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(54) Title: ADENO-ASSOCIATED VIRAL VECTORS FOR THE GENE THERAPY OF METABOLIC DISEASES

R

(57) Abstract: The present invention discloses adeno-associated viral vectors useful in gene therapy methods for the treatment of
obesity, insulin resistance, type 2 diabetes, liver cirthosis and non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatit -
is (NASH). The invention also relates to polynucleotides, plasmids, vectors and methods for the production of such adeno-associated
viral vectors. The invention also relates to pharmaceutical compositions comprising said vectors.
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ADENO-ASSOCIATED VIRAL VECTORS FOR THE
GENE THERAPY OF METABOLIC DISEASES

TECHNICAL FIELD

The invention relates to the field of gene therapy and, more particularly, to
methods for the treatment of metabolic diseases such as obesity, insulin resistance, type
2 diabetes, liver cirrhosis and non-alcoholic fatty liver disease/non-alcoholic

steatohepatitis (NAFLD/NASH) by the use of adeno-associated viral vectors.

BACKGROUND OF THE INVENTION

The current epidemic of obesity and the metabolic syndrome is a global health
problem. Adipose tissue has a vital role in regulating energy homeostasis, and the
interest in the complex biology of adipose tissue is increasing greatly.

There are two principal types of adipose tissue: white adipose tissue (WAT) and
brown adipose tissue (BAT) but recent studies have shown the presence of an
intermediate phenotype, the beige cells, which also are oxidative. WAT has the main
function to store energy as triglycerides during caloric excess. During weight gain,
WAT undergoes expansion, either through increasing the number of adipocytes, or by
enlargement of existing adipocytes, so-called hypertrophic obesity. Hypertrophic
adipose tissue expansion is tightly correlated with disorders of the metabolic syndrome
such as insulin resistance, type 2 diabetes and systemic low-grade inflammation.

In last few years, a third, distinct type of adipocyte has been identified, so-called
beige or brite (brown-in-white) adipocytes. These cells reside as a separate population
within white fat depots, probably have a white adipocyte stem cell origin and show a
white adipocyte phenotype under basal conditions. A study has demonstrated that
recruitment of beige/brite cells after chronic cold exposure also lead to reduced body
fat, demonstrating potential important anti-obesity effects of these cells in humans.

The incidence of obesity has increased dramatically during the last decades to
reach epidemic proportions. It is estimated that over 500 million individuals are obese.
Obesity per se increases the risk of mortality and has been long strongly associated with

insulin resistance and type 2 diabetes.
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Diet and exercise are the mainstay treatments for obesity, but an increasing
number of patients also require pharmacotherapeutic intervention to decrease and
maintain body weight. However, pharmacotherapy does not induce involuntarily nor
substantial weight loss and, additionally, anti-obesity drugs often display important side
effects due to their systemic actions.

In addition, the growing incidence of obesity in the population as a whole has
made fatty liver disecase and its complications a leading public health issue. Non-
alcoholic fatty liver disease (NAFLD) is characterized by an aberrant lipid storage in
hepatocytes. It is related to insulin resistance and the metabolic syndrome and may
respond to treatments originally developed for other insulin-resistant states (e.g.
diabetes mellitus type 2) such as weight loss, metformin and thiazolidinediones.
NAFLD can progress to NASH (non-alcoholic steatohepatitis) which is characterized
by the appearance of necroinflammation in the liver. Non-alcoholic steatohepatitis
(NASH) is the most extreme form of NAFLD, and is regarded as a major cause of
cirrhosis of the liver of unknown cause.

Liver transplantation is the only curative option for patients with advanced liver
cirrhosis. This procedure can only be applied to a minority of patients due to the
presence of surgical contraindications and organ scarcity.

Several authors have disclosed recombinant adeno-associated viruses potentially
useful in the treatment of diabetes, obesity and related complications. For example,
Orellana-Gavalda JM et al. (Orellana-Gavalda JM et al. 2011. Hepatology, 53(3): 821-
32) used adeno-associated viruses to mediate long-term hepatic gene transfer of CPT1A
or its permanently active mutant form CPT1AM, to high-fat-diet-treated and genetically
obese mice and showed that CPT1A- and, to a greater extent, CPT1AM-expressing
mice were protected against obesity-induced weight gain, hepatic steatosis, diabetes,
and obesity-induced insulin resistance.

Doege H. et al. (Doege H. et al. 2008. J Biol Chem, 283(32) :22186-92)
disclosed an adeno-associated virus-mediated RNA interference technique to knock
down the expression of hepatic fatty acid transport protein 5 in vivo prior to or after
establishing NAFLD in mice. This approach protected mice from diet-induced NAFLD
and was able to reverse already established NAFLD, resulting in significantly improved

whole-body glucose homeostasis.
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Accordingly, there is an urgent need for alternative approaches to prevent and

combat the current obesity epidemic and metabolic disorders associated.

SUMMARY OF THE INVENTION

In a first aspect, the invention relates to an adeno-associated viral vector
comprising a recombinant viral genome wherein said recombinant viral genome
comprises an expression cassette comprising a transcriptional regulatory region
operatively linked to a nucleotide sequence encoding BMP4 or a functionally equivalent
variant thereof with the proviso that when the expression cassette comprises a chicken
B-actin promoter and cytomegalovirus enhancer, the Kozak sequence GCCACCATGG
(SEQ ID NO: 1), a nucleotide sequence encoding rat BMP4, a woodchuck hepatitis B
virus post-regulatory element (WPRE) and a bovine growth hormone polyadenilation
signal, and said expression cassette is flanked by AAV2 ITRs, then the serotype of the
adeno-associated viral vector is not AAV2.

In a second aspect, the invention relates to a pharmaceutical composition
comprising an adeno-associated viral vector according to the first aspect of the
invention.

In a third aspect, the invention relates to an associated viral vector according to
the first aspect of the invention or a pharmaceutical composition according to the
second aspect of the invention for use in medicine.

In a fourth aspect, the invention relates to an adeno-associated viral vector
comprising a recombinant viral genome wherein said recombinant viral genome
comprises an expression cassette comprising a transcriptional regulatory region
operatively linked to a nucleotide sequence encoding BMP4 or a functionally equivalent
variant thereof or a pharmaceutical composition comprising said viral vector for use in
the treatment and/or prevention of a disease sclected from the group consisting of
obesity, insulin resistance, type 2 diabetes, liver cirrhosis and non-alcoholic fatty liver
disease (NAFLD)/non-alcoholic steatohepatitis (NASH).

In a fifth aspect, the invention relates to a polynucleotide comprising an
expression cassette flanked by adeno-associated virus ITRs wherein said expression

cassette comprises a transcriptional regulatory region operatively linked to a nucleotide
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sequence encoding BMP4 or a functionally equivalent variant thereof with the proviso
that the expression cassette is not an expression cassette comprising a chicken B-actin
promoter and cytomegalovirus enhancer, the Kozak sequence GCCACCATGG (SEQ
ID NO: 1), a nucleotide sequence encoding rat BMP4, a woodchuck hepatitis B virus
post-regulatory element (WPRE) and a bovine growth hormone polyadenilation signal.
In yet another aspect, the invention relates to a vector or a plasmid comprising a
polynucleotide of the invention.
In yet another aspect, the invention relates to a method for obtaining an adeno-
associated viral vector comprising the steps of:
(1) providing a cell comprising a polynucleotide of the invention , AAV Cap
proteins, AAV Rep proteins and, optionally, viral proteins upon which
AAYV is dependent for replication,
(11) maintaining the cell under conditions adequate for assembly of the AAV
and

(iii)purifying the adeno-associated viral vector produced by the cell.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1. Schematic view of ITR hAAT mBMP4 I'TR construct. The expression
cassette of the invention is formed by a transcriptional regulatory region comprising the
hepatic control region enhancer and the human alpha I-antitrypsin promoter
(HCR/hAAT P) operatively linked to mouse BMP4 cDNA (mBMP4) and further
comprising the SV40 polyadenilation signal (SV40polyA). Said expression cassette is
flanked by adeno-associated terminal repeats (5° AAV ITR and 3 AAV ITR). bp, base
pairs.

Figure 2. Body weight. Body weight of mice injected with AAV expressing
BMP4 and fed with a high fat diet (HFD BMP4) or with a low fat diet (LFD BMP4)
was compared to body weight of mice injected with empty AAV and fed either with a
high fat diet (HFD null) or with a low fat diet (LFD null). * p< 0.05; ** p<0.01

Figure 3. Glucose tolerance test. Glucose and insulin measurements after
glucose tolerance test performed in mice injected with AAV. A) Absolute glucose

levels. B) Glucose percentage of initial fasting level. C) Circulating insulin levels. n =
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11-21. IP, intraperitoneal injection. Min., minutes. B p< 0.1; * p< 0.05; ** p< 0.01; ***
p<0.001

Figure 4. Insulin tolerance test. Glucose measurements after insulin tolerance
test performed in mice injected with AAV. A) Absolute glucose levels. B) Glucose
percentage of initial fasting level. n = 11-21. IP, intraperitoneal injection. Min., minutes.
B p<0.1; * p< 0.05; ** p< 0.01; *** p<(0.001

Figure 5. DEXA Body Composition Scan. Lean tissue mass and fat mass of
high fat-fed mice injected with AAV expressing BMP4 or with empty AAV. A)
Absolute tissue mass. B) Percentage of tissue mass. n = 11-21. B.W., body weight. * p<
0.05; ** p<0.01

Figure 6. Adipose tissue mass. Epididymal (EPI), subcutancous (SC) and
mesenteric (MES) fat depots and also brown adipose tissue mass (BAT) were weighted
after termination of high fat-fed mice injected with AAV expressing BMP4 or with
empty AAV.n=11-21. * p<0.05; ** p< 0.01

Figure 7. Adipocyte size. Adipocyte size measured in epididymal (Epi) and
subcutancous (SC) isolated cells from high fat-fed mice injected with AAV expressing
BMP4 or with empty AAV.n=11-21. * p<0.05; ** p<0.01

Figure 8. Endogenous expression of BMP4. Gene expression of endogenous
BMP4 in subcutaneous adipose tissue (SC fat), liver and gastrocnemius skeletal muscle
was measured by real time RT-PCR. RQ, relative quantification. n = 6-10. B p< 0.1

Figure 9. Expression of beige/brown adipose cell markers. Gene expression of
beige/brown adipocyte markers were measured in subcutancous adipose tissue by real
time RT-PCR. A) HFD BMP4 compared to HFD null, after 16 weeks on high fat diet. n
= 9-11. B) HFD BMP4 + B3 stimulation compared to HFD BMP4 + vehicle saline
(veh), after 12 weeks of high fat diet. n = 8-10. RQ, relative quantification. B p< 0.1; *
p<0.05; ** p<0.01; *** p< 0.001

Figure 10. Anti-UCP1 immunohistochemistry on formalin-fixed, paraffin-
embedded subcutancous adipose tissue biopsies. Areas of multilobular, UCP1 positive
adipocytes were found in HFD-BMP4 mice (two out of five individuals) (A) as
compared to HFD-null mice (B) where these were not found. Furthermore, the

adipocyte size was clearly reduced in all HFD-BMP4 mice compared to HFD-null mice.
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Primary antibody was omitted in negative controls (C). 10x objective used for photo. n
=5.

Figure 11. Expression of markers of fibrosis. Gene expression of markers of
fibrosis was measured in subcutaneous adipose tissue of HFD-BMP4 and HFD-null
mice by real time RT-PCR. n = 9-11. RQ, relative quantification. * p< 0.05; *** p<
0.001

Figure 12. Hematoxylin-cosin morphology staining of formalin-fixed, paraffin-
embedded liver from HFD-BMP4 mice (A) and HFD-null mice (B). n = 4. 10x
objective used for photo.

Figure 13. Expression of oxidative genes. Gene expression of various oxidative
genes was measured in skeletal muscle (gastrocnemius) of HFD-BMP4 and HFD-null
mice by real time RT-PCR. n = 6-7. RQ, relative quantification. B p< 0.1; * p<0.05; **
p<0.01

DESCRIPTION OF THE INVENTION

The authors of the present invention have observed that the administration to
adult mice challenged with high fat diet of an adeno-associated viral vector encoding
BMP4, wherein the polynucleotide encoding BMP4 is under the control of a liver-
specific promoter, produces an improvement in the metabolic profile of said mice
compared to their controls, such as having reduced body weight gain (Example 1),
being more glucose tolerant and having lower circulating insulin levels (Example 2),
being more insulin sensitive (Example 3), and having reduced adipocyte size (Example
6). Furthermore, the subcutancous adipose cells assumed a beige/brown phenotype
(Example 8) demonstrating that these mice have a healthier, more oxidative white
adipose tissue. These findings suggest that BMP4 gene transfer with AAV vectors is a
potential preventive and/or therapeutic option for patients with obesity, insulin
resistance or type 2 diabetes. The authors of the invention have also found that fat in the
liver and associated fibrosis were also reduced in high fat-fed mice treated with adeno-
associated viral vectors encoding BMP4 (Examples 10 and 11) thus suggesting that

BMP4 gene transfer with such vectors is also a potential preventive/therapeutic option
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for those patients having NAFDL/NASH and advanced liver cirrhosis whom cannot be

offered liver transplant or who deteriorate on the waiting list for transplantation.

ADENO-ASSOCIATED VIRAL VECTORS OF THE INVENTION

In a first aspect, the invention relates to an adeno-associated viral (AAV) vector
comprising a recombinant viral genome wherein said recombinant viral genome
comprises an expression cassette comprising a transcriptional regulatory region
operatively linked to a nucleotide sequence encoding BMP4 or a functionally equivalent
variant thereof with the proviso that when the expression cassette comprises a chicken
B-actin promoter and cytomegalovirus enhancer, the Kozak sequence GCCACCATGG
(SEQ ID NO: 1), a nucleotide sequence encoding rat BMP4, a woodchuck hepatitis B
virus post-regulatory element (WPRE) and a bovine growth hormone polyadenilation
signal, and said expression cassette is flanked by AAV2 ITRs, then the serotype of the
adeno-associated viral vector is not AAV2.

