamic range or fold-change is much

greater.

[00314] To evaluate the benefit of layering different these regulatory mechanism on
transgene production we built an autogenously regulated expression system (FIGs. 11 and 12).
The system is driven by a minimal cytomegalovirus promoter (PminCMV1) to express a
eukaryotic codon-optimized lac repressor and a luciferase reporter, linked via a 2A peptide

cleavage sequence. The first level of regulation involved regulating the CMV promoter, which
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was accomplished by inserting a symmetric lac operator sequence between the TATA box and

the transcription start site.

[00315] The second layer of regulation was to control the degradation of the mRNA
transcript. It relies on incorporation of an inducible hammerhead ribozyme to control the
degradation of the mRNA transcript. An inducible tetracycline dependent hammerhead
ribozyme K7 (see also Bielstein®) was inserted upstream of the polyA tail. See, the schematic
map of FIG. 12 and the sequence of an exemplary construct pSW2.Luc.161.RF2.K7 in FIG.

14 (SEQ ID NO: 15). The clements of pSW2.Luc.161.RF2.K7 and the first and last nucleic
acid positions of ecach element in SEQ ID NO: 15 are set out in the following Table I:

TABLE I: Elements of Dual Switch Construct of SEQ ID NO: 15

Element First nucleotide Last nucleotide
5’ ITR 1 130
CMYV Enhancer 181 647
Optimized Lac I operator 648 667
(referred to as Lsym or LysM)
CMYV Promoter 670 819
Optimized Lac I operator 774 793
(referred to as Lsym or LysM)
Intron 843 995
Optimized Lac I operator 866 885
(referred to as Lsym or LysM)
Lac I repressor 1027 2113
P2A cleavage sequence 2188 2253
Luciferase transgene 2260 3909
K7 Ribozyme-Aptamer 3943 4090
(Aptazyme)
SV40 PolyA 4097 4318
37 AAVITR 4368 4497
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[00316] InpSW2.Luc.161.RF2.K7, the first regulatory component (i.e., the promoter-
operators-Lacl repressor) is inducible with a galactoside (IPTG) and second regulatory
component, provided by the ribozyme-aptamer placed upstream of the polyA sequence is

inducible by tetracycline.

[00317] The AAV ITR-flanked construct pSW2.Luc.161.RF2.K7 was transfected into
HEK293T cells as follows. HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were grown in
humidified 5% CO, incubators at 37° C. All transfections were carried out with Fugene 6
reagent following the manufacturer’s protocol. For induction, cell media was supplemented
with either 2.5mM IPTG or 250uM Tetracycline (or both 2.5mM IPTG and 250uM
Tetracycline) and cells were harvested 48 hours post-transfection and processed for

luminescence analysis.

[00318] For luminescence assays, cells were washed with DPBS, lysed with Reporter Lysis
Buffer (Promega, Madison,WI), and 10 pL of whole cell lysate was added to 80 uL of
luciferase assay buffer (Promega, Madison, WI) containing luciferin within a well of a 96 well
optical bottom plate (Corning, Corning,NY). Plates were immediately loaded into a Tecan

M1000 instrument and luciferase signal from each well was quantified.

[00319] We observed nearly 4-fold induction of luciferase activity between the off and
maximally induced states using either IPTG or tetracycline. When both effectors molecules
were added to the media, we observed nearly a 12-fold change in luciferase levels (FIGs. 13A
and 13B). The dynamic range or fold-change is much greater. This dual regulatory gene
expression system provides a significantly wider “tuning spectrum” and lower baseline levels
of transgene expression than the ARES system. This dual regulatory system maintains the
originally described ARES system (compact, inducible, functional in eukaryotic cells) but now

enhances the level of induction significantly.

[00320] Further, additional manipulations, including the incorporation of additional enhancer
molecules, the use of additional ribozymes (or other aptamers) and inducers, and the
placement of the ribozymes in other positions in the construct are anticipated to produce

additional useful examples of the dual switches.

[00321] EXAMPLE 9 — In Vivo Studies
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[00322] Subretinal injections of AAV vectors containing the construct of FIG. 14 are
performed in 6 months old CD1 mice at a dose of 1 x 10'° Vg. All surgeries are performed
under inhaled anesthesia, and all efforts are made to minimize suffering. Contralateral eyes are
used as uninjected controls. Injections are performed as described previously. °
Administration of IPTG: Induction of luciferase expression is accomplished by oral gavage of
2 doses of IPTG twice a day over a 3 day period, with each dose consisting of 25 pl of 1M
IPTG/10 g body weight. Administration of tetracycline: Induction of mRNA degradation is
accomplished by oral administration gavage of sufficient doses of tetracycline over the same 3

day period.

[00323] Animals are then sacrificed and major organs are harvested, mechanically
homogenized, and steady state concentrations of IPTG in liver, kidney, skeletal muscle, and
retina are determined using a beta-galacosidase assay **. Oral gavage provides sufficient
IPTG concentrations in diverse tissues for ITRS induction in mice. IPTG concentrations are
tracked in various mouse tissues after a single 3-day IPTG gavage induction cycle.
Furthermore, both the gavage concentration and steady state concentrations of IPTG and
tetracycline are less than concentrations where IPTG or tetracycline is found to be toxic to

cells.

[00324] In vivo animal imaging: All mice are imaged before each cycle of IPTG gavage,
immediately after each cycle of gavage, and again after 5-8 days of first and second inducing
molecule abstinence. The D-luciferin substrate (Goldbio, St Louis, MO) is injected
intraperitoneally, at a dose of 15 pg/g of body weight. Animals are then anesthetized using
isofluorane and imaging began 10 min after administration of D-luciferin. The mice are then
placed in a light-tight chamber, and images are generated using a cryogenically cooled charge-
coupling device camera IVIS 100 (Xenogen, Alameda, CA). Grey scale surface images of
mice are collected, and the in vivo bioluminescence is represented as a pseudocolor images.
The visual output represents the number of photons emitted/second/cm” as a false color image,
where the maximum is red and the minimum is dark blue. Tissue fixation, cryosectioning and
histology: At the end of final first and second inducing molecule administration, animals are
imaged and sacrificed. Eyes are collected and fixed in 4% paraformaldehyde. Tissues are then
cryoprotected and embedded in optimal cutting temperature media (Fisher Scientific Co.,
Pittsburgh, PA, USA) and frozen. Cryosections are made using a Leica CM 1850 cryostat

(Leica Microsystems, Wetzlar, Germany). Sections are then stained with hematoxylin and
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eosin (H&E).

