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NUCLEIC ACID CONSTRUCTS AND EXPRESSION VECTORS FOR GENE

THERAPY OF ACUTE PORPHYRIAS AND OTHER DISEASES

FIELD OF THE INVENTION

The invention relates to vectors for gene therapy in general, and particularly for

gene therapy of acute porphyrias, and nucleic acid constructs for their construction.

BACKGROUND ART

Porphyrias are a group of diseases caused by decreased activities of different

enzymes in the heme biosynthetic pathway. They are classified in hepatic or

erytropoietic depending on the primary site of overproduction of the porphyrin

precursor or porphyrin. The porphyrias are also classified on clinical basis into acute

porphyrias characterized by neuropsychiatric symptoms or cutaneous porphyrias

suffering from photosensitivity to sunlight. The four acute porphyrias (acute intermittent

porphyria or AIP, variegate porphyria or VP, hereditary coproporphyria or HCP and the

extremely rare delta-aminolevulinic acid dehydratase deficiency porphyria or ALAD-P)

are all considered to be hepatic, and they all share possible precipitation of acute

attacks.

Ubiquitous delta-aminolevulinic acid synthase enzyme (ALASl) regulates

hepatic heme biosynthesis in a heme-dependent manner by the intracellular free heme

pool. Heme down-regulates transcription of ALASl, blocks mitochondrial import of the

enzyme, and mediate a destabilization of the enzyme. This control mechanism is of

main importance to the pathophysiology of the acute hepatic porphyrias.

The exposure to endocrine (i.e. reproductive hormones) and environmental

factors (i.e. certain therapeutic drugs, alcohol, the snuff smoke), caloric restriction or

intercurrent infections activate hepatic heme biosynthesis through induction of the

ALASl. Under conditions of strong hepatic ALASl induction, the deficient PBGD

catalytic step becomes overloaded by its substrate and causes acute intermittent attacks.

These attacks might be a life-threatening medical emergency with neurovisceral

symptomatology: abdominal pain, tachycardia, peripheral motor neuropathy,

constipation, nausea, vomiting, mental changes, hypertension, sensory neuropathy and

convulsion.



Severe and recurrent porphyria attacks can be cured only by allogeneic liver

transplantation. Nevertheless, transplantation suffers from limited availability of donors;

requires life-long immunosuppression and is associated with mortality and morbility

and high rate of hepatic artery thrombosis.

Hopefully, liver gene therapy mediated by recombinant viral vectors might

become a clinical alternative in the near future.

Johansson et al. (Mol. Genet. Metab. 2004; 82: 20-26) developed cationic lipid-

based vectors in which a plasmid carrying the PBGD cDNA was complexed with

liposomes, polyethyleneimine or polyethyleneiminegalactose. However, these synthetic

vectors or naked DNA administered intravenously or directly into the portal vein of a

mouse model of acute intermittent porphyria resulted in very low transfection efficiency

that subsequently had no therapeutic effect.

Johansson et al. (Mol. Ther. 2004; 10(2): 337-343) disclose that adenoviral-

mediated expression of PBGD restores the metabolic defect in a mouse model of acute

intermittent porphyria. The vector was a first generation E l and E3 deleted adenovirus

encoding mouse housekeeping PBGD isoform under the control of CMV promoter. The

intravenous administration of this vector resulted in a high but short-term (7 days)

PBGD over-expression. Gene therapy requires vectors enabling long-term expression of

the PBGD and ensuring sufficiently high levels of the transgene in hepatocytes.

Yasuda M. et al. (Mol. Ther. 2010; 18: 17-22) report that 3.8 x 10 13 particles/kg

of AAV8-mediated gene therapy prevents induced attacks of acute intermittent

porphyria and improves neuromotor function. The vector carried murine housekeeping

HMB-synthase (PBGD) transgene driven by liver-specific chimeric promoter

l Me/ lATp.

WO20100361 18 discloses codon optimized nucleotide sequences coding for

human porphobilinogen deaminase (cohPBGD). It also disclosed recombinant adeno-

associated virus (AAV) vectors comprising cohPBGD sequence. Therapeutic dose

effect was demonstrated in AIP murine model. The treatment with AAV2/8-hPBGD or

rAAV2/5-cohPBGD vectors protected male and female mice against phenobarbital-

induced acute porphyric attacks. In both vector embodiments transgene expression was

driven by chimeric promoter EalAAT constituted by a1-antitrypsin gene promoter

linked to the enhancer regions of the albumin gene.