The terms “adeno-associated viral vector”, “AAV vector”, “adeno-associated
virus”, “AAV virus”, “AAV virion”, “AAV viral particle” and “AAYV particle”, as used
interchangeably herein, refer to a viral particle composed of at least one AAV capsid
protein (preferably by all of the capsid proteins of a particular AAV serotype) and an
encapsidated recombinant viral genome. The particle comprises a recombinant viral
genome having a heterologous polynucleotide (i.e. a nucleotide sequence encoding
BMP4 or a functionally equivalent variant thereof) and a transcriptional regulatory
region that at least comprises a promoter to be delivered to a mammalian cell flanked by
the AAV inverted terminal repeats and it is typically referred to as an “AAV vector
particle” or “AAV vector”.

AAV refers to viruses belonging to the genus Dependovirus of the Parvoviridae
family. The AAV genome is approximately 4.7 kilobases long and is composed of
linear single-stranded deoxyribonucleic acid (ssDNA) which may be either positive- or
negative-sensed. The genome comprises inverted terminal repeats (ITRs) at both ends
of the DNA strand, and two open reading frames (ORFs): rep and cap. The rep frame is
made of four overlapping genes encoding non-structural replication (Rep) proteins

required for the AAV life cycle. The cap frame contains overlapping nucleotide
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sequences of structural VP capsid proteins: VP1, VP2 and VP3, which interact together
to form a capsid of an icosahedral symmetry. The terminal 145 nt are self-
complementary and are organized so that an energetically stable intramolecular duplex
forming a T-shaped hairpin may be formed. These hairpin structures function as an
origin for viral DNA replication, serving as primers for the cellular DNA polymerase
complex. Following wtAAYV infection in mammalian cells the rep genes (i.e. Rep78 and
Rep52) are expressed from the P5 promoter and the P19 promoter, respectively, and
both Rep proteins have a function in the replication of the viral genome. A splicing
event in the rep ORF results in the expression of actually four Rep proteins (i.e. Rep78,
Rep68, Rep52 and Rep40). However, it has been shown that the unspliced mRNA,
encoding Rep78 and Rep52 proteins, in mammalian cells are sufficient for AAV vector
production. Also in insect cells the Rep78 and Rep52 proteins suffice for AAV vector
production.

The AAV vector of the invention typically lacks rep and cap frames. Such AAV
vectors can be replicated and packaged into infectious viral particles when present in a
host cell that has been transfected with a vector encoding and expressing rep and cap
gene products (i.e. AAV Rep and Cap proteins), and wherein the host cell has been
transfected with a vector which encodes and expresses a protein from the adenovirus
open reading frame E4orf6. In a more preferred embodiment, the AAV recombinant
genome of the AAV vector of the invention lacks the rep open reading frame and/or the
cap open reading frame.

The AAV vector of the invention comprises a capsid from any serotype. In
general, the AAV serotypes have genomic sequences of significant homology at the
amino acid and the nucleic acid levels, provide an identical set of genetic functions, and
replicate and assemble through practically identical mechanisms. In particular, the AAV
of the present invention may belong to the serotype 1 of AAV (AAVI1), AAV2, AAV3
(including types 3A and 3B), AAV4, AAVS5, AAV6, AAV7, AAVSE, AAV9, AAV10,
AAVrh10, AAVI11, avian AAV, bovine AAV, canine AAV, equine AAV, ovine AAV,
and any other AAV not known or later discovered. Examples of the sequences of the
genome of the different AAV serotypes may be found in the literature or in public
databases such as GenBank. For example, GenBank accession numbers NC 001401.2
(AAV2), NC 001829.1 (AAV4), NC 006152.1 (AAVS), AF028704.1 (AAV6),
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NC_006260.1 (AAV7), NC 006261.1 (AAVS), AX753250.1 (AAV9) and AX753362.1
(AAV10). In a preferred embodiment, the adeno-associated viral vector of the invention
comprises a capsid derived from a serotype selected from the group consisting of the
AAV2, AAVS5, AAV7, AAVSE, AAV9, AAV10 and AAVrhl0 serotypes. In a more
preferred embodiment, the serotype of the AAV is AAVS.

If the viral vector comprises sequences encoding the capsid proteins, these may
be modified so as to comprise an exogenous sequence to direct the AAV to a particular
cell type or types, or to increase the efficiency of delivery of the targeted vector to a
cell, or to facilitate purification or detection of the AAV, or to reduce the host response.

The expression “recombinant viral genome”, as used herein, refers to an AAV
genome in which at least one extrancous expression cassette polynucleotide is inserted
into the naturally occurring AAV genome. The genome of the AAV according to the
invention typically comprises the cis-acting 5' and 3' inverted terminal repeat sequences
(ITRs) and an expression cassette.

The term “adeno-associated virus ITRs” or “AAV ITRs”, as used herein, refers
to the inverted terminal repeats present at both ends of the DNA strand of the genome of
an adeno-associated virus. The ITR sequences are required for efficient multiplication
of the AAV genome. Another property of these sequences is their ability to form a
hairpin. This characteristic contributes to its self-priming which allows the primase-
independent synthesis of the second DNA strand. The ITRs were also shown to be
required for both integration of the wild-type AAV DNA into the host cell genome (i.e.
19" chromosome in humans) and rescue from it, as well as for efficient encapsidation of
the AAV DNA combined with generation of a fully assembled, deoxyribonuclease-
resistant AAV particles. The ITR sequences are about 145 bp in length. Preferably,
substantially the entire sequences encoding the I'TRs are used in the molecule, although
some degree of minor modification of these sequences is permissible. A wild-type
sequence may be altered by insertion, deletion, truncation or missense mutation, as long
as the ITR mediates the desired functions, e.g. replication, nicking, virus packaging,
integration, and/or provirus rescue, and the like. Procedures for modifying these ITR
sequences are known in the art (Brown T, “Gene Cloning”, Chapman & Hall, London,
GB, 1995; Watson R, et al., “Recombinant DNA”, 2nd Ed. Scientific American Books,
New York, NY, US, 1992; Alberts B, ef al., “Molecular Biology of the Cell”, Garland
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Publishing Inc., New York, NY, US, 2008; Innis M, et al., Eds., “PCR Protocols. A
Guide to Methods and Applications”, Academic Press Inc., San Diego, CA, US, 1990;
and Schleef M, Ed., “Plasmid for Therapy and Vaccination”, Wiley-VCH Verlag
GmbH, Weinheim, DE, 2001). The ITR may be from any AAV, including but not
limited to serotypes 1, 2, 3,4, 5,6, 7, 8,9, 10, 11 or 12 or any other AAV known or
later discovered. The AAV comprises two ITRs, which may be the same or different.
Further, the two AAV ITRs can be from the same AAV serotype as the AAV capsid, or
can be different. In a preferred embodiment, the 5° and 3° AAV ITRs derive from
AAV1, AAV2, AAV4, AAVS5, AAVT, AAV9 and/or AAVS. Preferably ITRs are from
AAV2 or AAVS, being AAV2 the most preferred. In one embodiment, the AAV2 ITRs
are selected to generate a pseudotyped AAV (i.e. an AAV having a capsid and ITRs
derived from different serotypes). In a more preferred embodiment, the 5> AAV ITR has
a sequence SEQ ID NO: 2. In a more preferred embodiment the 3> AAV ITR has a
sequence SEQ ID NO: 3.

In another embodiment, the serotype of the adeno-associated viral vector is not
AAV2,

The term “expression cassette”, as used herein, refers to a nucleic acid construct,
generated recombinantly or synthetically, with a series of specified nucleic acid
elements, which permit transcription of a particular nucleic acid in a target cell. The
expression cassette of the recombinant viral genome of the AAV vector of the invention
comprises a transcriptional regulatory region operatively linked to a nucleotide
sequence encoding BMP4 or a functionally equivalent variant thereof.

The term “transcriptional regulatory region”, as used herein, refers to a nucleic
acid fragment capable of regulating the expression of one or more genes. The
transcriptional regulatory region of the invention includes a promoter and, optionally, an
enhancer.

In an embodiment, the transcriptional regulatory region comprises a promoter.

The term “promoter”, as used herein, refers to a nucleic acid fragment that
functions to control the transcription of one or more polynucleotides, located upstream
the polynucleotide sequence(s), and which is structurally identified by the presence of a
binding site for DNA-dependent RNA polymerase, transcription initiation sites, and any

other DNA sequences including, but not limited to, transcription factor binding sites,
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repressor, and activator protein binding sites, and any other sequences of nucleotides
known in the art to act directly or indirectly to regulate the amount of transcription from
the promoter. Any kind of promoters may be used in the invention including inducible
promoters, constitutive promoters and tissue-specific promoters.

In an embodiment, the promoter is an inducible promoter. The expression
“inducible promoter”, as used herein, refers to a promoter that is physiologically or
developmentally regulated, e.g. by the application of a chemical inducer. For example,
it can be a tetracycline-inducible promoter, a mifepristone (RU-486)-inducible promoter
and the like.

In another embodiment, the promoter is a constitutive promoter. The expression
“constitutive promoter”, as used herein, refers to a promoter whose activity is
maintained at a relatively constant level in all cells of an organism, or during most
developmental stages, with little or no regard to cell environmental conditions. In a
preferred embodiment, the transcriptional regulatory region allows constitutive
expression of BMP4, Examples of constitutive promoters include, without limitation,
the retroviral Rous sarcoma virus (RSV) LTR promoter (optionally with the RSV
enhancer), the cytomegalovirus (CMV) promoter (optionally with the CMV enhancer),
the SV40 promoter, the dihydrofolate reductase promoter, the P-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EFla promoter (Boshart M, et al.,
Cell 1985; 41:521-530). Preferably, the constitutive promoter is suitable for expression
of BMP4 in liver and include, without limitation, a promoter of hypoxanthine
phosphoribosyl transferase (HPTR), a promoter of the adenosine deaminase, a promoter
of the pyruvate kinase, a promoter of B-actin, an elongation factor 1 alpha (EF1)
promoter, a phosphoglycerate kinase (PGK) promoter, a ubiquitin (Ubc) promoter, an
albumin promoter, and other constitutive promoters. Exemplary viral promoters which
function constitutively in ecukaryotic cells include, for example, the SV40 ecarly
promoter region (Bernoist and Chambon, 1981, Nature 290:304-310), the promoter
contained in the 3' long terminal repeat of Rous sarcoma virus (Yamamoto et al., 1980,
Cell 22:787-797), or the herpes thymidine kinase promoter (Wagner et al., 1981, Proc.
Natl. Acad. Sci. U.S.A. 78:1441-1445). In an embodiment, the constitutive promoter is

the B-actin promoter. The B-actin promoter may be derived from any mammal,
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including human and rodent, or bird, including chicken. Preferably, a chicken B-actin
promoter is used.

In another embodiment, the promoter may be a tissue-specific promoter. A
“tissue-specific” promoter is only active in specific types of differentiated cells or
tissues. Typically, the downstream gene in a tissue-specific promoter is one which is
active to a much higher degree in the tissue(s) for which it is specific than in any other.
In this case there may be little or substantially no activity of the promoter in any tissue
other than the one(s) for which it is specific.

Preferably, the promoter is a liver-specific promoter. The term “liver-specific
promoter”, as used herein, refers to a nucleic acid sequence that serves as a promoter
(i.e. regulates expression of a selected nucleic acid sequence operably linked to the
promoter), and which affects the expression of a selected nucleic acid sequence in
specific tissue cells, such as hepatocytes. Typically, a liver-specific promoter is more
active in liver as compared to its activity in any other tissue in the body. The liver-
specific promoter can be constitutive or inducible. Suitable liver-specific promoters
include, without limitation, an [alpha]l-anti-trypsin (AAT) promoter, a thyroid
hormone-binding globulin promoter, an alpha fetoprotein promoter, an alcohol
dehydrogenase promoter, the factor VIII (FVIII) promoter, a HBV basic core promoter
(BCP) and PreS2 promoter, an albumin promoter, a -460 to 73 pb phosphoenol pyruvate
carboxykinase (PEPCK) promoter, a thyroxin-binding globulin (TBG) promoter, an
Hepatic Control Region (HCR)-ApoCII hybrid promoter, an HCR-hAAT hybrid
promoter, an AAT promoter combined with the mouse albumin gene enhancer (Ealb)
element, an apolipoprotein E promoter, a low density lipoprotein promoter, a pyruvate
kinase promoter, a lecithin-cholesterol acyl transferase (LCAT) promoter, an
apolipoprotein H (ApoH) promoter, the transferrin promoter, a transthyretin promoter,
an alpha-fibrinogen and beta-fibrinogen promoters, an alpha 1-antichymotrypsin
promoter, an alpha 2-HS glycoprotein promoter, an haptoglobin promoter, a
ceruloplasmin promoter, a plasminogen promoter, promoters of the complement
proteins (Clq, Clr, C2, C3, C4, C5, C6, C8, C9, complement Factor I and Factor H), C3
complement activator and the [alpha]l-acid glycoprotein promoter. Additional tissue-
specific promoters may be found in the Tissue-Specific Promoter Database, TiProD

(Nucleic Acids Research, J4:D104-D107 (2006)). In a more preferred embodiment, the
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liver-specific promoter is selected from the group consisting of albumin promoter,
phosphoenol pyruvate carboxykinase (PEPCK) promoter and alpha 1-antitrypsin
promoter; more preferably alpha 1-antitrypsin promoter; even more preferably human
alpha I-antitrypsin promoter.

In another embodiment, the promoter is a skeletal muscle-specific promoter. The
term “skeletal muscle-specific promoter”, as used herein, refers to a nucleic acid
sequence that serves as a promoter (i.e. regulates expression of a selected nucleic acid
sequence operably linked to the promoter), and which affects the expression of a
selected nucleic acid sequence in specific tissue cells of skeletal muscle. Examples of
skeletal muscle-specific promoters include, without limitation, myosin light chain
promoter (MLC) and the muscle creatine kinase promoter (MCK).

In another embodiment, the transcriptional regulatory region further comprises
an enhancer operatively linked to the promoter.