[00325] Mouse Retinal Data Analysis: Custom image analysis software is written in Matlab
(Mathworks). All analyses are performed on S-second exposure raw luciferase images.
Background is measured from an image of an un-injected, negative control left eye and the
mean and standard deviation is recorded. A background threshold is defined as background
mean + 6 standard deviations; pixels higher than this are considered to be true luciferase signal
from the vector. It is anticipated that results for this assay show equal effectiveness of

transgene regulation but less leakiness and more dynamic control of transgene expression.

[00326] All publications cited in this specification, and the sequence listing, are incorporated
herein by reference. While the invention has been described with reference to particular
embodiments, it will be appreciated that modifications can be made without departing from
the spirit of the invention. Such modifications are intended to fall within the scope of the

appended claims.
[00327] TABLE (Sequence Listing Free Text)

The following information is provided for sequences containing free text under numeric

identifier <223>.
SEQ ID NO: Free text under <223>
(containing
free text)
1 Synthetic construct containing minimal CMVI promoter, optimized E.

coli Lac loperator (Lsym), yellow fluorescent protein reporter gene
separated by an IRES sequence from an E. coli lac repressor sequence, C-
terminal tag

2 Synthetic construct containing minimal CM VI promoter having two
Lsym sites, a green fluorescent protein reporter gene separated by a 2A
cleavage sequence from the E. coli lac repressor sequence.

10 Synthetic construct spacer sequence

11 Synthetic construct spacer sequence

12 Synthetic construct linker sequence

13 Synthetic construct for codon optimized Lac sequence from E. coli

14 Synthetic construct for optimized CMV/IE promoter region including E
coli Lsym operator

15 Synthetic construct containing CMV enhancet/promoter, E. coli lacl

operon, P2A cleavage site; luciferase reporter, hammerhead ribozyme
with tetracycline aptamer and poly A, flanked by AAV ITRs
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CLAIMS:
1. A self-regulating inducible gene expression construct comprising, in operative
association,

(a) a single promoter controlling expression of a bacterial repressor sequence and

a transgene, and which, in the presence of a first inducer molecule, transcribes the transgene

and repressor; and

(b) a ribozyme in association with an aptamer sequence, said aptamer sequence
capable of interacting with a second inducer molecule to terminate mRNA degradation by the

ribozyme,

wherein when operative in a cell, the construct transcribes the transgene in the
presence of the first inducer molecule and second inducer molecule, and, in the absence of the

first inducer molecule and second inducer molecule, transcription is terminated.

2. The construct according to claim 1, wherein the first inducer molecule and second

inducer molecule are the same molecule.
3. The construct according to claim 1, further comprising:

I. a single promoter controlling expression of a bacterial repressor

sequence and a transgene;

il. one or more operator sequences responsive to the expressed repressor
protein;
iil. the repressor gene sequence, said repressor sequence capable of

interacting with a first inducer molecule and thereby initiating

transcription by the promoter;

v, a 2A sequence;
v. a sclected transgene sequence;
vi. a ribozyme in association with an aptamer sequence, said aptamer

sequence capable of interacting with a second inducer molecule, and
thereby prevent degradation of the transcription; and

vii. a polyadenylation sequence.
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4, The construct according to claim 3, wherein the first inducer molecule and the second

inducer molecule are the same molecule.

5. The construct according to claim 3, wherein said ribozyme-aptamer sequence is

located upstream of the polyadenylation sequence.

6. The construct according to claim 5, wherein said ribozyme-aptamer sequence is
located in the construct in any position where it does not disrupt the open reading frame of the

transgene sequence but is upstream of a polyA sequence.

7. A self-regulating gene expression construct comprising, in operative association:
I. a single promoter controlling expression of a bacterial repressor

sequence and a transgene;

il. one or more operator sequences responsive to the expressed repressor
protein;
iil. the repressor gene sequence;
v, an internal ribosome entry site (IRES) sequence or a 2A sequence; and
v. the selected transgene sequence.
8. The construct according to any one of claims 3 to 7, wherein the components of the

cassette are in the order 5° to 3°: Promoter — Operator—Repressor — 2A— Transgene.

9. The construct according to any one of claims 3 to 7, wherein the components of the

cassette are in the order 5° to 3°: Promoter — Operator—Transgene — 2A— Repressor.

10. The construct according to claim 3 or 7, wherein components (i) through (vii) of claim

3 or (i) through (v) of claim 7, are flanked by a 5’ and 3> AAV ITR.

11. The construct according to any of claims 1, 3 or 7, wherein the repressor gene

sequence is a bacterial repressor.

12. The construct according to claim 11 wherein the repressor gene sequence is the /ac/

repressor, the galR repressor, or the tet repressor.

13. The construct according to any of claims 1, 3 or 7, wherein the operator sequence is

located upstream of the repressor gene or upstream of the transgene.
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14. The construct according to claim 1, 3 or 7, wherein the operator sequence is located at

about 70bp or 90bp upstream of the repressor gene or the transgene.

15. The construct according to claim 1, 3, or 7, wherein the repressor sequence comprises
a dimeric Lac repressor sequence which lacks the 11 C terminal residues of the lac repressor

of SEQ ID NO: 3.

16. The construct according to claim 1, 3, or 7,, wherein the repressor sequence comprises

a tetrameric Lac repressor sequence.

17. The construct according to claim 15 or 16, further comprising a spacer sequence of
about 15-25 nucleic acids positioned between each repressor sequence of the dimer or

tetrameric repressor.