Unzu C. et al. (Mol. Ther. 201 1; 19(2): 243-250) provide preclinical data on AIP

murine model showing a sustained enzymatic correction by rAAV-mediated liver gene

therapy that protects against induced motor neuropathy. Three different vectors were

tested: AAV2/8-hPBGD, rAAV2/5-hPBGD, and rAAV2/5-cohPBGD. Paneda A. et al.

(Hum. Gene Ther. 2013; 24:1007-1017) disclosed safety and liver transduction in male

and female cynomolgus macaques (Macaca fascicularis) after intravenous

administration of rAAV2/5-cohPBGD vectors at two dose levels ( 1 x 10 1 or 5 x 10 1

genomic copies (gc) / kg) over the 30-day evaluation period. However, liver

transduction efficiency was about 8-10 times lower than in mice injected with the same

dose.

Unzu C. et al. (Hum Mol Genet. 2013; 22:2929-2940) disclose that intrahepatic

administration of a high capacity adenoviral vector (Ad-HC or third generation

adenovirus) carrying the same therapeutic cassette than rAAV2/5-cohPBGD

accomplished similar therapeutic efficacy when compared to mice intravenously

injected with the Ad-HC vector at a dose 10 times higher.

SUMMARY OF THE INVENTION

In an attempt to improve efficacy and performance of gene therapy vectors for

treatment of acute porphyrias, and in particular of viral vectors for gene therapy of

intermittent acute porphyria, the inventors speculated that efficacy might be improved

by enhancing the expression of the therapeutic transgene when it is most needed, the

time when porphyrino genie factors increase the demand for hepatic heme and

precipitate the acute porphyria attacks. Hypothetically, the insertion linked to the

promoter of the therapeutic transgene of an appropriate enhancer element that is

responsive to these same porphyrinogenic factors might induce an increase of the

expression of the transgene, thus improving therapeutic efficacy of the vector.

The inventors first considered the insertion of estrogen response elements (ERE)

in association with the promoter driving the expression of the transgene. EREs have

been previously used in the context of viral vectors for gene therapy [see for example

Hernandez-Alcoceba R. Cancer Gene Ther. 2001; 8(4):298-307]. Nevertheless,

although insertion of EREs into the promoter produced an initial enhancement of

transgene expression (PBGD) after the first exposure to a porphyrinogenic estrogen



(17a-ethinyl-estradiol), unfortunately the induction effect progressively declines despite

the presence of high amounts of estrogen (see Example 4).

Unexpectedly, inventors later evidenced that, advantageously, transgene

expression could be induced and maintained during the full period of exposure to

estrogens by inserting some ADRES elements (ALAS1 Drug-Responsive Enhancing

Sequence) in phase with the promoter (Figure 3). Furthermore, expression of the

transgene was also induced in response to other porphyrinogenic stimuli, such as

phenobarbital, fasting, and cardiotrophin (see Example 3). Inducibility of expression

was further improved when 2 or 3 ADRES elements were inserted; 2 tandem ADRES

elements inserted in phase with the promoter produced optimum results (Example 2).

Finally, inventors evidenced that insertion of ADRES elements joined to the promoter

driving the expression of therapeutic transgene (PBGD) of both an AAV vector and a

high capacity adenoviral vector, allows reducing doses of viral vector which must be

administered to maintain the same efficiency and protection against acute attack. This

was evidenced in the context of AAV and high-capacity adenoviral vectors (Examples 5

and 6).

As a conclusion, insertion of ADRES elements can be used as an inducible

system that can be adapted in gene transfer vectors for gene therapy of acute porphyrias

and other diseases.

Although ADRES elements had been previously described and used in a method

for testing chemical compounds as inducers of heme and/or P450 synthesis

[EP1490493B1], no test or information was provided regarding main factors triggering

acute attacks in porphyria, such as estrogens and fasting. On the other hand, these

elements had never used in the context of an expression vector for gene therapy, and in

particular in the context of expression vectors for gene therapy of acute porphyrias.