The term “enhancer”, as used herein, refers to a DNA sequence element to
which transcription factors bind to increase gene transcription. Examples of enhancers
may be, without limitation, RSV enhancer, CMV enhancer, HCR enhancer, etc. In a
preferred embodiment, the enhancer is a liver-specific enhancer, more preferably a
hepatic control region enhancer (HCR).

If the promoter is liver-specific, then the enhancer need not be liver-specific as
well. Alternatively, the transcriptional regulatory region may comprise a liver-specific
promoter and a liver-specific enhancer.

In a preferred embodiment, the liver-specific transcriptional-regulatory region of
the AAV vector according to the invention comprises the liver-specific enhancer HCR
(hepatic control region enhancer) and the liver-specific promoter alpha 1-antitrypsin
promoter, preferably the human alpha 1-antitrypsin promoter. In a more preferred
embodiment, the liver-specific transcriptional-regulatory region has the sequence SEQ
ID NO: 4.

Although any tissue-specific transcriptional regulatory region may be used in the
AAV vector of the present invention, in a particular embodiment the transcriptional
regulatory region is not an adipose tissue-specific transcriptional regulatory region.

The expression “adipose tissue-specific transcriptional regulatory region”, as

used herein, relates to a nucleic acid sequence that serves as a promoter (i.e. regulates
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expression of a selected nucleic acid sequence operably linked to the promoter), and
which affects the expression of a selected nucleic acid sequence in specific tissue cells
such as adipocytes. The adipose tissue-specific transcriptional regulatory region can be
constitutive or inducible. Exemplary adipose tissue-specific promoters are, without
limitation, the adipocyte protein 2 (aP2, also known as fatty acid binding protein 4
(FABP4), the PPARy promoter, the adiponectin promoter, the phosphoenolpyruvate
carboxykinase (PEPCK) promoter, the promoter derived from human aromatase
cytochrome p450 (p450arom), or the Foxa-2 promoter. The adipose tissue-specific
enhancer may be, without limitation, the adipose-specific aP2 enhancer and the adipose-
specific UCP1 enhancer.

The transcriptional regulatory region of the expression cassette is operatively
linked to a nucleotide sequence encoding BMP4 or a functionally equivalent variant
thereof.

The expression “operatively linked”, as used herein, refers to the functional
relation and location of a promoter sequence with respect to a polynucleotide of interest
(e.g. a promoter or enhancer is operably linked to a coding sequence if it affects the
transcription of the sequence). Generally, a promoter operatively linked is contiguous to
the sequence of interest. However, an enhancer does not have to be contiguous to the
sequence of interest to control its expression. In a preferred embodiment, the promoter
and the nucleotide sequence encoding BMP4 or a functionally equivalent variant thereof
are separated by an intron, preferably said intron has the sequence SEQ ID NO: 5.

The term “nucleotide sequence”, is used herein interchangeably with
“polynucleotide”, and relates to any polymeric form of nucleotides of any length. Said
nucleotide sequence encodes BMP4 protein or a functionally equivalent variant thereof.

The term “BMP4”, as used herein, is used interchangeably with the term “bone
morphogenetic protein 4” and relates to a member of the bone morphogenetic protein
family which is part of the transforming growth factor-beta superfamily. The bone
morphogenetic protein family has central roles in regulating stem cell development,
particularly in skeletal development as the name indicates. In addition to skeletal
development, BMP4 also has central roles in committing stem cells/precursor cells to
the white and brown adipocyte lineages. The invention contemplates the use of

polynucleotides encoding BMP4 from any animal species. Suitable BMP4 molecules



10

15

20

25

30

WO 2016/041588 PCT/EP2014/069743

15

useful for the invention include, without limitation, human BMP4, which corresponds to
the sequence of the NCBI database with accession number NP_001193.2 dated 3 May
2014, or to the sequence of the NCBI database with accession number NP _570911.2
dated 27 April 2014, or to the sequence of the NCBI database with accession number
NP _570912.2 dated 27 April 2014, or to the predicted sequence of the NCBI database
corresponding to isoform X1 having accession number XP 005268072.1 dated 3
February 2014. The invention also contemplates the use of BMP4 from different animal
species, such as, without limitation, mouse BMP4, which corresponds to the sequence
of the NCBI database with accession number NP_031580.2 dated 27 April 2014; rat
BMP4, which corresponds to the sequence of the NCBI database with accession number
NP 036959.2 dated 10 August 2014; chicken BMP4, which corresponds to the
sequence of the NCBI database with accession number NP_990568.3 dated 4 May
2014; bovine BMP4 which corresponds to the sequence of the NCBI database with
accession number NP 001039342.1 dated 26 January 2014; pig BMP4 which
corresponds to the sequence of the NCBI database with accession number
NP_001094501.1 dated 4 May 2014; rabbit BMP4 which corresponds to the sequence
of the NCBI database with accession number NP_001182652.1 dated 12 March 2014;
sheep BMP4 which corresponds to the sequence of the NCBI database with accession
number NP_001103747.1 dated 18 April 2013; goat BMP4 which corresponds to the
sequence of the NCBI database with accession number NP _001272575.1 dated 29
December 2013.

In a preferred embodiment, BMP4 is sclected from the group consisting of
human BMP4 and mouse BMP4, preferably is from human origin.

The skilled person will appreciate that BMP4 is synthesized as an inactive
preproprotein containing a signal peptide region, a pre-peptide region and a mature
chain. The signal peptide directs the protein to the secretory pathway. Dimerization of
the BMP4 preproprotein occurs by forming an intermolecular disulphide bond. Then, it
is cleaved posttranslationally by members of the subtilisin-like proprotein convertase
family, to obtain an active carboxyl-terminal mature BMP4 protein dimer, which is then
secreted outside the cell. Thus, the nucleotide sequence present in the viral vector of the
invention may encode for the full-length precursor form, which should then be

processed by the target cell machinery. Alternatively, it is also possible to include a
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polynucleotide encoding the propeptide fused to a heterologous signal sequence. The
expression “‘signal sequence”, as used herein, refers to a DNA sequence at the 5' end of
a structural gene which is transcribed and translated along with the gene. The leader
usually results in the protein having an N-terminal peptide extension sometimes called a
pro-sequence. For proteins destined for either secretion to the extracellular medium or
the membrane, this signal sequence directs the protein into endoplasmic reticulum from
which it is discharged to the appropriate destination. The leader sequence normally is
encoded by the desired nucleic acid, synthetically derived or isolated from a different
gene sequence. Heterologous sequences suitable as signal sequences for promoting
secretion of the polynucleotide of the invention include the signal sequences of gelsolin,
albumin, fibrinogen, among others, and the signal peptides from tissue plasminogen
activator, insulin, and neuron growth factor (NGF).

The skilled person will also appreciate that, as long as the length of the viral
genome does not exceed the packaging size limit of the viral capsid, the viral genome of
the AAV vector of the invention may comprise part or all of the genomic sequence
encoding BMP4, in which case, the coding region of BMP4 will be interrupted by
intronic regions.

The invention also contemplates recombinant viral genomes which comprise
nucleotide sequences encoding BMP4 variants and fragments known in the art. Thus,
the invention should be construed to include DNA encoding functional equivalent
variants of BMP4.

The term “functional equivalent variant”, as used herein, relates to any
polypeptide substantially homologous to the sequences of BMP4 defined above and that
preserves the biological activity of BMP4. The sequence of such functional equivalent
variants can be obtained from the sequence of BMP4 as defined above by means of
insertion, substitution or deletion of one or more amino acids and which substantially
preserves the biological activity of BMP4. Methods for determining whether a variant
preserves the biological activity of the native BMP4 are widely known to the skilled
person and include any of the assays used in the experimental part of said application.
Particularly, functionally equivalent variants of BMP4 encompassed by the present

invention have at least one of the functions of BMP4 such as, without limitation:



10

15

20

25

30

WO 2016/041588 PCT/EP2014/069743

17

the ability to reduce body weight gain as disclosed in Example 1 of the
present invention. A method suitable for determining the reduction in body
weight is detailed in the Materials and Methods section of the present
invention.

the ability to reduce circulating insulin levels and induce glucose tolerance as
disclosed in Example 2 of the present invention. A method suitable for
determining said parameters is detailed in the Materials and Methods section
of the present invention.

the ability to induce insulin sensitivity as disclosed in Example 3 of the
present invention. A method suitable for determining said parameter is
detailed in the Materials and Methods section of the present invention.

the ability to reduce fat mass and increase lean tissue as disclosed in
Example 4 of the present invention. A method for determining said
parameters is detailed in the Materials and Methods section of the present
invention.

the ability to reduce eipidymal, subcutancous and/or mesenteric fat depots as
disclosed in Example 5 of the present invention. A method for determining
said parameter is detailed in the Materials and Methods section of the present
invention.

the ability to reduce adipocyte size as disclosed in Example 6 of the present
invention. A method suitable for determining said parameter is detailed in
the Materials and Methods section of the present invention.

the ability to induce a beige/brown phenotype in subcutancous adipose cells
as disclosed in Example 8 of the present invention. A method suitable for
determining said activity is detailed in the Materials and Methods section of
the present invention.

the ability to reduce fat accumulation in liver as disclosed in Example 11 of
the present invention. A method suitable for determining said fat
accumulation is detailed in the Materials and Methods section of the present

invention.
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- the ability to reduce liver fibrosis as disclosed in Example 10 of the present
invention. A method suitable for determining liver fibrosis is detailed in the
Materials and Methods section of the present invention.

- the ability to improve oxidative phenotype in skeletal muscle as disclosed in
Example 12 of the present invention. A method suitable for determining said
activity is detailed in the Materials and Methods section of the present
invention.

In a preferred embodiment, a polypeptide is considered a functionally equivalent
variant of BMP4 if it shows an ability in any of the functions detailed below that is at
least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% or 100% of the ability of the
BMP4 of any of the sequences referred above, preferably of the sequence of the NCBI
database with accession number NP_031580.2 dated 27 April 2014, more preferably of
the sequence SEQ ID NO: 7.

The functionally equivalent variants of BMP4 are polypeptides substantially
homologous to the native BMP4. The expression “substantially homologous”, relates to
a protein sequence when said protein sequence has a degree of identity with respect to
the BMP4 sequences described above of at least 50%, at least 55%, at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98% or at least 99%. The degree of identity between two polypeptides is determined
using computer algorithms and methods that are widely known for the persons skilled in
the art. The identity between two amino acid sequences is preferably determined by
using the BLASTP algorithm [BLAST Manual, Altschul, S., et al., NCBI NLM NIH
Bethesda, Md. 20894, Altschul, S., et al., J. Mol. Biol. 215: 403-410 (1990)], though
other similar algorithms can also be used. BLAST and BLAST 2.0 are used, with the
parameters described herein, to determine percent sequence identity. Software for
performing BLAST analyses is publicly available through the National Center for
Biotechnology Information.

Functionally equivalent variants of BMP4 may be obtained by replacing
nucleotides within the polynucleotide accounting for codon preference in the host cell
that is to be used to produce the BMP4. Such "codon optimization" can be determined

via computer algorithms which incorporate codon frequency tables such as "Human
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high.cod" for codon preference as provided by the University of Wisconsin Package
Version 9.0, Genetics Computer Group, Madison, Wis.

Functionally equivalent variants of BMP4 may be generated by making
conservative amino acid changes and testing the resulting variant in one of the
functional assays described above or another functional assay known in the art.
Conservative amino acid substitutions refer to the interchangeability of residues having
similar side chains. For example, a group of amino acids having aliphatic side chains is
glycine, alanine, valine, leucine, and isoleucine; a group of amino acids having
aliphatic-hydroxyl side chains is serine and threonine; a group of amino acids having
amide-containing side chains is asparagine and glutamine; a group of amino acids
having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group of
amino acids having basic side chains is lysine, arginine, and histidine; and a group of
amino acids having sulfur-containing side chains is cysteine and methionine. Preferred
conservative amino acids substitution groups are: valine-leucine-isoleucine,
phenylalanine-tyrosine, lysine-arginine, alanine-valine, and asparagine-glutamine.

The expression cassette of the AAV vector of the invention comprises a
nucleotide sequence encoding BMP4 or a functionally equivalent variant thereof. In an
embodiment, said nucleotide sequence is the nucleotide sequence encoding mouse
BMP4, which corresponds to the sequence of the NCBI database with accession number
NM _007554.2 dated 27 April 2014, more preferably it is SEQ ID NO: 6. In a preferred
embodiment, the nucleotide sequence is a variant of the nucleotide sequence encoding
mouse BMP4, preferably is SEQ ID NO: 7. In a more preferred embodiment, said
nucleotide sequence is the nucleotide sequence encoding human BMP4 SEQ ID NO: 8.
In a more preferred embodiment, the nucleotide sequence is a variant of the nucleotide
sequence encoding human BMP4.

The expression cassette which forms part of the AAV of the invention further
comprises expression control sequences including, but not limited to, appropriate
transcription sequences (i.c. initiation, termination, promoter, and enhancer), efficient
RNA processing signals (e.g. splicing and polyadenylation (polyA) signals), sequences
that stabilize cytoplasmic mRNA, sequences that enhance translation efficiency (i.e.
Kozak consensus sequence), sequences that enhance protein stability, and when desired,

sequences that enhance secretion of the encoded product. A great number of expression
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control sequences are known in the art and may be utilized according to the present
invention.

In another embodiment, the expression cassette which forms part of the AAV
vector of the invention further comprises a post-transcriptional regulatory region. The
term “‘post-transcriptional regulatory region”, as used herein, refers to any
polynucleotide that facilitates the expression, stabilization, or localization of the
sequences contained in the cassette or the resulting gene product. The post-
transcriptional regulatory region may be, without limitation, the Woodchuck Hepatitis
Virus post-transcriptional region (WPRE).

In another embodiment, the expression cassette further comprises a
polyadenylation signal.

The term “polyadenylation signal”, as used herein, relates to a nucleic acid
sequence that mediates the attachment of a polyadenine stretch to the 3' terminus of the
mRNA. Suitable polyadenylation signals include, without limitation, the SV40 ecarly
polyadenylation signal, the SV40 late polyadenylation signal, the HSV thymidine
kinase polyadenylation signal, the protamine gene polyadenylation signal, the
adenovirus 5 EIb polyadenylation signal, the bovine growth hormone polyadenylation
signal, the human variant growth hormone polyadenylation signal and the like.