18. The construct according to claim 3 or 7, further comprising an intron spaced between

the promoter and an operator sequence and the repressor gene.

19. The construct according to claim 1, 3, or 7, where the repressor gene is /ac/ or a Lac
repressor containing at least one mutation selected from: a mutation at Lac repressor protein
residue 18 from Q to A or Q to M; a mutation at Lac repressor protein residue 161 from F to S
or from F to W; and a mutation at Lac repressor protein residue 291 from Q to K or from Q to

M; wherein the position of the residues is relative to SEQ ID NO: 3.

20. The construct according to any of claims claim 1, 3 or 7, further comprising a nuclear

localization sequence (NLS).

21. The construct according to any of claims 1, 3 or 7, wherein the transgene encodes a

human gene for expression in selected human cell.

22. The construct according to claim 21, wherein the cell is an ocular cell and the
transgene is RHO, LCAS, CHM, ABCA4, RPE65, RDH12, CEP290, RPGR, PRPF31, or
CNGB3.

23. The construct according to any of claims 1, 3 or 7, wherein each component of the

construct is codon optimized for expression in human cells.

24. The construct according to claim 3, further comprising
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a single minimal CMV1 promoter/enhancer controlling expression of the
repressor sequence and transgene;

from one to three Lac operator DNA sequences responsive to the expressed
repressor protein;

a lacl or dimeric /acl or tetrameric /acl repressor gene sequence;

a 2A cleavage sequence;

a selected transgene sequence;

a hammerhead ribozyme in association with a tetracycline-binding
aptamer;

a polyadenylation site.

25. The construct according to claim 24, flanked by a 5° and 3> AAV ITR.

26. The construct according to claim 7, flanked by a 5° and 3> AAV ITR, and comprising

in operative association,:

(a) a single minimal CMV1 promoter controlling expression of the repressor
sequence and transgene;

(b) one or two Lsym operator DNA sequences responsive to the expressed
repressor protein;

(©) the /ac I or dimeric lac/ or tetrameric lacl repressor gene sequence

(d) a 2A cleavage sequence; and

(e) a sclected transgene sequence.

27. A recombinant vector comprising an operational self-regulating inducible gene

expression construct of any of claims 1 to 7, or 24 to 26.

28. The vector according to claim 25, which is a recombinant virus, a plasmid or a
nanopatrticle.
29. The vector according to claim 28, which is an adeno-associated virus, an adenovirus,

or a lentivirus.

30. The vector according to claim 29, further comprising AAV capsid proteins of serotype
of any one of AAV 1 to 10, AAVEB, AAV7mS; tyrosine mutant capsid AAVs or other

recombinant, synthetic or mutant AAV capsids.
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31. A recombinant cell comprising an operational self-regulating inducible gene

expression construct of any of claims any of claims 1 to 7, or 24 to 26.

32. The cell according to claim 31, which is a mammalian cell, a bacterial cell, a yeast
cell.
33. A method of tightly regulating expression of a transgene in a mammalian cell
comprising:

(a) infecting the cell with a recombinant vector comprising an operational self-

regulating inducible gene expression construct of any of claims 1 to 6 or 24,

wherein the gene cassette is stably expressed by the infected cell; and

(b) contacting the cell in vivo with a first inducing molecule that interacts with the
repressor to permit simultancous expression of the transgene and repressor

protein by the single promoter;

(c) contacting the cell in vivo with a second inducing molecule that interacts with

the aptamer to prevent the ribozyme from degrading the transcribed message;

(d) discontinuing the first inducing molecule which permitting the repressor
protein to autoregulate and reduce or inhibit transcription of the repressor
protein and the transgene as the repressor protein accumulates in the cells and
interacts with the operator sequence in the absence of additional amounts of

the molecule; and

(e) discontinuing the second inducing molecule, which permits the ribozyme to

degrade any further transcription of the repressor and transgene.

34, The method according to claim 33, wherein the first inducing molecule and the second
inducing molecule are the same molecule and steps (d) and (¢) occur simultaneously to

terminate transcription in a tightly regulated manner.

35. The method according to claim 33, further comprising repeatedly expressing the

transgene by subsequent contact with the inducing molecules.

36. A method of controlling expression of a transgene in a mammalian cell comprising:
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infecting the cell with the recombinant vector of claim 7 or 26, wherein the gene

cassette is stably expressed by the infected cell; and

expressing a transgene in the cell by contacting the cell in vivo with an inducing
molecule that interacts with the repressor to permit simultaneous expression of the transgene

and repressor protein by the single promoter; and

permitting the repressor protein to autoregulate and reduce or inhibit expression of the
repressor protein and the transgene as the repressor protein accumulates in the cells and

interacts with the operator sequence in the absence of additional amounts of the molecule.

37. The method according to claim 36, further comprising repeatedly expressing the

transgene by subsequent contact with the inducing molecule.

38. The method according to claim 33, wherein when the repressor is /ac/, the inducing
molecule or first inducing molecule is IPTG, an artificial sweetener, or a sugar substitute for

SucCrosc.

39. The method according to claim 33, wherein when the repressor is ga/R and the the

inducing molecule or first inducing molecule is galactose.

40. The method according to claim 33, wherein when the repressor is tefR and the

inducing molecule or first inducing molecule is tetracycline.

41. The method according to any one of claims 33, wherein the aptamer binds tetracycline

and the second inducing molecule is tetracycline.

42. A method of treating an ocular condition comprising administering by intravitreal or
subretinal injection to a mammalian subject in need thereof a recombinant vector of claim 27,
wherein the gene cassette in the vector becomes stably expressed in the subject’s ocular cells
and wherein the transgene is RHO, LCAS, CHM, ABCA4, RPE65, RDH12, CEP290, RPGR,
PRPF31, or CNGB3.