In a first aspect, the invention relates to a method for enhancing the expression

of the therapeutic transgene of a recombinant gene therapy expression vector, that

comprises inserting the nucleotide sequence of an ALAS1 Drug-Responsive Enhancing

Sequence (ADRES) in the nucleic acid construct of the expression vector, wherein the

ADRES is operably linked to the promoter that controls the expression of the

therapeutic transgene. The expression vector can be a viral vector or a non-viral vector.



In a particular embodiment the vector is a viral or non-viral vector for gene therapy of

acute porphyrias, preferably of acute intermittent porphyria.

Accordingly, the invention also relates to and covers the use of an ALAS 1 Drug-

Responsive Enhancing Sequence (ADRES) in the construction and preparation of a

viral or non-viral expression vector for gene therapy, particularly for gene therapy of

acute porphyrias, preferably of acute intermittent porphyria. In a particular embodiment,

the viral or non-viral vector comprises a nucleotide sequence encoding a protein with

porphobilinogen deaminase activity.

In another aspect, the invention relates to a nucleic acid construct of a gene

therapy viral vector (hereinafter also referred as "first nucleic acid construct of the

invention", that comprises

a) a nucleotide sequence of an ALAS1 Drug-Responsive Enhancing Sequence

(ADRES);

b) the nucleotide sequence of a promoter; and

c) a nucleotide sequence encoding a therapeutic polypeptide.

In another aspect, the present invention relates to a viral particle that comprises a

nucleic acid construct of a gene therapy viral vector of the invention (first nucleic acid

construct of the invention). That is to say, a viral particle that comprises the nucleic acid

construct of a viral vector in which it has been inserted a nucleotide sequence carrying

the sequence encoding the therapeutic polypeptide and, operably linked to it, the

ADRES (at least one copy) and the promoter nucleotide sequence.

In another aspect, the invention relates to a nucleic acid construct (hereinafter also

referred as "second nucleic acid construct of the invention"), that comprises

a) a nucleotide sequence of an ALAS1 Drug-Responsive Enhancing Sequence

(ADRES);

b) the nucleotide sequence of a promoter; and

c) a nucleotide sequence encoding a protein with porphobilinogen deaminase

activity, coproporphyrinogen oxidase activity or protoporphyrinogen oxidase

activity.



In another additional aspect, the invention relates to a product of the invention

for use in medicine (as a medicament). The term "product of the invention" as used

herein refers to and indistinctively covers any of:

a) the first nucleic acid construct of the invention (nucleic acid construct of

invention's viral vector),

b) the viral particle that comprises a first nucleic acid construct of the invention,

and

c) the second nucleic acid construct of the invention.

This use in medicine includes the treatment and/or prevention of a condition

caused by a deficiency in porphobilinogen deaminase, coproporphyrinogen oxidase or

protoporphyrinogen oxidase; in particular of acute porphyrias, such as acute intermittent

porphyria, variegate porphyria or hereditary coproporphyria.

In another aspect, the invention further relates to a pharmaceutical composition

or medicinal product comprising a product of the invention as described above, per se

and for the proposed uses in medicine and therapeutic methods that are described

below.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Expression of Luciferase transgene in response to phenobarbital

injection after hydrodynamics transfection of different DNA plasmids carrying

Luciferase coding sequence operably linked to EalbPal AT chimeric promoter. Plasmids

distinguished from one another in the number and disposition of ADRES elements

which are linked to the promoter: pLuc, control plasmid without ADRES elements;

pADRES, with an ADRES in phase with the promoter; p2ADRES, with 2 ADRES

tandem copies in phase with the promoter; p3ADRES, with 3 copies in phase with the

promoter; p2iADRES, with 2 copies in phase inverted with the promoter; and

p2+iADRES, with 3 tandem copies, an inverted ADRES sequence positioned following

two ADRES sequences in phase with the promoter. Luciferase expression is expressed



as fold change relative to bio luminescence values measured in the control group that

received the pLuc plasmid.