In a particular embodiment, the polyadenylation signal is SV40polyA or
functional variants and fragments thereof, preferably SV40polyA. In a more preferred
embodiment, the nucleotide sequence of SV40poly A is SEQ ID NO: 9.

In a preferred embodiment, the adeno-associated viral vector of the invention
cormprises a recombinant viral genome comprising a nucleotide sequence containing an
expression cassette comprising in the 5’ to 3’ direction, (i) a 5° AAV2 ITR, (i) a
hepatic control region (HCR) enhancer, (iii)) a human alpha Il-antitrypsin promoter
(hAAT), (iv) the mouse BMP4 cDNA or a functionally equivalent variant thereof, (v)
the SV40 polyadenilation signal (SV40polyA), and (vi) a 3> AAV2 ITR. Those skilled
in the art will appreciate that the vector genome can comprise other sequences (e.g.
intervening sequences between the sequences specifically described above). In an
embodiment, said nucleotide sequence is SEQ ID NO: 10.

In a preferred embodiment, the recombinant viral genome comprises the

nucleotide sequence SEQ ID NO: 11. Specifically, the 5> AAV ITR comprises
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nucleotides 1-133, the HCR/hAAT promoter comprises nucleotides 199-1292, the
intron comprises nucleotides 1336-1420, the mouse BMP4 cDNA insert comprises
nucleotides 1557-2794, the SV40 polyA comprises nucleotides 2820-2986 and the 3’
AAV ITR comprises nucleotides 3145-3285 of SEQ ID NO: 11.

In another embodiment, the recombinant viral genome comprises the nucleotide
sequence of human BMP4 cDNA or a functionally equivalent variant thereof.
Preferably, said nucleotide sequence is SEQ ID NO: 12.

The adeno-associated viral vector according to the first aspect of the invention
may be any AAV comprising a recombinant viral genome wherein said recombinant
viral genome comprises an expression cassette comprising a transcriptional regulatory
region operatively linked to a nucleotide sequence encoding BMP4 or a functionally
equivalent variant thereof with the exception that when the expression cassette
comprises in the 5’ to 3’ direction, (i) a chicken B-actin promoter and cytomegalovirus
enhancer, (i1) the Kozak sequence GCCACCATGG (SEQ ID NO: 1), (iii) a nucleotide
sequence encoding rat BMP4, (iv) a woodchuck hepatitis B virus post-regulatory
element (WPRE), and (v) a bovine growth hormone polyadenilation signal, and said
expression cassette is flanked by AAV2 ITRs, then the serotype of the adeno-associated
viral vector is not AAV2.

Components (i) to (v) have the meaning typically understood by the person
skilled in the art.

The chicken p-actin promoter and cytomegalovirus enhancer forms a
combination known as CAG regulatory region (Alexopoulou A. et al. BMC Cell
Biology 2008; 9(2):1-11).

The term “Kozak sequence”, as used herein, refers to the Kozak consensus
sequence in the 57 to 3’ direction GCCACCATGG (SEQ ID NO: 1) that enhances
translation efficiency.

The term “woodchuck hepatitis B virus post-regulatory element” or “WPRE”, as
used herein, refers to a DNA sequence that, when transcribed, creates a tertiary structure
capable of enhancing the expression of a gene (Lee Y, et al., Exp. Physiol. 2005;
90(1):33-37 and Donello J, et al., J. Virol. 1998; 72(6):5085-5092).
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The term “bovine growth hormone polyadenilation signal”, as used herein, refers
to a polyadenylation signal known by the person skilled in the art (Goodwin E.C. and
Rottman, F.M. 1992. J Biol Chem, 267:16330-16334).

Modified AAV sequences also can be used in the context of the present
invention. Such modified sequences e.g. include sequences having at least about 70%,
at least about 75%, at least about 80%, at least about 85%, at least about 90%, at least
about 95% or more nucleotide and/or amino acid sequence identity (e.g. a sequence
having about 75-99% nucleotide or amino acid sequence identity) to an AAV ITR, Rep
or VP of any of the 42 serotypes known and that maintain the function of said
components. Assays for determining the function of AAV ITR, Rep or VP are known in
the art. Said modified sequences can be used in place of wild-type AAV ITR, Rep or

VP sequences.

PHARMACEUTICAL COMPOSITIONS OF THE INVENTION

The AAV vector of the invention can be administered to the human or animal
body by conventional methods, which require the formulation of said vectors in a
pharmaceutical composition. Thus, in a second aspect, the invention relates to a
pharmaceutical composition (hereinafter referred to as “pharmaceutical composition of
the invention™) comprising an AAV vector according to the first aspect of the invention,
wherein the adeno-associated viral vector comprises a recombinant viral genome
wherein said recombinant viral genome comprises an expression cassette comprising a
transcriptional regulatory region operatively linked to a nucleotide sequence encoding
BMP4 or a functionally equivalent variant thereof with the proviso that when the
expression cassette comprises a chicken [-actin promoter and cytomegalovirus
enhancer, the Kozak sequence GCCACCATGG (SEQ ID NO: 1), a nucleotide sequence
encoding rat BMP4, a woodchuck hepatitis B virus post-regulatory element (WPRE)
and a bovine growth hormone polyadenilation signal, and said expression cassette is
flanked by AAV2 ITRs, then the serotype of the adeno-associated viral vector is not
AAV2.
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All the embodiments disclosed in the context of the adeno-associated viral
vectors of the invention are also applicable to the pharmaceutical compositions of the
invention.

Said pharmaceutical composition may include a therapeutically effective
quantity of the AAV vector of the first aspect of the invention and a pharmaceutically
acceptable carrier.

The term “therapeutically effective quantity” refers to the quantity of the AAV
vector of the invention calculated to produce the desired effect and will generally be
determined, among other reasons, by the own features of the viral vector of the
invention and the therapeutic effect to be obtained. The quantity of the viral vector of
the invention that will be effective in the treatment of a disease can be determined by
standard clinical techniques described herein or otherwise known in the art.
Furthermore, in vitro tests can also be optionally used to help identify optimum dosage
ranges. The precise dose to use in the formulation will depend on the administration
route, and the severity of the condition, and it should be decided at the doctor’s
judgement and depending on each patient’s circumstances. The effective doses can be
extrapolated from a pair of response curves to doses derived from model in vitro assay
systems or in animals. For systemic administration, a therapeutically effective dose can
be initially estimated from in vitro assays. Said information can be used to precisely
determine useful doses in humans. The initial doses can also be estimated from in vivo
data (e.g. animal models) using techniques well known in the state of the art. Someone
with normal experience in the state of the art can ecasily optimize administration to
humans based on the data in animals.

The dosage of the formulation can be measured or calculated as viral particles or
as genome copies (“GC”)/viral genomes (“vg”).

Any method known in the art can be used to determine the genome copy (GC)
number of the viral compositions of the invention. One method for performing AAV
GC number titration is as follows: purified AAV vector samples are first treated with
DNase to climinate un-encapsidated AAV genome DNA or contaminating plasmid
DNA from the production process. The DNase resistant particles are then subjected to

heat treatment to release the genome from the capsid. The released genomes are then
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quantitated by real-time PCR using primer/probe sets targeting specific region of the
viral genome.

Also, the viral compositions can be formulated in dosage units to contain an
amount of viral vectors that is in the range of about 1.0 x 10° GC to about 1.0 x 10"° GC
(to treat an average subject of 70 kg in body weight), and preferably 1.0 x 10" GC to
1.0 x 10" GC for a human patient. Preferably, the dose of virus in the formulation is 1.0
x 10” GC, 5.0 X 10° GC, 1.0 X 10" GC, 5.0 X 10" GC, 1.0 X 10" GC, 5.0 X 10" GC,
1.0 X 10" GC, 5.0 X 10"* GC, or 1.0 x 10" GC, 5.0 X 10" GC, 1.0 X 10'* GC, 5.0 X
10" GC, or 1.0 x 10" GC.

EE TS

The terms “pharmaceutically acceptable carrier,” “pharmaceutically acceptable

EE Y

diluent,” “pharmaceutically acceptable excipient”, or “pharmaceutically acceptable
vehicle”, used interchangeably herein, refer to a non-toxic solid, semisolid, or liquid
filler, diluent, encapsulating material, or formulation auxiliary of any conventional type.
A pharmaceutically acceptable carrier is essentially non-toxic to recipients at the
employed dosages and concentrations and is compatible with other ingredients of the
formulation. The number and the nature of the pharmaceutically acceptable carriers
depend on the desired administration form. The pharmaceutically acceptable carriers are
known and may be prepared by methods well known in the art (Fauli i Trillo C,
“Tratado de Farmacia Galénica”. Ed. Luzan 5, S.A., Madrid, ES, 1993; Gennaro A, Ed.,
“Remington: The Science and Practice of Pharmacy” 20th ed. Lippincott Williams &
Wilkins, Philadelphia, PA, US, 2003).

The pharmaceutical composition can be formulated in accordance with routine
procedures as a pharmaceutical composition adapted for intravenous, subcutaneous, or
intramuscular administration to human beings.

The AAV vector may be formulated for parenteral administration by injection
(c.g. by bolus injection or continuous infusion). Formulations for injection may be
presented in unit dosage form (e.g. in ampoules or in multi-dose containers) with an
added preservative. The viral compositions may take such forms as suspensions,
solutions, or emulsions in oily or aqueous vehicles, and may contain formulatory agents
such as suspending, stabilizing, or dispersing agents. Liquid preparations of the AAV
formulations may be prepared by conventional means with pharmaceutically acceptable

additives such as suspending agents (e.g. sorbitol syrup, cellulose derivatives or
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hydrogenated edible fats), emulsifying agents (e.g. lecithin or acacia), non-aqueous
vehicles (e.g. almond oil, oily esters, ethyl alcohol or fractionated vegetable oils), and
preservatives (e.g. methyl or propyl-p-hydroxybenzoates or sorbic acid). The
preparations may also contain buffer salts. Alternatively, the compositions may be in
powder form for constitution with a suitable vehicle (e.g. sterile pyrogen-free water)
before use. When necessary, the composition may also include a local anaesthetic such
as lidocaine to relieve pain at the injection site. When the composition is going to be
administered by infiltration, it can be dispensed with an infiltration bottle which
contains water or saline solution of pharmaceutical quality. When the composition is
administered by injection, a water vial can be provided for injection or sterile saline
solution, so that the ingredients can be mixed before administration. Preferably, the
pharmaceutically acceptable carrier is saline solution and a detergent such as Pluronic®.

Compositions of the invention may be formulated for delivery to animals for
veterinary purposes (e.g. livestock (cattle, pigs, others)), and other non-human
mammalian subjects, as well as to human subjects. The AAV vector can be formulated
with a physiologically acceptable carrier for use in gene transfer and gene therapy
applications.

Also encompassed is the use of adjuvants in combination with or in admixture
with the AAV vector of the invention. Adjuvants contemplated include, but are not
limited to, mineral salt adjuvants or mineral salt gel adjuvants, particulate adjuvants,
microparticulate adjuvants, mucosal adjuvants.

Adjuvants can be administered to a subject as a mixture with the AAV vector of
the invention, or used in combination said AAV vector.

The pharmaceutical composition of the invention may be administered locally or
systemically. In an embodiment, the pharmaceutical composition is administered near
the tissue or organ whose cells are to be transduced. In a particular embodiment, the
pharmaceutical composition of the invention is administered locally in liver by injection
into the liver parenchyma. In another preferred embodiment, the pharmaceutical
composition of the invention is administered systemically.

Systemic administration includes a systemic injection of the AAV vectors of the
invention, such as intramuscular (im), intravascular (ie), intra-arterial (ia), intravenous

(iv), intraperitoneal (ip), or sub-cutancous injections. Preferably, the systemic
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administration is via im, ip, ia or iv injection. Most preferably, the AAV vectors of the
invention are administered via intravenous injection.

In a preferred embodiment the pharmaceutical compositions of the invention are
delivered to the liver of the subject. Administration to the liver may be achieved by any
method known in the art, including, but not limited to intravenous administration,
intraportal administration, intrabiliary administration, intra-arterial administration, and
direct injection into the liver parenchyma. In a preferred embodiment, the
pharmaceutical composition is administered intravenously.

The pharmaceutical compositions of the invention may be administered in a
single dose or, in particular embodiments of the invention, multiple doses (e.g. two,
three, four, or more administrations) may be employed to achieve a therapeutic effect.
Preferably, the AAV vector comprised in the pharmaceutical composition of the
invention are from different serotypes when multiple doses are required to obviate the

effects of neutralizing antibodies.

THERAPEUTIC METHODS OF THE INVENTION

AAV vectors may be utilized for the purpose of transferring DNA into cells in
vivo, particularly for facilitating the delivery of BMP4 to a subject in need thereof by
administering the AAV vectors of the invention to the patient, thus generating cells
capable of expressing BMP4 in vivo. Since BMP4 is a secreted polypeptide, it can be
secreted by the cells, allowing the systemic delivery of BMP4.

In a third aspect, the invention relates to an AAV vector according to the first
aspect of the invention or a pharmaceutical composition according to the second aspect
of the invention for use in medicine.

The authors of the present invention have demonstrated that increased
circulating BMP4 produced by the AAV vectors of the invention can improve the
metabolic profile in obesity. They have also shown that fat in the liver and associated
fibrosis was also reduced in high fat-fed mice indicating that the AAV vectors of the
invention may be useful as gene therapy for non-alcoholic fatty liver disease/non-

alcoholic steatohepatitis (NAFLD/NASH) and cirrhosis.
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Therefore, the AAV vectors of the invention have been proven useful for the
gene therapy of metabolic diseases, particularly obesity, insulin resistance, type 2
diabetes, liver cirrhosis and NAFLD/NASH.