43. The method according to claim 42, further comprising

controlling the course and amount of expression of the transgene in the ocular cell by
subsequently and repeatedly administering to the subject a first inducing molecule and second

inducing molecule;
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simultancously permitting the repressor protein to autoregulate and reduce or inhibit
expression of the repressor protein and the transgene as the repressor protein accumulates in

the cells in in the absence of additional amounts of the molecule; and

causing the ribozyme to degrade any remaining transgene transcript to permit tight

regulation.

44, The method according to claim 43, further comprising: repeating administration of the

inducing molecule or molecules when additional expression of the transgene is desired.
45. A method of treating a metabolic disease comprising

administering to a mammalian subject in need thereof a recombinant vector of claim
27, wherein the gene cassette in the vector becomes stably expressed in the subject’s hepatic

cells and wherein the transgene is insulin or erythropoietin.
46. The method according to claim 45, further comprising

controlling the course and amount of expression of the transgene in the hepatic cell by
subsequently and repeatedly administering to the subject an inducing molecule that interacts
with the repressor sequence to permit simultaneous expression of the transgene and repressor

protein by the single promoter; and

permitting the repressor protein to autoregulate and reduce or inhibit expression of the
repressor protein and the transgene as the repressor protein accumulates in the cells in in the

absence of additional amounts of the molecule.

47. The method according to claim 46, further comprising administering a second
inducing molecule to present mRNA degradation by the ribozyme and withdrawing the second

inducer to cause the ribozyme to degrade any mRNA being transcribed by the promoter.

48. The construct according to claim 1, which is SEQ ID NO: 15.
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FIG. 5

Nucleic acid sequence of plasmid p794
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gcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagccc
gaccgetgegecttatceggtaactategtcttgagtccaacceggtaagacac gacttatcgecactggeageagcecactggtaacaggat
tagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggacagtatttggtatctgc g
ctetgetgaagecagtiaccticggaaaaagagttggtagetettgatccggeaaacaaaccaccgetggtageggtggtttttttgtttgcaa
gcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatettttctac ggggtetgacgcetcagtggaacgaaaactcacgtt
aagggattttggicatgagattatcaaaaaggatcticacctagatccttttaaattaaaaatgaagttitaaatcaatctaaagtatatatgagtaa
acttggtctgacagttaccaatgcttaatcagtgaggeacctatctcagegatetgtetatttcgticatccatagttgectgactececgtegtgt
agataactacgatacgggagggcttaccatctggecccagtgetgeaatgataccgegagaccecacgceteace ggctccagatttatcage
aataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgggaagcta
gagtaagtagttcgecagttaatagtttgegeaacgttgttaccattactacaggeategtggtgtecacgetegtegtttggtatggcticattca
getecggttcccaacgatcaaggegagttacatgatcccceatgttgtgeaaaaaageggttagetectteggtecteegate gttgtcagaa
gtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtga
gtactcaaccaagtcatictgagaatagtgtatgeggegaccgagttgetettgeccggegteaatacgggataatace gegecacatagea
gaactttaaaagtgctcatcattggaaaacgttettcggggc gaaaactctcaaggatcttaccactattgagatccagttcgatgtaacccact
cgtgcacccaactgatcttcagceatettttactttcaccage gtttctgggtgageaaaaacaggaaggcaaaatgecgeaaaaaagggaat
aagggcegacacggaaatgtigaatactcatactettectttttcaatattattgaageatttatcagggttattgtetcatgageggatacatatttg
aatgtatttagaaaaataaacaaataggggttccgegeacattteece gaaagatgccacctgaaattataaacgttaatattttgttaaaattcg
cgttaaattttigttaaatcagceteatttittaaccaataggecgaaatcggaaaaatcccttataaatcaaaagaatagaccgagatagggtiga
gigtigttccagttiggaacaagagtccactattgaggaacgtgaactccagegtcaaagggcegaaaaacegtetateggggegatggece
actacgtgaaccatcaccctaatcaagttttttg gggtcgaggtgecgtaaageactaaatcggaacectaaagggageccccgatttagag
ctigacggggaaagecggegaacgtggegagaaaggaagggaagaaagegaaaggagegggcgetagggegetggeaagtgtage
ggteacgetgegegiaaccaccacacccgeegegettaatgegeegetacagggegegteccattegecattcaggetgegeaactgttg
ggaagggcgateggtacgggectcttegetattac gecagetggegaaagggggatgtgetgeaaggegattaagttggetaacgecag
ggttttcccagtcacgacgttgtaaaacgac ggccagtgaattaggttaattaaggetgegegetegetegeteactgaggeecgeecggge
aaagcccgggegtcgggegaccttiggtegeecggectcagtgage gagcgagegegeagagagggagtgaccaactecatcactag
gggticctigtagtiaatgattaaccegecatgetacttatctacgtagecatgetetaggaagatectaatcgggaattcteaatattggecatta
gcecatattaticattggttatatagcataaatcaatattggetattggecattgeatacgttgtatetatatcataatatgtacatttatattggeteatg
tccaatatgaccgecatgttggeattgattattgactagttattaatagtaatcaattacggggteattagttcatageccatatatggagttcege
gttacataacttacggtaaatggcecgectggetgaccgeccaacgacceecgeccattgacgtcaataatgacgtatgttcecatagtaac
gccaatagggactttccatigacgtcaatgggtggagtatttacggtaaactgeecacttggeagtacatcaagtgtatcatatgecaagteeg
cecectattgacgtcaatgacggtaaatggeecgectggeattatgeccagtacatgaccttacgggactttectacttggeagtacatcetacg
tattagtcatcgetattaccatggtgatgeggttttggeagtacaccaatgggegtggatageggtttgactcacggggatttccaagtctecac
cccattgacgtcaatgggagttigttttggcaccaaaatcaacgggactttccaaaatgtegtaacaactgegatcgeccgeccegttgacge
aaatgggcggtaggegtgtacggtgggaggtctatataageagagetegaattgtgagegeteacaattgagetegtttagtgaacegteag
atcactagaagctttattgcggtagtttatcacagttaaattgetaacgeagteagtgetictgacacaacagtetegaacttaagetgeagtga
ctctettaaggtageettgeagaagttggtogtgaggeactgggeaggtaagtatcaaggttacaagacaggtttaaggagaccaatagaaa
ctgggetigtcgagacagagaagactcttgegtttotgataggeacctattggtcttactgacatceactttgectttetctecacaggtgtecac
tcecagtteaattacagetcttaaggetagagtacttaatacgactcactataggetagectcagtaaaggagaagaacttttcactggagttgt
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cceaattetigtigaattagatggtgatgttaatgggcacaaatttictgtcagtggagagggtgaaggtgatgcaacatacggaaaacttace