Figure 2A. Luciferase expression in male BALB/c mice after hydrodynamic

transfection with plasmid p2ADRES. A group of animals received a dose of 90 mg of

phenobarbital on days 1, 2, 3, 4, 7 and 8 (■ ; n=3). A control group of mice did not

received phenobarbital (♦; n=2). Luciferase expression was monitored daily by

luminescence and expressed as photons/second/cm /sr.

Figure 2B. Luciferase expression in male BALB/c mice after hydrodynamic

transfection with plasmid p2ADRES. Transfected animals were exposed to a

porphyrinogenic stimulus selected from ketamine administration (Anesthetic,

90 mg/kg/day), 24 h fasting (Fasting), 17a-ethinyl-estradiol injection (Estrogen, 1

µg/two time a day), and cardiotrophin injection (Cardiotrophin, 10 µg/kg/day).

Luciferase expression was measured at baseline [black bars] and 2 days after continuous

exposure to the porphyrinogenic stimulus [white bars]. **: p<0.01; p<0.001

[Wilcoxon matched pairs test] .

Figure 3 . Luciferase expression in male BALB/c mice transfected with plasmid

pLuc (control group), p2ADRES, or p5ERE and subsequently exposed to 17a-ethinyl-

estradiol ( 1 µg/twice a day) for 6 days. Luciferase expression levels were measured

daily and are reported as Fold change, which is the ratio between mean luminescence

measured in estradiol-treated animals and the mean luminescence measured in non-

treated animals that were transfected with the same plasmid vector.

Figure 4 . Therapeutic effect of the treatment with AAV vectors expressing

PBGD in female mice with acute intermittent porphyria (AIP) that were

intraperitoneally treated with increasing doses of phenobarbital for imitating porphyria

attacks. A group of AIP animals remained untreated (Vector -). Prior to phenobarbital

injection two groups were intravenously treated with Reference AAV vector AAV2/8-

EalbPa 1AT-cohPBGD (Vector Ref.) at 7.7 x 109, and 5 x 10 10 gc/kg respectively; and

two other groups were intravenously treated with vector

AAV2/8-2xADRES-EalbPalAT-cohPBGD (Vector ADRES) at 7.7 x l O9, and

2.3 x 10 10 gc/kg. An extra group of untreated female wild-type mice was also included

(WT) as a control (Vector -). n=5 mice/group.



A) Hepatic PBGD activity measured at the sacrifice 24 h after phenobarbital challenge,

day 35 after administration of AAV vector, and expressed as pmol of uroporphyrinogen

per mg protein per hour (pmol URO/mg prot/h);

B) Urinary porphobilinogen PBG excretion measured at day 35 after administration of

AAV vector, just after phenobarbital challenge, and expressed as µg of PBG per mg of

creatinine ^g/mg creat.).

ns, non-significant; * : p<0.05 [Unpaired t test with Welch's correction].

Figure 5 . Therapeutic effect of the treatment with HC-Ad vectors expressing

PBGD in female mice with acute intermittent porphyria (AIP) that were

intraperitoneally injected with increasing doses of phenobarbital, starting 3 weeks after

vector administration. A group of animals AIP remained untreated (Vector -; n=5).

Another group was intravenously treated with Reference HC-Ad vector HC-Ad5-

EalbPa1AT-cohPBGD (Vector Ref; n=9) at 2.6 x 109 iu/kg (iu = infective units); a

third group was intravenously treated with vector HC-Ad5-2xADRES-EalbPalAT-

cohPBGD (Vector ADRES; n=2) at 5.0 x 108 iu/kg. An extra group of untreated female

wild-type mice was also included (WT) as a control (Vector -; n=5).

A) Amount of DNA genome of HC-Ad vector in the hepatic tissue, determined by real

time Q-PCR detection of the poly A PBGD region of the vector, which was normalized

with respect to detected Gapdh gene. Data are expressed in arbitrary units and

correspond to fold increase compared to non-injected group;

B) Hepatic PBGD activity measured at the sacrifice 24 h after phenobarbital challenge,

and expressed as pmol URO/mg prot/h;

C) Urinary porphobilinogen PBG excretion measured at day 25 after administration of

HC-Ad vector, just after phenobarbital challenge, and expressed as µg of PBG per mg

of creatinine ^g/mg creat.).

ns, non-significant; Unpaired t test with Welch's correction.