In a fourth aspect, the invention relates to an adeno-associated viral vector
comprising a recombinant viral genome wherein said recombinant viral genome
comprises an expression cassette comprising a transcriptional regulatory region
operatively linked to a nucleotide sequence encoding BMP4 or a functionally equivalent
variant thereof or a pharmaceutical composition comprising said viral vector for use in
the treatment and/or prevention of a disease sclected from the group consisting of
obesity, insulin resistance, type 2 diabetes, liver cirrhosis and non-alcoholic fatty liver
disease (NAFLD)/non-alcoholic steatohepatitis (NASH).

In another aspect, the invention relates to the use of an adeno-associated viral
vector comprising a recombinant viral genome wherein said recombinant viral genome
comprises an expression cassette comprising a transcriptional regulatory region
operatively linked to a nucleotide sequence encoding BMP4 or a functionally equivalent
variant thereof or a pharmaceutical composition comprising said viral vector for the
manufacture of a medicament for the treatment and/or prevention of a disease selected
from the group consisting of obesity, insulin resistance, type 2 diabetes, liver cirrhosis
and non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH).

In another aspect, the invention provides a method for the treatment and/or
prevention of a disease selected from the group consisting of obesity, insulin resistance,
type 2 diabetes, liver cirrhosis and non-alcoholic fatty liver disecase (NAFLD)/non-
alcoholic steatohepatitis (NASH) in a subject in need therecof which comprises the
administration to said subject of an adeno-associated viral vector comprising a
recombinant viral genome wherein said recombinant viral genome comprises an
expression cassette comprising a transcriptional regulatory region operatively linked to
a nucleotide sequence encoding BMP4 or a functionally equivalent variant thereof or a
pharmaceutical composition comprising said viral vector.

EE Y

The terms “prevent,” “preventing,” and “prevention”, as used herein, refer to
inhibiting the inception or decreasing the occurrence of a disease in a subject.
Prevention may be complete (e.g. the total absence of pathological cells in a subject) or

partial. Prevention also refers to a reduced susceptibility to a clinical condition.



10

15

20

25

30

WO 2016/041588 PCT/EP2014/069743

28

The term “treat” or “treatment”, as used herein, refers to the administration of a
an AAV vector or a composition of the invention to control the progression of a disease
after its clinical signs have appeared. Control of the disease progression is understood to
mean the beneficial or desired clinical results that include, but are not limited to,
reduction of the symptoms, reduction of the duration of the disease, stabilization of
pathological states (specifically to avoid additional deterioration), delaying the
progression of the disease, improving the pathological state, and remission (both partial
and total). The control of progression of the disease also involves an extension of
survival, compared with the expected survival if treatment is not applied.

The term “subject”, as used herein, refers to an individual or animal, such as a
human being, a non-human primate (e.g. chimpanzees and other apes and monkey
species), a farm animal (e.g. birds, fish, cattle, sheep, pigs, goats, and horses), a
domestic mammal (e.g. dogs and cats), or a laboratory animal (e.g. rodents, such as
mice, rats and guinea pigs). The term includes a subject of any age or sex. In a preferred
embodiment the subject is a mammal, preferably a human being.

The authors of the present invention have demonstrated that the AAV vectors of
the invention administered to high fed-fat mice produce a reduction in the body weight
gain (Example 1), a reduced adipocyte size (Example 6) and a change in the phenotype
of the subcutaneous adipose cells (Example 8) compared to their controls.

Therefore, in an embodiment the disease to be treated and/or prevented is
obesity.

The term “obesity”, as used in the present invention, relates to the definition of
obesity provided by the WHO based on the body mass index (BMI), which consists of
the ratio between the weight of a person (in kg) and the square of their height in meters.
According to this criteria, a BMI lower than 18.5 kg/m” is considered as insufficient
weight or thinness, a BMI of 18.5-24.9 kg/m® is considered a normal weight, a BMI of
25.0-29.9 kg/m’ is considered grade 1 of overweight, a BMI of 30.0-39.0 kg/m” is
considered a grade 2 of overweight and a BMI greater than or equal to 40.0 kg/m® is
considered morbid obesity. Alternatively, there are other methods for defining the
degree of obesity of a subject, such as the diameter of the waist measured at the

midpoint between the lower limit of the ribs and the upper limit of the pelvis (in cm),
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the thickness of skin folds, and bioimpedance, based on the principle that a lean mass
transmits electricity better than a fatty mass.

The authors of the present invention have demonstrated that the AAV vectors of
the invention administered to high fed-fat mice produce an improvement in the
metabolic profile of said mice compared to their controls, such as being more glucose
tolerant and having lower circulating insulin levels (Example 2) or being more insulin
sensitivity (Example 3).

Therefore, in another embodiment the disease to be treated and/or prevented is
selected from insulin resistance and type 2 diabetes.

The term “insulin resistance”, as used herein, refers to a disorder wherein cells
do not respond correctly to insulin. As a result, the body produces more insulin in
response to high blood glucose levels. Patients with insulin resistance frequently display
high glucose levels and high circulating insulin levels. Insulin resistance is frequently
linked to obesity, hypertension, and hyperlipidemia. Additionally, insulin resistance
frequently appears in patients with type 2 diabetes.

The term “type 2 diabetes”, as used herein, refers to a disease characterized by
an inappropriate increase in blood glucose levels. The chronic hyperglycemia of
diabetes is associated with long-term damage, dysfunction, and failure of different
organs leading to a variety of complications such as retinopathy, nephropathy, and
peripheral neuropathy. Type 2 diabetes is caused by insulin resistance in peripheral
tissues (principally skeletal muscle, adipose tissue, and liver) and inappropriate
compensatory insulin secretion response, due to the combination of decreased B-cell
mass and function. In addition to increasing glucose concentration, faulty insulin action
frequently translates into an increase in cholesterol or triglyceride levels.

The authors of the present invention have demonstrated that the AAV vectors of
the invention administered to high fed-fat mice produce a reduction in liver fat and
associated fibrosis of said mice compared to their controls (Examples 10 and 11).

Therefore, in another embodiment, the disease to be treated and/or prevented is
selected from the group consisting of liver cirrhosis and NAFLD/NASH, preferably is
NAFLD/NASH.

The term “liver cirrhosis”, as used herein, relates to a condition in which the

liver slowly deteriorates and malfunctions because liver tissue is replaced by fibrous
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scar tissue and regenerative nodules. This results in a partial block in the flow of blood
through the liver as well as in an impairment in the liver’s ability to control infections,
remove bacteria and toxins from the blood, process nutrients, hormones, and drugs,
make proteins that regulate blood clotting and produce bile to help absorb fats
(including cholesterol) and fat-soluble vitamins.

The term “NAFLD” or “non-alcoholic fatty liver disease”, as used herein, relates
to a condition occurring when fat is deposited in the liver (steatosis) not due to
excessive alcohol use. It is related to insulin resistance and the metabolic syndrome and
may respond to treatments originally developed for other insulin-resistant states (e.g.
diabetes mellitus type 2) such as weight loss, metformin and thiazolidindiones. NAFLD
ranges from simple steatosis to NASH or to cirrhosis.

The term “NASH” or “non-alcoholic steatohepatitis”, as used herein, is the most
extreme form of NAFLD, and collectively refers to the state where the liver develops a
hepatic disorder (e.g. inflammation, fibrosis, cirrhosis, etc.) or the state where the liver
may induce such a pathological condition. NAFLD is regarded as a major cause of
cirrhosis of the liver of unknown cause.

The AAV vectors of the invention or the compositions of the invention may be
administered locally or systemically.

The term “locally administered”, as used herein, means that the AAV vectors or
compositions of the invention may be administered to the subject at or near a specific
site.

The term “systemically administered” and “systemic administration”, as used
herein, means that the AAV wvectors or compositions of the invention may be
administered to a subject in a non-localized manner. The systemic administration of the
AAV vectors or compositions of the invention may reach several organs or tissues
throughout the body of the subject or may reach specific organs or tissues of the subject.
For example, the intravenous administration of an AAV vector or a pharmaceutical
composition of the invention may result in the transduction of more than one tissue or
organ in a subject.

All the embodiments disclosed in the context of the AAV wvectors of the
invention and the pharmaceutical compositions of the invention are applicable to the

therapeutic methods of the invention.
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Particularly, in an embodiment, if the expression cassette of the adeno-
associated viral vector comprises a chicken B-actin promoter and cytomegalovirus
enhancer, the Kozak sequence GCCACCATGG (SEQ ID NO: 1), a nucleotide sequence
encoding rat BMP4, a woodchuck hepatitis B virus post-regulatory element (WPRE)
and a bovine growth hormone polyadenilation signal, and said expression cassette is
flanked by AAV2 ITRs, then the serotype of the adeno-associated viral vector is not
AAV2. In another embodiment, the serotype of the AAV is selected from the group
consisting of AAV2, AAVS, AAV7, AAVS, AAV9, AAVI0 and AAVrhl0; more
preferably is AAVS. In another embodiment, the transcriptional regulatory region of the
expression cassette of the AAV vector comprises a promoter; preferably a constitutive
promoter; more preferably a liver-specific promoter; even more preferably the liver-
specific promoter is selected from the group consisting of albumin promoter,
phosphoenol pyruvate carboxykinase (PEPCK) promoter and alpha 1-antitrypsin
promoter; the most preferred being human alpha 1-antitrypsin promoter. In another
embodiment, the transcriptional regulatory region of the expression cassette of the AAV
vector further comprises an enhancer operatively linked to the promoter; preferably a
liver-specific enhancer; more preferably a hepatic control region enhancer (HCR). In
another embodiment, the expression cassette of the AAV vector further comprises a
polyadenylation signal, more preferably SV40polyA. In another embodiment, the
adeno-associated virus ITRs are AAV2 ITRs. In another embodiment, the BMP4 is
selected from the group consisting of human BMP4 and mouse BMP4. In another
embodiment, the nucleotide sequence encoding mouse BMP4 is selected from SEQ ID
NO: 6 and SEQ ID NO: 7. In another embodiment the recombinant viral genome of the
AAYV comprises a nucleotide sequence selected from SEQ ID NO: 10 and SEQ ID NO:
11. In another embodiment the nucleotide sequence encoding human BMP4 is SEQ ID
NO: 8. In another embodiment the recombinant viral genome of the AAV comprises the

nucleotide sequence SEQ ID NO: 12.

POLYNUCLEOTIDES, VECTORS AND PLASMIDS OF THE INVENTION

The invention also relates to polynucleotides which are useful for producing the

AAYV vectors according to the invention. Thus, in a fifth aspect, the invention relates to
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a polynucleotide (“polynucleotide of the invention) comprising an expression cassette
flanked by adeno-associated virus ITRs wherein said expression cassette comprises a
transcriptional regulatory region operatively linked to a nucleotide sequence encoding
BMP4 or a functionally equivalent variant thereof with the proviso that said expression
cassette is not an expression cassette comprising a chicken B-actin promoter and
cytomegalovirus enhancer, the Kozak sequence GCCACCATGG (SEQ ID NO: 1), a
nucleotide sequence encoding rat BMP4, a woodchuck hepatitis B virus post-regulatory
element (WPRE) and a bovine growth hormone polyadenilation signal.

The term “polynucleotide”, as used herein, refers to a nucleic acid molecule,
either DNA or cDNA, containing deoxyribonucleotides with the capacity to encode a
polypeptide. The polynucleotides of the invention can be obtained using molecular
biology techniques well known in the art.

All the embodiments and definitions disclosed in the context of the adeno-
associated viral vectors of the invention are applicable to the polynucleotides of the
invention.

Particularly, in an embodiment the polynucleotide of the invention comprises a
transcriptional regulatory region that comprises a promoter; preferably a constitutive
promoter; more preferably a liver-specific promoter; more preferably a liver-specific
promoter selected from the group consisting of albumin promoter, phosphoenol
pyruvate carboxykinase (PEPCK) promoter and alpha 1-antitrypsin promoter; the most
preferred being the human alpha 1-antitrypsin promoter. In another embodiment, the
transcriptional regulatory region of the polynucleotide of the invention further
comprises an enhancer operatively linked to the promoter, preferably a liver-specific
enhancer, more preferably a hepatic control region enhancer (HCR). In another
embodiment, the expression cassette of the polynucleotide of the invention further
comprises a polyadenylation signal, more preferably the SV40polyA. In another
embodiment the transcriptional regulatory region of the polynucleotide of the invention
is not an adipose tissue-specific transcriptional regulatory region. In another
embodiment, the adeno-associated virus ITRs of the polynucleotide of the invention are
AAV2 ITRs. In another embodiment the BMP4 encoded by the polynucleotide of the
invention is selected from the group consisting of human BMP4 and mouse BMP4. In

another embodiment the nucleotide sequence encoding mouse BMP4 is selected from
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SEQ ID NO: 6 and SEQ ID NO: 7. In another embodiment the polynucleotide
comprises a nucleotide sequence selected from SEQ ID NO: 10 and SEQ ID NO: 11.
In another embodiment the nucleotide sequence encoding human BMP4 is SEQ ID NO:
8. In another embodiment the polynucleotide comprises the nucleotide sequence SEQ
ID NO: 12.

The polynucleotide of the invention could be incorporated into a vector such as,
for example, a plasmid.

Thus, in another aspect, the invention relates to a vector or plasmid comprising
the polynucleotide of the invention. In a particular embodiment, the polynucleotide of
the invention is incorporated into an adeno-associated viral vector or plasmid.
Preferably, all other structural and non-structural coding sequences necessary for the
production of adeno-associated virus are not present in the viral vector since they can be
provided in trans by another vector, such as a plasmid, or by stably integrating the
sequences into a packaging cell line.