cttaaatttatttgcactactggaaaactacctgttccatggccaacacttgtcactactttcggttatggtctaaaatgctttgctagatacccaga
tcatatgaaacggcatgactttttcaagagtgccatgcccgaaggttatgtacaggaaagaactatatttttcaaagatgacgggaactaoaag
acacgtgctgaagtcaagtttgaaggtgatacccttgttaatagaatcgagttaaaaggtattgattttaaagaagatggaaacattcttggaca
caaattggaatacaactataactcacacaatgtatacatcatggcagacaaacaaaagaatggaatcaaagttaacttcaaaattagacacaa
cattgaagatggaagcgttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtccttttaccagacaaccattacctg
tcetatcaatctgecectttcgaaagateccaac gaaaagagagaccacatggtccticttgagtttgtaacagetgetgggattacacatggea
tggatgaactatacaaagagaattcacgegtegageatgeatctagggeggecaatteegeecctetccecceecceccteteccteceece
cccctaacgttactggeegaagecgetiggaataaggecggtgtgegtttgtetatatgttattticcaccatattgece gtcttttggcaatgtga

gggcccggaaacctggccctgtcttcttgacgagcattcctaggggtctttcccctctcgccaaaggaatgcaaggtctgttgaatgtcgtga
aggaagcagticctetggaagcettcttgaagacaaacaacgtctgtagegaccctttgeaggeage ggaaccceeccacctggegacaggt

gcctctgcggccaaaagccacgtgtataagatacacctgcaaaggcggcacaaccccagtgccacgttgtgagttggatagttgtggaaa

gagtcaaatggctctcctcaagcgtattcaacaaggggctgaaggatgcccagaaggtaccccattgtatgggatctgatctggggcctcg

gtgcacatgctttacatgtgtitagtcgaggtiaaaaaaac gictaggececcegaaccacggggacgtggttttectitgaaaaacacgatg

ataagcttgccacaaccegggatctatgaaaccagtaac gttatacgacgtcgeagagtatgeeggtgtetettatcagactgtttccagagtg
gtgaaccaggccagccatgtttctgccaaaaccagggaaaaagtggaagcagccatggcagagctgaattacattcccaacagagtggca
caacaactggcaggcaaacagagcttgctgattggagttgccacotccagtctggccctgcatgcaccatctcaaattgtggcagccattaa
atctagagctgatcaactgggagcctctgtggtggtgtcaatggtagaaagaagtggagttgaagcctgtaaagctgcagtgcacaatcttct
ggcacaaagagtcagtgggctgatcattaactatccactggatgaccaggatgcca’ctgctgtggaagctgcctgcactaatgttccagcact
ctttcttgatgtctctgaccagacacccatcaacagtattattttctcccatgaagatggtacaagactgggtgtggagcatctggttgcattggg
acaccagcaaattgcactgettgegggeccactcagttetgtetcageaaggetgagactggeeggetg gcataaatatctcactaggaate
aaattcagccaatagctgaaagagaaggggactggagtgccatgtctgggtttcaacaaaccatgcaaatgctgaatgagggcattgttccc
actgcaatgetggttgecaatgatcagatggeactgggtgcaatgagagecattactgagtctgggctgagagttg gtgcagatateteggta
gtgggatacgacgataccgaagacagcteatgttatatccecgecegttaaccaccatcaaacaggattttc gectgetgggecaaaccagegt
ggaccgcttgctgcaactctctcagggccaggcggtgaagggcaatcagctgttgccagtctcactggtgaagagaaaaaccaccctggc
acccaatacacaaactgcectcteeeeg ggcattggctgattcactcatgcagctgggctcaggtctcgagttggtggtgagcaagggcgag
gaggataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggccacgagttcgagatcgagggc
gagggegagggecgeecctacgagggeacccagaccgecaagetgaaggtgaccaagggtggcecectgeccttegectgggacate
ctgteeccteagticatgtacggetccaaggectacgtgaageacceegeegacatcecegactacttgaagetgtecttececgagggett

caagtgggagcgegtgatgaacticgaggacggeggegtggtgacegtgacccaggactectecetgeaggacggegagttcatctaca
aggtegaagctgcgeggeaccaactteeecteegac ggceccgtaatgecagaagaagaccatgggctgggaggcctectcegageggat

gtacceecgaggacggegecctgaagggcgagatcaageagaggetgaagetgaaggacgge ggccactacgacgetgaggtcaaga

ccacctacaaggecaagaagceccgtgeagetgeecggegectacaacgtcaacatcaa gttggacatcacctcecacaacgaggactac

accatcgtggaacagtacgaacgegeegagggecgecacteceace ggeggeatggacgagetgtacaaggcaagacaggtttccagac
tggaaagtgggcaggcagctctgcccaagaagaagcgaaaggtgtgatagagtcgacccgggcggocgcttccctttagtgagggttaat
gettegageagacatgataagatacattgatgagtttggacaaaccacaactagaatgeagtgaaaaaaatgetttattigtgaaatttgtgatg
ctattgctttatttgtaaccattataagctgcaataaacaagttaacaacaacaattgcattcattttatgtttcaggttcagggggagatgtggga

ggtittttaaagcaagtaaaaccictacaaatgtggtaaagaattcegatoticctagageatggetacgtagataagtageatggegggttaat
cattaactacaaggaacccctagtgatggagttggecactecctetetgegegetegete geteactgaggecgggcgaccaaaggtegee
cgacgecegggcttigeecgggeggectcagtgagegagegagegegeagecttaattaaatetggegtaateatggteatagetgtttect
gtgtgaaattgitatccgetcacaattccacacaacatacgagecggaageataaagtgtaaagectggggtgectaatgagtgagetaact

cacattaattgegttgcgcetcactgeccgcetttccagte gggaaacctgtegtgecagcetgeattaatgaatcggccaacgegeggggagag

geggtitgegtattgggeget
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FIG. 7