DETAILED DESCRIPTION OF THE INVENTION

All terms as used herein in this application, unless otherwise stated, shall be

understood in their ordinary meaning as known in the art. Other more specific

definitions for certain terms as used in the present application are as set forth below and



are intended to apply uniformly through-out the specification and claims unless an

otherwise expressly set out definition provides a broader definition.

The terms "nucleic acid sequence" and "nucleotide sequence" may be used

interchangeably to refer to any molecule composed of or comprising monomeric

nucleotides. A nucleic acid may be an oligonucleotide or a polynucleotide. A nucleotide

sequence may be a DNA or R A. A nucleotide sequence may be chemically modified

or artificial. Nucleotide sequences include peptide nucleic acids (PNA), morpholinos

and locked nucleic acids (LNA), as well as glycol nucleic acids (GNA) and threose

nucleic acid (TNA). Each of these sequences is distinguished from naturally-occurring

DNA or RNA by changes to the backbone of the molecule. Also, phosphorothioate

nucleotides may be used. Other deoxynucleotide analogs include methylphosphonates,

phosphoramidates, phosphorodithioates, N3'P5'-phosphoramidates and

oligoribonucleotide phosphorothioates and their 2'-0-allyl analogs and 2'-0-

methylribonucleotide methylphosphonates which may be used in a nucleotide of the

invention.

The term "expression vector" or "vector" as used herein refers to nucleotide

sequences that are capable of effecting expression of a gene (transgene) in host cells or

host organisms compatible with such sequences. Together with the transgene,

expression vectors typically include at least suitable transcription regulatory sequences

and optionally, 3' transcription termination signals. Additional factors necessary or

helpful in effecting expression may also be present, such as expression enhancer

elements able to respond to a precise inductive signal (endogenous or chimeric

transcription factors) or specific for certain cells, organs or tissues.

The term "nucleic acid construct" as used herein refers to a man-made nucleic

acid molecule resulting from the use of recombinant DNA technology. A nucleic acid

construct is a nucleic acid molecule, either single- or double-stranded, which has been

modified to contain segments of nucleic acids, which are combined and juxtaposed in a

manner, which would not otherwise exist in nature. A nucleic acid construct usually is a

"vector", i.e. a nucleic acid molecule which is used to deliver exogenously created DNA

into a host cell.



ALAS1 Drug-Responsive Enhancing Sequence (ADRES)

The terms "ALAS1" and "delta-aminolevulinate synthase 1" indistinctively refer

to the enzyme which catalyzes the condensation of glycine with succinyl-CoA to form

delta-aminolevulinic acid. This mitochondrial enzyme is the first and rate-limiting

enzyme in the mammalian heme biosynthetic pathway. There are 2 tissue-specific

isozymes: a housekeeping enzyme encoded by the ALAS1 gene and an erythroid tissue-

specific enzyme encoded by a separate ALAS2 gene. The level of the mature encoded

protein is regulated by heme: high levels of heme down-regulate transcription of

ALAS1, block mitochondrial import of the enzyme, and mediate a destabilization of the

mature enzyme in the mitochondria; while low heme levels up-regulate it.

The term "ALAS1 Drug-Responsive Enhancing Sequence" (ADRES) as used

herein refers to nucleic acid sequences in the 5'-flanking region of the gene encoding

ALAS1 and that operate as an enhancer for endogenous ALAS1 gene transcription.

These nucleic acid sequences are responsible for chemical compound induced ALAS1

gene transcription.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the ADRES comprises at least a DR-4

nuclear receptor binding site. "DR nuclear receptor binding sites" are characterized by

hexamer half sites arranged as direct repeats with a 4 or 5 nucleotides separation

between both half-sites [6+4+6 or 6+5+6 structure]. The half-site has the canonical

sequence AG(T/G)TCA. A "DR-4 nuclear receptor binding site" is characterized by

hexamer half sites arranged as direct repeats with a 4 nucleotide separation between

half-sites; a "DR-5 nuclear receptor binding site" has two direct repeats with 5

nucleotides separation between the hexamer repeats. In a particular embodiment,

optionally in combination with one or more features of the various embodiments

described above or below, the ADRES comprises a DR-4 nuclear receptor binding site

and a DR-5 nuclear receptor binding site.