The term “vector”, as used herein, refers to a construct capable of delivering,
and optionally expressing, one or more polynucleotides of interest into a host cell.
Examples of vectors include, but are not limited to, viral vectors, naked DNA or RNA
expression vectors, plasmid, cosmid or phage vectors, DNA or RNA expression vectors
associated with cationic condensing agents, DNA or RNA expression vectors
encapsulated in liposomes, and certain eukaryotic cells, such as producer cells. The
vectors can be stable and can be self-replicating. There are no limitations regarding the
type of vector that can be used. The vector can be a cloning vector, suitable for
propagation and for obtaining polynucleotides, gene constructs or expression vectors
incorporated to several heterologous organisms. Suitable vectors include prokaryotic
expression vectors (e.g. pUC18, pUC19, Bluescript and their derivatives), mp18, mp19,
pBR322, pMB9, ColEL pCRI, RP4, phages and shuttle vectors (e.g. pSA3 and pAT28),
and cukaryotic expression vectors based on viral vectors (e.g. adenoviruses, adeno-
associated viruses as well as retroviruses and lentiviruses), as well as non-viral vectors
such as pSilencer 4.1-CMV (Ambion®, Life Technologies Corp., Carslbad, CA, US),
pcDNA3, pcDNA3.1/hyg pHCMV/Zeo, pCR3.1, pEFI/His, pIND/GS, pRc/HCMV?2,
pSV40/Zeo2, pTRACER-HCMYV, pUB6/V5-His, pVAXI, pZeoSV2, pCl, pSVL and
pKSV-10, pBPV-1, pML2d and pTDTI.



10

15

20

25

30

WO 2016/041588 PCT/EP2014/069743

34

METHODS FOR OBTAINING AAV OF THE INVENTION

The invention also relates to a method for obtaining the AAV vector of the
invention. Said AAV vectors can be obtained by introducing the polynucleotides of the
invention into cells that express the Rep and Cap proteins constitutively or wherein the
Rep and Cap coding sequences are provided in plasmids or vectors.

Thus, in another aspect, the invention relates to a method for obtaining an adeno-
associated viral vector comprising the steps of:

(1) providing a cell comprising a polynucleotide of the invention, AAV Cap
proteins, AAV Rep proteins and , optionally, viral proteins upon which
AAV is dependent for replication,

(i1) maintaining the cell under conditions adequate for assembly of the AAV
and

(iii)purifying the adeno-associated viral vector produced by the cell.

The production of recombinant AAV (rAAV) for vectorizing transgenes have
been described previously (Ayuso E, et al., Curr. Gene Ther. 2010, 10:423-436; Okada
T, et al., Hum. Gene Ther. 2009, 20:1013-1021; Zhang H, et al., Hum. Gene Ther.
2009, 20:922-929; and Virag T, et al.,, Hum. Gene Ther. 2009, 20:807-817). These
protocols can be used or adapted to generate the AAV of the invention.

Any cell capable of producing adeno-associated viral vectors can be used in the
present invention including mammalian and insect cells.

In one embodiment, the producer cell line is transfected transiently with the
polynucleotide of the invention (comprising the expression cassette flanked by ITRs)
and with construct(s) that encodes Rep and Cap proteins and provides helper functions.
In another embodiment, the cell line supplies stably the helper functions and is
transfected transiently with the polynucleotide of the invention (comprising the
expression cassette flanked by ITRs) and with construct(s) that encodes Rep and Cap
proteins. In another embodiment, the cell line supplies stably the Rep and Cap proteins
and the helper functions and is transiently transfected with the polynucleotide of the
invention. In another embodiment, the cell line supplies stably the Rep and Cap proteins

and is transfected transiently with the polynucleotide of the invention and a
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polynucleotide encoding the helper functions. In yet another embodiment, the cell line
supplies stably the polynucleotide of the invention, the Rep and Cap proteins and the
helper functions. Methods of making and using these and other AAV production
systems have been described in the art.

In another embodiment, the producer cell line is an insect cell line (typically Sf9
cells) that is infected with baculovirus expression vectors that provide Rep and Cap
proteins. This system does not require adenovirus helper genes (Ayuso E, ef al., Curr.
Gene Ther. 2010, 10:423-436).

The polynucleotide of the invention used in this method has been described
previously. Any of the embodiments disclosed in the context of the polynucleotides of
the invention is applicable in the context of the methods for obtaining AAV of the
invention.

In another embodiment, the transgene delivery capacity of AAV can be
increased by providing AAV ITRs of two genomes that can anneal to form head to tail
concatamers. Generally, upon entry of the AAV into the host cell, the single-stranded
DNA containing the transgene is converted by the host cell DNA polymerase
complexes into double-stranded DNA, after which the ITRs aid in concatamer
formation in the nucleus. As an alternative, the AAV may be engineered to be a self-
complementary (sc) AAV, which enables the viral vector to bypass the step of second-
strand synthesis upon entry into a target cell, providing an scAAV viral vector with
faster and, potentially, higher (e.g. up to 100-fold) transgene expression. For example,
the AAV may be engineered to have a genome comprising two connected single-
stranded DNAs that encode, respectively, a transgene unit and its complement, which
can snap together following delivery into a target cell, yielding a double-stranded DNA
encoding the transgene unit of interest. Self-complementary AAV have been described
in the art (Carter B, US 6,596,535, Carter B, US 7,125,717, and Takano H, et al., US
7,456,683).

Preferably, all the structural and non-structural coding sequences (Cap proteins
and Rep proteins) are not present in the AAV vector since they can be provided in trans
by a vector, such as a plasmid.

The term “Cap protein”, as used herein, refers to a polypeptide having at least

one functional activity of a native AAV Cap protein (e.g. VP1, VP2, VP3). Examples of
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functional activities of Cap proteins include the ability to induce formation of a capsid,
facilitate accumulation of single-stranded DNA, facilitate AAV DNA packaging into
capsids (i.e. encapsidation), bind to cellular receptors, and facilitate entry of the virion
into host cells. In principle, any Cap protein can be used in the context of the present
invention.

Cap proteins have been reported to have effects on host tropism, cell, tissue, or
organ specificity, receptor usage, infection efficiency, and immunogenicity of AAV
viruses. Accordingly, an AAV Cap for use in an rAAV may be selected taking into
consideration, for example, the subject’s species (e.g. human or non-human), the
subject’s immunological state, the subject’s suitability for long or short-term treatment,
or a particular therapeutic application (e.g. treatment of a particular disease or disorder,
or delivery to particular cells, tissues, or organs). In a preferred embodiment, the Cap
protein is derived from the AAV of the group consisting of AAV2, AAVS5, AAV7,
AAVSE, AAV9, AAVI10 and AAVrh10 serotypes. In a preferred embodiment, the Cap
protein is derived from AAVS.

In some embodiments, an AAV Cap for use in the method of the invention can
be generated by mutagenesis (i.e. by insertions, deletions, or substitutions) of one of the
aforementioned AAV Caps or its encoding nucleic acid. In some embodiments, the
AAYV Cap is at least 70%, 75%, 80%, 85%, 90%, 95%, 98%, or 99% or more similar to
one or more of the aforementioned AAV Caps.

In some embodiments, the AAV Cap is chimeric, comprising domains from
two, three, four, or more of the aforementioned AAV Caps. In some embodiments, the
AAYV Cap is a mosaic of VP1, VP2, and VP3 monomers originating from two or three
different AAV or a recombinant AAV. In some embodiments, a rTAAV composition
comprises more than one of the aforementioned Caps.

In some embodiments, an AAV Cap for use in a rAAV composition is
engineered to contain a heterologous sequence or other modification. For example, a
peptide or protein sequence that confers selective targeting or immune evasion may be
engineered into a Cap protein. Alternatively or in addition, the Cap may be chemically
modified so that the surface of the rAAV is polyethylene glycolated (i.e. pegylated),
which may facilitate immune evasion. The Cap protein may also be mutagenized (e.g.

to remove its natural receptor binding, or to mask an immunogenic epitope).
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The term “capsid”, as used herein, refers to the structure in which the viral
genome is packaged. A capsid consists of several oligomeric structural subunits made of
proteins. For instance, AAV have an icosahedral capsid formed by the interaction of
three capsid proteins: VP1, VP2 and VP3.

The term “Rep protein”, as used herein, refers to a polypeptide having at least
one functional activity of a native AAV Rep protein (e.g. Rep 40, 52, 68, 78). A
“functional activity” of a Rep protein is any activity associated with the physiological
function of the protein, including facilitating replication of DNA through recognition,
binding and nicking of the AAV origin of DNA replication as well as DNA helicase
activity. Additional functions include modulation of transcription from AAV (or other
heterologous) promoters and site-specific integration of AAV DNA into a host
chromosome. In a particular embodiment, AAV rep genes derive from the serotypes
AAV1, AAV2, AAV4, AAVS, AAV6, AAV7, AAVS, AAV9, AAVI10 or AAVrhl0;
more preferably from an AAV serotype selected from the group consisting of AAV2,
AAVS5, AAV7, AAVSE, AAV9, AAV10 and AAVrh10.

In some embodiments, an AAV Rep protein for use in the method of the
invention can be generated by mutagenesis (i.e. by insertions, deletions, or
substitutions) of one of the aforementioned AAV Reps or its encoding nucleic acid. In
some embodiments, the AAV Rep is at least 70%, 75%, 80%, 85%, 90%, 95%, 98%, or
99% or more similar to one or more of the aforementioned AAV Reps.

In a more preferred embodiment, the AAV Rep and Cap proteins derive from an
AAV serotype selected from the group consisting of AAV2, AAVS5, AAV7, AAVS,
AAV9, AAV10 and AAVrhl10.

The expression “viral proteins upon which AAV is dependent for replication”, as
used herein, refers to polypeptides which perform functions upon which AAV is
dependent for replication (i.e. “helper functions”). The helper functions include those
functions required for AAV replication including, without limitation, those moieties
involved in activation of AAV gene transcription, stage specific AAV mRNA splicing,
AAV DNA replication, synthesis of cap expression products, and AAV capsid
assembly. Viral-based accessory functions can be derived from any of the known helper
viruses such as adenovirus, herpesvirus (other than herpes simplex virus type-1), and

vaccinia virus. Helper functions include, without limitation, adenovirus El, E2a, VA,
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and E4 or herpesvirus UL5, UL, UL52, and UL29, and herpesvirus polymerase. In a
preferred embodiment, the proteins upon which AAV is dependent for replication are
derived from adenovirus.

In some embodiments, a viral protein upon which AAV is dependent for
replication for use in the method of the invention can be generated by mutagenesis (i.c.
by insertions, deletions, or substitutions) of one of the aforementioned viral proteins or
its encoding nucleic acid. In some embodiments, the viral protein is at least 70%, 75%,
80%, 85%, 90%, 95%, 98%, or 99% or more similar to one or more of the
aforementioned viral proteins.

Methods for assaying the functions of Cap proteins, Rep proteins and viral
proteins upon which AAV is dependent for replication are well known in the art.

The genes AAV rep, AAV cap and genes providing helper functions can be
introduced into the cell by incorporating said genes into a vector such as, for example, a
plasmid, and introducing said vector into the cell. The genes can be incorporated into
the same plasmid or into different plasmids. In a preferred embodiment, the AAV rep
and cap genes are incorporated into one plasmid and the genes providing helper
functions are incorporated into another plasmid. Examples of plasmids comprising the
AAV rep and cap genes suitable for use with the methods of the invention include the
pHLP19 and pRep6cap6 vectors (Colisi P, US 6,001,650 and Russell D, et al., US
6,156,303).

The polynucleotide of the invention and the polynucleotides comprising AAV
rep and cap genes or genes providing helper functions can be introduced into the cell by
using any suitable method well known in the art. Examples of transfection methods
include, but are not limited to, co-precipitation with calcium phosphate, DEAE-dextran,
polybrene, electroporation, microinjection, liposome-mediated fusion, lipofection,
retrovirus infection and biolistic transfection. In a particular embodiment, the
transfection is carried out by means of co-precipitation with calcium phosphate. When
the cell lacks the expression of any of the AAV rep and cap genes and genes providing
adenoviral helper functions, said genes can be introduced into the cell simultaneously
with the polynucleotide of the invention. Alternatively, said genes can be introduced in
the cell before or after the introduction of the polynucleotide of the invention. In a

particular embodiment, the cells are transfected simultaneously with three plasmids:



10

15

20

25

30

WO 2016/041588 PCT/EP2014/069743

39

1) aplasmid comprising the polynucleotide of the invention

2) aplasmid comprising the AAV rep and cap genes

3) aplasmid comprising the genes providing the helper functions

Alternatively, the AAV rep and cap genes and genes providing helper functions
may be carried by the packaging cell, either episomally and/or integrated into the
genome of the packaging cell.

Step (ii) of the method of the invention involves maintaining the cell under
conditions adequate for assembly of the AAV.

Methods of culturing packaging cells and exemplary conditions which promote
the release of AAV vector particles, such as the producing of a cell lysate, may be
carried out as described in examples herein. Producer cells are grown for a suitable
period of time in order to promote the assembly of the AAV and the release of viral
vectors into the media. Generally, cells may be grown for about 24 hours, about 36
hours, about 48 hours, about 72 hours, about 4 days, about 5 days, about 6 days, about 7
days, about 8 days, about 9 days, up to about 10 days. After about 10 days (or sooner,
depending on the culture conditions and the particular producer cell used), the level of
production generally decreases significantly. Generally, time of culture is measured
from the point of viral production. For example, in the case of AAV, viral production
generally begins upon supplying helper virus function in an appropriate producer cell as
described herein. Generally, cells are harvested about 48 to about 100, preferably about
48 to about 96, preferably about 72 to about 96, preferably about 68 to about 72 hours
after helper virus infection (or after viral production begins).

Step (ii1) of the method of the invention involves purifying the adeno-associated
viral vector produced by the cell.

The AAV of the invention can be obtained from both: 1) the cells transfected
with the polynucleotides of the invention and ii) the culture medium of said cells after a
period of time post-transfection, preferably 72 hours. Any method for the purification of
the AAV from said cells or said culture medium can be used for obtaining the AAV of
the invention. In a particular embodiment, the AAV of the invention are purified
following an optimized method based on a polyethylene glycol precipitation step and
two consecutive cesium chloride (CsCl) gradients. Purified AAV of the invention can

be dialyzed against PBS, filtered and stored at -80°C. Titers of viral genomes can be
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determined by quantitative PCR following the protocol described for the AAV2
reference standard material using linearized plasmid DNA as standard curve (Lock M,
et al.,, Hum. Gene Ther. 2010; 21:1273-1285).

In a preferred embodiment step (iii) is further carried out by a polyethylene
glycol precipitation step or a cesium chloride gradient fractionation.