Nucleic acid sequence of plasmid p826

gecce gcagattacaaggatgacgatgacaagtaaagtactgacatgataagatacattgatgagtttggacaaaccacaactagaatgcagt
gaaaaaaatgctitatitgtgaaattigtgatgctattgctitatttgtaaccattataagetgeaataaacaagttaacaacaacaattgeattcattt
tatgtttcaggttcagggggagatgtgggaggttttttaaagcaagtaaaacctctacaaatgtggtaaactcgagttctacgtagataagtagc
atggcgggttaatcattaactacaaggaacccectagtgatggagttggecactecctetetgegegete getegeteactgaggeegggcega
ccaaaggtcgeecgacgeccgggctitgeccgggeggectcagtgagegage gagcgegeagcecttaattaacctaaggaaaatgaagt
gaagttcctatactttctagagaataggaacttctatagtgagtcgaataagggcgacacaaaatttattctaaatgcataataaatactgataac
atcttatagttigtattatattttgtattatcgttgacatgtataattttgatatcaaaaactgattttccctttattattttcgagatttattttcttaattctett
taacaaactagaaatattgtatatacaaaaaatcataaataatagatgaatagtttaattataggtgttcatcaatcgaaaaagcaacgtatcttatt
taaagtgcgttgcttttttctcatttataaggttaaataattctcatatatcaagcaaagtgacaggcgcccttaaatattctgacaaatgctctttcc
ctaaactccceccataaaaaaacccgecgaage ggglitttacgttattigeggattaacgattactegttatcagaaccgeccagggggecc
gagcttaaccittttatttgggggagagggaagtcatgaaaaaactaacctttgaaattcgatctccageacatcageaaaacgctattcacge
agtacagcaaatccttccagacccaaccaaaccaatcgtagtaaccattcaggaacgcaaccgcagcttagaccaaaacaggaagctatg

ggcectgettaggtgacgtetete gicaggtigaatggeatggtegetggctggatgeagaaagetggaagtgtgtgtttaccgeageattaaa
geageaggatgitgticctaacctigecegggaatggetitgtggtaataggecagtcaaccageaggatgegtgtaggegaatttgeggage
tattagagcttatacaggcattcggtacagagegtggcegttaagtggtcagacgaage gagactggcetctggagtggaaagegagatggg

gagacagggctgceatgataaatgtegttagtttctccggtggcaggacgtcagceatatttgetetggetaatggageaaaage gacgggcea

ggtaaagacgtgcattacgtiticatggatacaggttgtgaacatccaatgacatatcggttigtcagggaagttgtgaagtictgggatatacc
gctcaccgtattgcaggttgatatcaacccggagcttggacagccaaatggttatacggtatgggaaccaaaggatattcagacgcgaatgc
ctgttctgaagecatttatcgatatggtaaagaaatatggcactccatacgteggeggege gttctgecactgacagattaaaactcgttcecttc
accaaatactgtgatgaccatticgggegagggaattacaccacgtggattggcatcagagcetgatgaaccgaage ggctaaagecaaag

cctggaatcagatatettgetgaactgtcagactttgagaaggaagatatcctegeatggtggaageaacaaccatte gatttgcaaataccg

gaacatctcggtaactgcatattctgeattaaaaaatcaacgcaaaaaate ggactigectgeaaagatgaggagggattgecagegtgttttta
atgaggtcatcacgggatcceatgtgegtgacggacatcgggaaacgecaaaggagattatgtaccgaggaagaatgtegetggacggta
tcgcgaaaatgtattcagaaaatgattatcaagccctgtatcaggacatggtacgagctaaaagattcgataccggctcttgttctgagtcatg

cgaaatatttggagggcagctigatitcgacticgggagggaagetgcatgatgegatgttatcggtgcggtgaatgeaaagaagataaccg
cttccgaccaaatcaaccttactggaategatggtgtetecggtgtgaaagaacaccaacaggggtgttaccactace gcaggaaaaggag
gacgtgtggegagacagegacgaagtatcaccgacataatetgegaaaactgcaaataccttccaacgaaacgeaccagaaataaaceca
agccaatcccaaaagaatctgacgtaaaaaccttcaactacacggcetcacctgtgggatatcoggtggctaagacgtegtgegaggaaaac
aaggtgattgaccaaaatcgaagttacgaacaagaaagegtegagegagetitaacgtgegetaactgeggtcagaagetgeatgtgetgg
aagticacgtgtgtgageactgetgegeagaactgatgagegatccgaatagetegatgeacgaggaagaagatgatggetaaaccageg
cgaagacgatgtaaaaacgatgaatgce gggaatggittcaccetgeattcgetaatcagtggtogtgctetccagagtgtggaaccaagat
agcactcgaacgacgaagtaaagaacgcegaaaaageggaaaaageageagagaagaaacgacgacgagaggageagaaacagaaa
gataaacttaagaticgaaaactcgecttaaageeccgeagttactggattaaacaageccaacaagecgtaaacgecttcatcagagaaag
agaccgcegactiaccatgtatetegtgeggaacgetcacgtetgetcagtgggatgecggacattaceggacaactgetgeggeacctcaa
ctcegatitaatgaacgcaataticacaageaatgegtggtgtgcaaccageacaaaageggaaatctegttecgtatcgegtegaactgatt
agecgeatcgggeaggaageagtagacgaaatcgaatcaaaccataaccgecategetggactatcgaagagtgeaaggegatcaagg