In some embodiments, the methods further comprise purification steps, such as
treatment of the cell lysate with benzonase, purification of the cell lysate over a CsCl
gradient, or purification of the cell lysate with the use of heparin sulphate
chromatography (Halbert C, et al., Methods Mol. Biol. 2004; 246:201-212).

Various naturally occurring and recombinant AAV, their encoding nucleic acids,
AAV Cap and Rep proteins and their sequences, as well as methods for isolating or
generating, propagating, and purifying such AAV, and in particular, their capsids,

suitable for use in producing AAV are known in the art.

The invention is hereby explained by the following examples which are to be

construed as merely illustrative and not limitative of the scope of the invention.

EXAMPLES

MATERIAL AND METHODS

Animals

All animal experiments were approved by the Research Animal Ethics
Committee at the University of Gothenburg, Sweden, with ethics diary numbers 148-
2012 and 60-2014. 3-4 weeks old male C57BL6/N mice were purchased from Taconic,
Denmark. Mice were group caged, and kept on a 12h light-dark cycle in a temperature-
and humidity controlled room. Diet and drinking water were administered ad libitum,
and the mice were fed either a 45% kcal high fat diet or 10% kcal low fat diet. The

animals were kept on diets for 16 to 17 weeks before termination.

AAY production and purification
The genome of AAV2 was used and the virus was pseudotyped with AAVS.
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The AAV plasmids used in this study contain an expression cassette flanked by
two ITRs from AAV2. The expression cassette has the following elements in the 5’ to
3’ direction: the liver-specific enhancer hepatic control region (HCR), the liver-specific
promoter human alpha anti-trypsin (hAAT), an intron, the mouse BMP4 cDNA and the
SV40 polyadenilation signal. This expression cassette is flanked by the 5° ITR and the
3’ ITR from AAV2. This construct was named ITR hAAT mBMP4 ITR (Fig. 1) having
sequence SEQ ID NO: 11.

The vectors were constructed according to molecular biology techniques well
known in the art.

Briefly, pmBMP4 plasmid (GeneArt), containing mouse BMP4 cDNA was
digested with Xhol and Mlul obtaining two fragments having 1240 bp and 2360 bp. The
1240 bp insert fragment was cloned into pGG2 hAAT plasmid previously digested with
Xhol and Mlul. The vector plasmid obtained was named pGG2 hAAT mBMP4.

A non-coding plasmid carrying the same components of the ITR hAAT mBMP4
ITR construct, but without the mouse BMP4 ¢cDNA and having a multicloning site was
used to produce null particles as a control.

Infectious AAV vector particles were generated in HEK293 cells cultured in
roller bottles, by co-transfecting each roller bottle with 125 pg of the vector plasmid
pGG2 hAAT mBMP4 (containing the ITRs and the expression cassette) together with
125 pg of the rep/cap plasmid (expressing capsid proteins of the AAV particle and
proteins necessary for virus replication), and 150 pg of the helper plasmid pWEAD
expressing adenovirus helper functions by calcium phosphate coprecipitation (rep/cap
and pWEAD plasmids were kindly provided by Dr. High, Children’s Hospital of
Philadelphia, USA). A total of 10 roller bottles were used for each vector preparation.
Three days after transfection, cells were harvested and centrifuged at 2500g for 10 min.
Cell pellet and medium were then processed separately. Cell pellet was thoroughly
reconstituted in TBS (50mM TrisHCI, 150mM NaCl, 2mM MgCI2, pH 8.0). After 3
freeze/thaw cycles the lysate was centrifuged at 2500g for 30 min. Supernatant from
this centrifugation was added to the medium and vector particles were precipitated by
incubation with 8% of PEG 8000 (Sigma) for 15h and pelleted at 2500g for 30min. This
pellet, now containing vectors from cells and medium, was thoroughly reconstituted in

TBS, treated with benzonase (Merck) for 30 min at 37°C and centrifuged at 10000g for
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10 min. The supernatant was loaded into 37.5ml ultra clear tubes (Beckman) containing
1.3-1.5 g/ml CsCl density step gradient, and centrifuged for 17 hours at 28.000 rpm in a
SW28 rotor (Beckman). Viral bands were carefully collected using a 10 ml syringe and
18-gauge needle and transferred to a new 12.5 ml ultraclear tube, which was filled up
with 1.379 g/ml CsCl solution to generate a continuous gradient. Tubes were
centrifuged at 38.000 rpm in SW40Ti rotor (Beckman) for 48 hours. Finally, the band of
full particles was collected and dialyzed in PBS using 10 KDa membrane (Slide-A-
Lyzer Dialysis Products, Pierce) and filtered with 0.45 pm Millipore filters. This PEG
and CsCl-based purification protocol dramatically reduces empty AAV capsids and
DNA and protein impurities from the viral stock thus increasing AAV purity, which
ultimately results in higher transduction in vivo.

The same protocol was used for generating infectious AAV particles carrying

the “null” vector.

AAY virus vector injection

Adeno-associated virus vectors (AAV serotype eight) were used to create an
over-expression of the secreted protein Bone Morphogenetic Protein 4 (BMP4) in the
liver. At six weeks of age mice received a retro-orbital injection of approx. 5 x 10"
virus particles per mouse (dissolved in 200ul NaCl).The injected vectors were either
empty “null” (control group) or carried the BMP4 gene, with expression under control
of the human alpha Il-antitrypsin promoter (study group). The mice were briefly

anesthetized with isofluorane prior to injection.

Glucose Tolerance Test

At study week 11 mice received an intraperitoneal glucose injection (1g/kg body
weight) after four hours of fasting. Tail blood glucose was measured at baseline and 5,
15, 30, 60, 90 and 120 minutes post-injection. Tail vein serum samples were harvested

at baseline and 5, 15, 30 and 60 minutes post-injection.

Insulin Tolerance Test
At study week 12 mice received an intraperitoneal insulin injection (0.8U/kg

body weight) after four hours of fasting. Tail blood glucose was measured at baseline
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and 15, 30, 60, 90 and 120 minutes after injection. Tail vein serum samples were

harvested at baseline and 120 minutes post-injection.

Dual-Energy X-ray absorptiometry (DEXA)
A DEXA scan was performed at study week 16, using a PIXImus Mouse

Densitometer (Lunar). Mice were briefly anesthetized with isofluorane prior to scan.

B3 agonist treatment

After 11 weeks of high-fat feeding, mice received injections with the 3 agonist
CL316,243 (Sigma Aldrich) to mimic sympathetic nervous input. Mice received
intraperitoneal injections of 1 mg per kg body weight daily for seven days. CL316,243
was diluted in NaCl, and control animals received injections of only NaCl. For the
cohort of mice that underwent B3 agonist treatment, termination was performed directly

after the seven days of injections.

Termination

Animals were anesthetized with isofluorane, and the neck was dislocated. Blood
was sampled using heart puncture before the heart was separated from the animal.
Tissues were weighed, before being snap frozen in liquid nitrogen or put in formalin for
fixation. One of the two depots of both the epididymal and subcutaneous fat were kept

for subsequent adipocyte isolation.

Adipocyte isolation and cell size measurement
Subcutancous and epididymal adipose tissue biopsies were digested with
collagenase and cell size measured as described (Rotter V. et al. 2003. J Biol Chem,

278, 45777-45784).

Gene expression analysis

mRNA was prepared from subcutancous and epididymal adipose tissue using the
RNeasy Lipid Tissue Mini Kit (Qiagen) according to provided protocol. mRNA from
gastrocnemius and liver was prepared using RNeasy Fibrous Tissue Mini Kit (Qiagen)

according to provided protocol. cDNA was prepared from mRNA using the High-
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Capacity Reverse Transcription cDNA kit (Applied Biosystems, Life Technologies).
Real Time RT-PCR gene expression analysis was performed as previously described
using the TagMan System (Applied Biosystems) (Grunberg JR et al. 2014. J Biol Chem
289, 6899-6907).

Morphology and immunohistochemistry

Formalin-fixed, paraffin embedded tissues were dehydrated and sectioned (6 um
sections for adipose tissue, 4um sections for liver) and underwent haematoxylin-cosin
staining for morphology. For immunohistochemical staining of subcutancous adipose
tissue, a primary antibody against UCP1 (1:1000, ab10983 (AbCam)), was used. The
ABC system and DAB (both from Vector Laboratories) were used for visualization, and

sections were counterstained using haematoxylin.

Serum insulin
Serum insulin levels were measured using the Ultra Sensitive Mouse Insulin

ELISA Kit (Crystal Chem, Inc), according to provided protocol.

Statistics
Statistics were performed using IBM SPSS Statistics version 20, and calculated
using Mann-Whitney non-parametric U-test. Significances are indicated in figures or in

text, B = p<0.1, *= p<0.05, **= p<0.01, ***=p<0.001.

RESULTS

Example 1. HFD-BMP4 mice gain less weight than HFD-null throughout the study,
despite similar food intake

Mice fed with a high fat diet (HFD) or with a low fat diet (LFD) were injected
either with AAV expressing BMP4 or with AAV null and were weighted weekly during
the whole study. Results showed that the BMP4 high fat-fed mice had a similar food
intake as the null high fat-fed mice but they increased less in body weight suggesting

increased energy expenditure (Fig. 2). No difference was seen in the chow-fed groups.
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Example 2. HFD-BMP4 mice are more glucose tolerant and have lower circulating
insulin levels than HFD-null mice, comparable to LFD-fed mice

At study week 11 a glucose tolerance test was performed by intraperitoneal
glucose injection in mice after four hours of fasting. Tail blood glucose was measured at
baseline and at different times after glucose injection. The BMP4 high fat fed-mice had
an improved glucose tolerance compared to the null high fat fed-mice both when
expressed as absolute glucose levels (Fig. 3A) or as percentage of initial fasting level
(Fig. 3B). In fact, they had a similar glucose tolerance as chow-fed null mice but even in
the chow-fed group the BMP4 mice had a better glucose tolerance (Fig. 3B).

Circulating insulin levels were measured 15 minutes post-glucose injection.
Consistent with an improved insulin sensitivity, the BMP4 high fat-fed mice had lower
insulin levels than null high fat-fed mice (Fig. 3C). HFD BMP4 insulin levels are

comparable to those obtained in the chow-fed group.

Example 3. HFD-BMP4 mice are more insulin sensitive than HFD-null mice,
comparable to LFD-fed mice

At study week 12 an insulin tolerance test was performed by intraperitoneal
insulin injection in mice after four hours of fasting. Tail blood glucose was measured at
baseline and at different times after insulin injection. The insulin tolerance tests clearly
showed that the BMP4 high fat-fed mice were more insulin sensitive measured as the
ability of a given insulin dose to lower the blood glucose levels (Fig. 4A). This was also
seen when the insulin effect was related to the fasting glucose levels expressed as
percentage of initial glucose level (Fig. 4B). Again, the BMP4 high fat-fed mice

behaved similar to the chow-fed and considerably leaner mice.

Example 4. HFD-BMP4 mice have less fat mass and more lean tissue mass than
HFD-null mice

At study week 16 a DEXA Body Composition Scan was performed. DEXA
scans identified that the high fat-fed BMP4 mice had a lower body weight and less fat
mass but there was no difference in lean body mass (Fig. 5A). When expressed as
percentage the high fat-fed BMP4 mice had a significantly greater lean body mass and
less fat mass (Fig. 5B).
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Example 5. HFD-BMP4 mice have reduced adipose tissue mass than HFD-null
mice

Epididymal, subcutancous and mesenteric fat depots were weighted upon
termination. The reduced body fat in high fat-fed BMP4 mice was reflected in all three
measured fat depots. However, and importantly, there was no difference in amount of

brown fat mass between the BMP4 and null high fat-fed mice (Fig. 6).

Example 6. HFD-BMP4 mice have reduced adipocyte size than HFD-null mice
After termination, adipocytes were isolated from subcutancous and epididymal
fat depots and cell diameters were measured. Adipose cell size was also smaller in the

fat depots in the BMP4 vs null high fat-fed mice (Fig. 7).

Example 7. Endogenous expression of BMP4 was not affected by virus injections
To examine if the increased hepatic BMP4 expression and secretion altered the
endogenous cellular BMP4 levels, we analyzed BMP4 mRNA levels in the
subcutaneous adipose tissue, liver and gastrocnemius skeletal muscle but no significant
differences were seen. A slight and trivial tendency (p<0.1) was seen in the

subcutaneous fat (Fig. §).

Example 8. Induction of beige/brown markers in subcutaneous adipose tissue of
HFD-BMP4 mice

The authors of the present invention examined mRNA levels of beige/brown
adipose cell markers in the white subcutancous adipose tissue of BMP4 high fat-fed
mice to explore the possibility that a changed phenotype towards a more oxidative
subcutaneous adipose tissue could account for the lower body weight and the improved
insulin sensitivity. A shown in Fig. 6, there was no difference in the brown adipose
tissue mass.

The data shown in Fig.9A show that the subcutancous adipose tissue of HFD-
BMP4 mice expressed higher levels of the mitochondrial regulator PGCla as well as
the beige markers TMEM26, CD137, IRF4 and the classical brown marker UCP1 as

compared to HFD-null mice. To explore the possibility that the subcutancous adipose
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tissue could be further activated by cAMP towards a brown oxidative state, HFD-BMP4
mice were injected with a B3-agonist for 7 days and compared to HFD-BMP4 mice
injected with saline vehicle. As shown in Fig.9B there was a dramatic increase in the
brown adipose marker UCP1 while the beige markers were less affected in HFD-BMP4
mice injected with the $3-agonist. These data clearly document that the BMP4 high fat-
fed mice exhibited an oxidative subcutaneous adipose tissue although still able to

accumulate and store fat in the cells.

Example 9. Islets of multilobular, UCP1-positive adipocytes identified in HFD-
BMP4 mice

Subcutanecous adipose tissue from HFD-BMP4 and HFD-null mice was stained
for immunohistochemistry with a primary antibody against UCP1. UCP1 protein was
identified in the subcutancous adipose tissue in the BMP4 high fat-fed mice even before
they were treated with the B3 agonist (Fig. 10A). The adipocyte size was clearly
reduced in HFD-BMP4 mice compared to BMP4-null mice.