cagagtaccaacagaaactcaaagacctgegaaatagcagaagtgaggcecgeatgac gttctcagtaaaaaccattccagacatgetegtt
gaagcatacggaaatcagacagaagtagcacgeagactgaaatgtagtcgeggtacggtcagaaaatacgtigatgataaagacgggaa

aatgcacgccatcgtcaacgacgttctcatggttcatcgeggatggagtgaaagagatgegetattacgaaaaaattgatggeageaaatac
cgaaatatttgggtagtiggegatctgecacggatgetacacgaacctgatgaacaaactggatacgatiggattcgacaacaaaaaagacct
gettatcteggtgggcegatitggtigategtggtgcagagaacgttgaatgectggaattaateacattcecctggttcagagetgtacgtgga
aaccatgagcaaatgatgatigatggcttatcagagegtggaaacgttaatcactggetgcettaatggeggtggetggttctttaatctcgatta
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cgacaaagaaattctggctaaagctcttgcccataaagcagatgaacttccgttaatcatcgaactggtgagcaaagataaaaaatatgttatc
tgccacgecgattateectitgacgaatac gagtitggaaagccagtigatcatcageaggtaatctggaaccgegaacgaatcageaactc

acaaaacgggatcgtgaaagaaatcaaaggegeggacac gttcatetttggtcatacgccageagtgaaaccactcaagtttgecaaccaa
atgtatatcgataccggegceagtgttctgecggaaacctaacattgattcaggtacagggagaaggegeatgagactcgaaage gtagctaa
atttcattcgccaaaaagcccgatgatgagcgactcaccacgggccacggcttctgactctctttccggtactgatgtgatggctgctatggg

gatggcgeaatcacaageceggatteggtatggetgeattetgeggtaageacgaactcagecagaacgacaaacaaaaggetatcaactat
ctgatgcaatttgcacacaaggtatcggggaaatace gtggtgtggeaaagetigaaggaaatactaaggeaaaggtactgcaagtgeteg
caacattc gcttatgcggattattgccgtagtgccgcgacgccgggggcaagatgcagagattgccatggtacaggccgtgcggttgatatt
gccaaaacagagcetgte ggggagagtigicgagaaagagtgcggaagatgcaaaggegteggctattcaaggatgecageaagegeag
catatcgcgctgtgacgatgctaatcccaaaccttacccaacccacctggtcacgcactgttaagccgctgtatgacgctctgg’tggtgcaat
gccacaaagaagagicaatcgeagacaacattttgaatgeggteacacgttagecageatgattgecac ggatggcaacatattaacggeat

gatattgacttattgaataaaattgggtaaatttgactcaacgatgggttaattcgctcgttgtggtagtgagatgaaaagaggcggcgcttact

accgattcegectagtiggteacttcgacgtategtetggaactecaaccatcgecaggeagagaggtetgeaaaatgeaatece gaaacagt
fcgcaggtaatagttagagectgeataacggtttc gggattitttatatctgcacaacaggtaagagcattgagtcgataatcgtgaagagtceg

gegagcctggttagecagtgetetitcegtigtgctgaattaagegaatace ggaagcagaaccggatcaccaaatgegtacaggegtcate
gce gcccagcaacagcacaacccaaactgagccgtagccactgtctgtcctgaattcattagtaatagttacgctgcggccttttacacatga
ccttcgtgaaagegggtggeaggaggtegegctaacaacctectgecgttttgecegtgeatateggteacgaacaaatetgattactaaac

acagtagcctggatttgttctatcagtaatcgaccttattcctaattaaatagagcaaatccccttattgggggtaagacatgaagatgccagaa
aaacatgacctgtiggecgecatictcgeggeaaaggaacaaggcatcggggeaatecttgegtttgeaatgge gtaccttcgeggeagat

ataatggceggtgcgtttacaaaaacagtaatcgacgcaacgatgtgegecattatcgectggttcatte gtgaccttctcgacttegecggact
aagtagcaatctegcttatataacgagegtgtttatcggctacatcggtactgactegattggttegettatcaaac gettcgetgetaaaaaag

ccggagtagaagatggtagaaatcaataatcaac gtaaggegticetcgatatgetggegtggteggagggaactgataacggacgteag

aaaaccagaaatcatggttatgacgtcattgtaggeggagagctatttactgattactcegatcaccctegeaaacttgtcac gctaaacccaa
aactcaaatcaacaggcegcttaagactggcecgtegttttacaacacagaaagagtttgtagaaacgcaaaaaggecatece gtcaggggect
tetgcettagtttgatgectggeagticectactetegecttcegettectegeteactgactegetgegeteggte gtteggetgeggegagegg
tatcagctcactcaaagge ggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaag

gecaggaaccgtaaaaaggecgegttgetggcegtttttccataggetecgeeccectgacgageatcacaaaaate gacgctcaagtcaga
ggtggc gaaaccegacaggactataaagataccaggegtitccocctggaagetecetegtgegeteteetgttcegacectgeegettace
ggatacctgtecgectttcteecttcgggaagegtggegcettictcatageteacgetgtaggtateteagtteggtgtaggtegttcgetecaa
getgggctgtgtgeacgaaccceccgttcageccgacegetgegecttatceggtaactategtettgagtecaacceggtaagacac gact
tatcgecactggeageagecactggtaacaggattagecagagegaggtatgtaggeggtgctacagagttettgaagtggtogoctaacta
cggctacactagaagaacagtatttggtatctgegetetgetgaagecagttaccettcggaaaaagagttggtagetettgatccggeaaaca
aaccaccgetggtageggtggtttttitgtttgcaageageagattacgecgeagaaaaaaaggatetcaagaagatectttgatcttttctacgg
ggtctgacgetcagtggaacgacgegegegtaactcacgttaagggattttggteatgagettgegeegtecegteaagtcagegtaatget
ctgcttttagaaaaactcate gagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatattittgaaaaagecgtttctgtaatg
aaggagaaaactcaccgaggcagticcataggatggcaagatcctggtatcggtetgegattcegactcgtecaacatcaatacaacctatt

aafttcccetcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaateeggtgagaatggeaaaagtttatgeatttettt
ccagactigticaacaggecagcecattacgcetce gicatcaaaatcactcgcatcaaccaaaccgttatteaticgtgattgegectgagegag

gcgaaatacgegategetgttaaaaggacaattacaaacaggaatcgagtgeaaccggegeaggaacactgecagegceatcaacaatatt
ticacctgaatcaggatattcttctaatacctggaacgetgtttticcggggategeagtggtgagtaaccatgeatcatcaggagtacggataa
aatgcttgatggtcggaagtggceataaattccgtcagecagtttagtetgaccatetcatetgtaacateattggeaacgetacctttgecatgtt
tcagaaacaactctggegeatcgggettcccatacaagegatagattgtcgeacctgattgeccgacattatcgegageccatttatacecat

ataaatcagcatccatgttggaatttaatcgeggectegacgtttcecgttgaatatggeteatattettcctttttcaatattatigaageatttatca
gggltattgicicatgageggatacatatitgaatgtatttagaaaaataaacaaataggggtcagtgttacaaccaattaaccaattctgaacat
tatcgcgageccatttatacctgaatatggetcataacaccecttgtttgectggeggeagtagegeggtggteccacctgaceccatgeega
actcagaagtgaaacgecgtagegecgatggtagtgtggggactceccatgegagagtagggaactgecaggeatcaaataaaacgaaa
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FIG. 7 (cont'd)

ggctcagtcgaaagactgggectttc gecegggctaattagggggtgtegeccttattcgactctatagtgaagttectattetctagaaagtat
aggaactictgaagtggggtcgacttaattaaggetgegegcetegetegetcactgaggeegececgggeaaagecegggce gtcgeocga
cetttggtegeecggecteagtgagegagegagegegeagagagggagtggcecaacteeatcactaggggttecttgtagttaatgattaa
cccgccatgctacttatctacgtagcaagctagcctagttattaatagtaatcaattacggggtcattagttcatagcccatatatggagttccgc
gttacataacttacggtaaatggceecgectggetgacegeccaacgacceccgeccattgacgtcaataatgacgtatgticecatagtaac
gccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtac g
ccecctattgacgtcaatgacggtaaatggece gectggeattatgeccagtacatgaccttatgggactttcetacttggeagtacatctacgt
attagtcatcgctattaccatggtgatgeggttttggcagtacaccaatgggegtggatageggtttgactcac ggggatttccaagtctecac
cccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaactccgccccgttgacgcaaatgggc
ggtaggegtgtacggteggagotctatataagcagagcte gaattgtgagegcetcacaattgaggtegtttagtgaaccgtcagategttggt
c gtgaggcactgggcaggtaagtatcaaggttacaagacaaattgtgagcgctcacaattggtttaaggagaccaatagaaactgggcttgt
cgagacagagaagactcttgcgtttctgataggcacctattggtcttactgacatccactttgcctttctctccacaggtgtccactcccagttca
attacagatcaggcctaccatgaaaccagtaacgttatacgacgtegeagagtatgecggtgtetcttatcagactgtttccagagtggtgaac
cag gccagccatgtttctgccaaaaccagggaaaaagtggaagcagccatggcagagctgaattacattcccaacagagtggcacaaca
actggcaggcaaacagagettgetgattggagttgecacetecagtetggeccetgeatgeaccateteaaattgtggcagecattaaatetag
agctgatcaactgggagcctctgtggtggtgtcaatggtagaaagaagtggagttgaagcctgtaaagctgccgtgcacaatcttctggcac
aaagagtcagtgggctgatcattaactatccactggatgaccaggatgccattgctgtggaagctgcctgcactaatgttccagcactctttctt
gatgtctctgaccagacacccatcaacagtattattttctcccatgaagatggtacaagactgggtgtggageatetggttgeattgggacacc
agcaaattgcactgetigegggcccacteagtictgtctcageaaggetgagactggecg gctggeataaatatctcactaggaatcaaatte
agccaatagctgaaagagaaggggactggagtgccatgtctgggtttcaacaaaccatgcaaatgctgaatgagggcattgttcccactgc
aatgctggtigecaatgatcagatggeactgggtgcaatgagagecattactgagtetgggctgagagttggtecagatateteggtagtgg
gatacgacgataccgaagacagctcatgttatatccegecgttaaccaccatcaaacaggattticgectgetggggcaaaccagegtgga
cegcettgetgeaactetetcagggecaggeggtgaagggcaatcagetgttgecagtcteactggtgaagagaaaaaccaccetggeace
caatacacaaactgcctetecccgggeattggetgatteactcatgeagetgactagtgeac gacaggtticccgactggaaagegggeag
actagtgcaagacaggtttccagactggaaagtgggcaggcagctctgcccaagaagaagcgaaaggtgctgcagggaagcggagcta
ctaacttcagcctgctgaagcaggctggagaogtggaggagaaccctggacctagatctatggccagcaaaggagaagaacttttcactg
gagtigtcecaatictigttgaattagatggtgatgttaatgggcacaaatttictgtcagtggagagggteaaggtgatgctacatacggaaag
cttacccttaaattiattigcactactggaaaactacctgttccatggecaacacttgteactacttictettatggtgttcaatgettttcecgttate
cggatcatatgaaacggcatgactttitcaagagtgecatgcecgaaggttatgtacaggaacgceactatatetttcaaagatgacgggaact
acaagacgcgtgctgaagtcaagtttgaaggtgatacccttgttaatcgtatcgagttaaaaggtattgattttaaagaagatggaaacattcte
ggacacaaactcgagtacaactataactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaaattcg
ccacaacattgaagatggatccgttcaactageagaccattatcaacaaaatactecaattggegatggecctgtecttttaccagacaaccat
tacctgtcgacacaatctgecctticgaaagatcccaacgaaaagegtgaccacatggtectictigagtttgtaactgetgetgggattacac
atggcatggatgagctctacaaage
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FIG. 8A
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