Example 10. Reduced fibrosis in subcutaneous fat of HFD-BMP4

The inventors examined if the development of fibrosis was different in the
mouse models HFD-BMP4 and HFD-null. Fibrosis is a well-known effect of obesity
and is considered to negatively influence adipose tissue function. The authors found that
mRNA levels of several markers of ongoing fibrosis were reduced in the subcutancous
adipose tissue in BMP4 high fat-fed mice as compared to null high fat-fed mice (Fig.
11). This is consistent with an anti-fibrotic effect of BMP4.

Example 11. Markedly reduced liver fat accumulation in HFD-BMP4 mice

It is well-known that obesity and high-fat feeding leads to increased fat
accumulation in the liver and that this induces inflammation and risk for the serious
condition of NASH (non-alcoholic steatohepatitis) and liver cirrhosis. Liver biopsies
from HFD-BMP4 and HFD-null mice were stained for morphology and it was shown
that the null high fat-fed mice accumulated much fat in their liver (Fig. 12B) but the
BMP4 high fat-fed mice were dramatically protected from this (Fig. 12A).
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Example 12. Improved oxidative phenotype in skeletal muscle of HFD-BMP4 mice
It was also examined if the skeletal muscles were influenced by the increased
circulating BMP4. This would be consistent with findings shown in Fig. 5 that HFD-
BMP4 mice have more percentage lean body mass. Interestingly, several markers of an
oxidative phenotype were found in the BMP4 high fat-fed mice when compared to the
null mice (Fig. 13). These results suggest that the muscle have increased numbers of

mitochondria.

CONCLUSIONS

The authors have found that increased BMP4 levels secreted by the liver and
thereby reaching target tissues through the blood stream induce a positive phenotype in
obese mice. The authors have used a gene therapy approach by inducing BMP4
secretion by the liver in fully mature and developed mice and have shown that this
produces a markedly beneficial effect and prevents obesity-associated metabolic
complications or, in man, the metabolic syndrome. In spite of becoming obese on a
high-fat diet the BMP4 mice increased the induction of beige and brown adipose cells in
the adipose tissue leading to increased insulin sensitivity and improved glucose
tolerance. Data also indicates that inflammation in the adipose tissue is reduced, which
is known to enhance insulin sensitivity. Remarkably, the authors have found that fat
accumulation in the liver (NAFLD) was markedly less in the BMP4 mice and the
fibrosis in the liver was reduced as well (NASH). Most liver lipids were dramatically
reduced. The authors have also found that BMP4 is anti-fibrotic.

Therefore, the authors have demonstrated that increasing BMP4 in the
bloodstream via the liver by using an AAV vector encoding BMP4 is a potential
approach for gene therapy in obesity/insulin resistance/type 2 diabetes and also when

this is associated with NAFLD/NASH.
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CLAIMS

An adeno-associated viral vector comprising a recombinant viral genome wherein
said recombinant viral genome comprises an expression cassette comprising a
transcriptional regulatory region operatively linked to a nucleotide sequence
encoding BMP4 or a functionally equivalent variant thereof with the proviso that
when the expression cassette comprises a chicken [-actin promoter and
cytomegalovirus enhancer, the Kozak sequence GCCACCATGG (SEQ ID NO:
1), a nucleotide sequence encoding rat BMP4, a woodchuck hepatitis B virus post-
regulatory element (WPRE) and a bovine growth hormone polyadenilation signal,
and said expression cassette is flanked by AAV2 ITRs, then the serotype of the

adeno-associated viral vector is not AAV?2.

The adeno-associated viral vector according to claim 1 wherein the serotype of the
AAV is selected from the group consisting of AAV2, AAVS, AAV7, AAVS,
AAV9, AAV10 and AAVrh10.

The adeno-associated viral vector according to claim 2 wherein the serotype of the

AAV is AAVS.

The adeno-associated viral vector according to any one of claims 1 to 3 wherein

the transcriptional regulatory region comprises a promoter.

The adeno-associated viral vector according to claim 4 wherein the promoter is a

constitutive promoter.

The adeno-associated viral vector according to claim 5 wherein the promoter is a

liver-specific promoter.

The adeno-associated viral vector according to claim 6 wherein the liver-specific
promoter is selected from the group consisting of albumin promoter, phosphoenol

pyruvate carboxykinase (PEPCK) promoter and alpha 1-antitrypsin promoter.
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The adeno-associated viral vector according to claim 7 wherein the liver-specific

promoter is the human alpha 1-antitrypsin promoter.

The adeno-associated viral vector according to any one of claims 4 to 8 wherein
the transcriptional regulatory region further comprises an enhancer operatively

linked to the promoter.

The adeno-associated viral vector according to claim 9 wherein the enhancer is a

liver-specific enhancer.

The adeno-associated viral vector according to claim 10 wherein the liver-specific

enhancer is a hepatic control region enhancer (HCR).

The adeno-associated viral vector according to any one of claims 1 to 11 wherein

the expression cassette further comprises a polyadenylation signal.

The adeno-associated viral vector according to claim 12 wherein the

polyadenylation signal is SV40polyA.

The adeno-associated viral vector according to any one of claims 1 to 13 wherein
the transcriptional regulatory region is not an adipose tissue-specific

transcriptional regulatory region.

The adeno-associated viral vector according to any one of claims 1 to 14 wherein

the adeno-associated virus ITRs are AAV?2 ITRs.

The adeno-associated viral vector according to any one of claims 1 to 15 wherein

BMP4 is selected from the group consisting of human BMP4 and mouse BMP4.

The adeno-associated viral vector according to claim 16 wherein the nucleotide
sequence encoding mouse BMP4 is selected from SEQ ID NO: 6 and SEQ ID
NO: 7.
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The adeno-associated viral vector according to any one of claims 1 to 17 wherein
the recombinant viral genome comprises a nucleotide sequence selected from

SEQ ID NO: 10 and SEQ ID NO: 11.

The adeno-associated viral vector according to claim 16 wherein the nucleotide

sequence encoding human BMP4 is SEQ ID NO: 8.

The adeno-associated viral vector according to any one of claims 1 to 16 or 19
wherein the recombinant viral genome comprises the nucleotide sequence SEQ ID

NO: 12.

A pharmaceutical composition comprising an adeno-associated viral vector

according to any one of claims 1 to 20.

An adeno-associated viral vector according to any one of claims 1 to 20 or a

pharmaceutical composition according to claim 21 for use in medicine.

An adeno-associated viral vector comprising a recombinant viral genome wherein
said recombinant viral genome comprises an expression cassette comprising a
transcriptional regulatory region operatively linked to a nucleotide sequence
encoding BMP4 or a functionally equivalent variant thereof or a pharmaceutical
composition comprising said viral vector for use in the treatment and/or
prevention of a discase selected from the group consisting of obesity, insulin
resistance, type 2 diabetes, liver cirrhosis and non-alcoholic fatty liver disease

(NAFLD)/non-alcoholic steatohepatitis (NASH).

The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 23, wherein if the expression cassette comprises a chicken B-
actin promoter and cytomegalovirus enhancer, the Kozak sequence
GCCACCATGG (SEQ ID NO: 1), a nucleotide sequence encoding rat BMP4, a
woodchuck hepatitis B virus post-regulatory eclement (WPRE) and a bovine
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growth hormone polyadenilation signal, and said expression cassette is flanked by

AAV2 ITRs, then the serotype of the adeno-associated viral vector is not AAV2.

The adeno-associated viral vector or the pharmaceutical composition for use
according to any of claims 23 or 24, wherein the disease is selected from liver
cirrhosis and non-alcoholic fatty liver disease (NAFLD)/non-alcoholic

steatohepatitis (NASH).

The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 25, wherein the disease is non-alcoholic fatty liver disease

(NAFLD)/non-alcoholic steatohepatitis (NASH).

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 23 to 26 wherein the serotype of the AAV is
selected from the group consisting of AAV2, AAVS, AAV7, AAVSE, AAV9,
AAV10 and AAVrhl0.

The adeno-associated viral vector or the pharmaceutical composition for use

according to claim 27 wherein the serotype of the AAV is AAVS.

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 23 to 28 wherein the transcriptional regulatory

region comprises a promoter.

The adeno-associated viral vector or the pharmaceutical composition for use

according to claim 29 wherein the promoter is a constitutive promoter.

The adeno-associated viral vector or the pharmaceutical composition for use

according to claim 30 wherein the promoter is a liver-specific promoter.

The adeno-associated viral vector or the pharmaceutical composition for use

according to claim 31 wherein the liver-specific promoter is selected from the



10

15

20

25

30

WO 2016/041588 PCT/EP2014/069743

33.

34.

35.

36.

37.

38.

39.

40.

53

group consisting of albumin promoter, phosphoenol pyruvate carboxykinase

(PEPCK) promoter and alpha 1-antitrypsin promoter.

The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 32 wherein the liver-specific promoter is the human alpha 1-

antitrypsin promoter.

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 29 to 33 wherein the transcriptional regulatory

region further comprises an enhancer operatively linked to the promoter.

The adeno-associated viral vector or the pharmaceutical composition for use

according to claim 34 wherein the enhancer is a liver-specific enhancer.

The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 35 wherein the liver-specific enhancer is a hepatic control

region enhancer (HCR).

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 23 to 36 wherein the expression cassette further

comprises a polyadenylation signal.

The adeno-associated viral vector or the pharmaceutical composition for use

according to claim 37 wherein the polyadenylation signal is SV40polyA.

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 23 to 38 wherein the adeno-associated virus ITRs

are AAV2 ITRs.

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 23 to 39 wherein BMP4 is selected from the group

consisting of human BMP4 and mouse BMP4.
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The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 40 wherein the nucleotide sequence encoding mouse BMP4 is

selected from SEQ ID NO: 6 and SEQ ID NO: 7.

The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 41 wherein the recombinant viral genome comprises a

nucleotide sequence selected from SEQ ID NO: 10 and SEQ ID NO: 11.

The adeno-associated viral vector or the pharmaceutical composition for use
according to claim 40 wherein the nucleotide sequence encoding human BMP4 is

SEQ ID NO: 8.

The adeno-associated viral vector or the pharmaceutical composition for use
according to any one of claims 23 to 40 or 43 wherein the recombinant viral

genome comprises the nucleotide sequence SEQ ID NO: 12.

A polynucleotide comprising an expression cassette flanked by adeno-associated
virus ITRs wherein said expression cassette comprises a transcriptional regulatory
region operatively linked to a nucleotide sequence encoding BMP4 or a
functionally equivalent variant therecof with the proviso that said expression
cassette is not an expression cassette comprising a chicken B-actin promoter and
cytomegalovirus enhancer, the Kozak sequence GCCACCATGG (SEQ ID NO:
1), a nucleotide sequence encoding rat BMP4, a woodchuck hepatitis B virus post-

regulatory element (WPRE) and a bovine growth hormone polyadenilation signal.

The polynucleotide according to claim 45 wherein the transcriptional regulatory

region comprises a promoter.

The polynucleotide according to claim 46 wherein the promoter is a constitutive

promoter.
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The polynucleotide according to claim 47 wherein the promoter is a liver-specific

promoter.

The polynucleotide according to claim 48 wherein the liver-specific promoter is
selected from the group consisting of albumin promoter, phosphoenol pyruvate

carboxykinase (PEPCK) promoter and alpha 1-antitrypsin promoter.

The polynucleotide according to claim 49 wherein the liver-specific promoter is

the human alpha 1-antitrypsin promoter.

The polynucleotide according to any one of claims 46 to 50 wherein the
transcriptional regulatory region further comprises an enhancer operatively linked

to the promoter.

The polynucleotide according to claim 51 wherein the enhancer is a liver-specific

enhancer.

The polynucleotide according to claim 52 wherein the liver-specific enhancer is a

hepatic control region enhancer (HCR).

The polynucleotide according to any one of claims 45 to 53 wherein the

expression cassette further comprises a polyadenylation signal.

The polynucleotide according to claim 54 wherein the polyadenylation signal is

SV40polyA.

The polynucleotide according to any one of claims 45 to 55 wherein the
transcriptional regulatory region is not an adipose tissue-specific transcriptional

regulatory region.

The polynucleotide according to any one of claims 45 to 56 wherein the adeno-

associated virus ITRs are AAV2 ITRs.
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58.

59.

60.

61.

62.

63.

64.

65.

56

The polynucleotide according to any one of claims 45 to 57 wherein BMP4 is

selected from the group consisting of human BMP4 and mouse BMP4.

The polynucleotide according to claim 58 wherein the nucleotide sequence

encoding mouse BMP4 is selected from SEQ ID NO: 6 and SEQ ID NO: 7.

The polynucleotide according to claim 59 wherein the polynucleotide comprises a

nucleotide sequence selected from SEQ ID NO: 10 and SEQ ID NO: 11.

The polynucleotide according to claim 58 wherein the nucleotide sequence

encoding human BMP4 is SEQ ID NO: 8.

The polynucleotide according to claim 61 wherein the polynucleotide comprises

the nucleotide sequence SEQ ID NO: 12.

A vector or a plasmid comprising a polynucleotide according to any one of claims

45 to 62.

A method for obtaining an adeno-associated viral vector comprising the steps of:
(1) providing a cell comprising a polynucleotide according to any one of
claims 51 to 69, AAV Cap proteins, AAV Rep proteins and, optionally,
viral proteins upon which AAV is dependent for replication,
(11) maintaining the cell under conditions adequate for assembly of the AAV
and

(iii)purifying the adeno-associated viral vector produced by the cell.

The method according to claim 64 wherein the proteins upon which AAV is

dependent for replication are derived from adenovirus.
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57

66. The method according to claims 64 or 65 wherein the AAV Rep or Cap proteins
derive from an AAV serotype sclected from the group consisting of AAV2,
AAVS, AAV7, AAVSE, AAV9, AAV10 and AAVrh10.

5 67. The method according to claim 66 wherein the AAV serotype is AAVS.

68. The method according to any one of claims 64 to 67 wherein step (iii) is further
carried out by a polyethylene glycol precipitation step or a cesium chloride
gradient fractionation.

10
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