The term "DR nuclear receptor binding site" as used herein comprises as well

functional equivalents of the canonical sequence i.e. half-site sequence variants which

are still able to function as binding sites for nuclear receptors such as e.g. CAR

(constitutive androstane receptor)/RXR (retinoid X receptor) heterodimers.



In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, this ADRES further comprises a

NF-1 binding site. The term "NF-1 binding site" as used herein refers to a DNA element

which serves as binding site for members of the nuclear factor- 1 family of transcription

factors, and said term encompasses functional equivalents thereof i.e. sequence variants

which are still able to function as binding sites for members of the nuclear factor 1

(NF1) family of transcription factors. The NF-1 binding site has the following

consensus sequence: TGGC(N9)GCCA (N= any nucleotide).

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the ADRES is an ADRES of

human origin. In a preferred embodiment, optionally in combination with one or more

features of the various embodiments described above or below, the ADRES is

SEQ.ID.NO.l, which corresponds to the sequence of a 174 bp (bp = base pair) core

ADRES element from human ALAS1 gene, -20 918 pb to -20 745 bp of the 5'-flanking

region (GenBank accession no. AC006252).

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleic acid construct comprises

more than 1 ADRES copy; for example 1, 2, or 3 ADRES copies, which can be linked

in phase with the promoter, or inverted. In a preferred embodiment, it comprises the

sequence SEQ.ID.NO.2 which contains 2 ADRES copies, linked in phase with the

promoter sequence.

The promoter

As used herein, the terms "promoter" or "transcription regulatory sequence"

refer to a nucleotide sequence that functions to control the transcription of one or more

coding sequences, which is located upstream with respect to the direction of

transcription of the transcription initiation site of the coding sequence, and 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, repressor and activator protein binding

sites, and any other sequences of nucleotides known to one of skill in the art to act

directly or indirectly to regulate the amount of transcription from the promoter,



including e.g. attenuators, enhancers, and silencers. A "constitutive" promoter is a

promoter that is active in most tissues under most physiological and developmental

conditions. An "inducible" promoter is a promoter that is physiologically or

developmentally regulated, e.g. by the application of a chemical inducer. A "tissue

specific" promoter is only active in specific types of tissues or cells. That is to say a

tissue specific promoter, in the context of this invention, is one which is more active in

one or several (for example two, three or four) particular tissues than in other tissues

(i.e. the promoter is capable of driving a higher expression of the coding sequence to

which it is operably linked in the tissue(s) for which it is specific as compared to any

others). Typically, gene the down-stream of a "tissue specific" promoter is one which is

active to a much higher degree in the tissue(s) for which the promoter is specific than in

any other tissue(s). 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.

According to the invention, the nucleotide sequence encoding the therapeutic

polypeptide or transgene is operably linked to the promoter. As used herein, the term

"operably linked" refers to a linkage of polynucleotide (or polypeptide) elements in a

functional relationship. A nucleic acid is "operably linked" when it is placed into a

functional relationship with another nucleic acid sequence. For instance, a transcription

regulatory sequence is operably linked to a coding sequence if it affects the transcription

of the coding sequence. Operably linked means that the DNA sequences being linked

are typically contiguous; where it is necessary to join two protein encoding regions,

they are contiguous and in reading frame.

Many promoters are known in the art [Sambrook and Russell (Molecular

Cloning: a Laboratory Manual; Third Edition; 2001 Cold Spring Harbor Laboratory

Press); and Green and Sambrook (Molecular Cloning: a Laboratory Manual; Fourth

Edition; 2012 Cold Spring Harbor Laboratory Press)]. Constitutive promoters that drive

a broad expression in many cell types, such as the CMV promoter may be used.

However, promoters that are inducible, tissue-specific, cell-type-specific, or cell cycle-

specific may be preferred.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleotide sequence encoding the

therapeutic polypeptide or transgene is operably linked to a liver-specific promoter. In



the context of this invention, a liver specific promoter is a promoter which is more

active in liver as compared to its activity in any other tissue of the body. Typically, the

activity of a liver specific promoter will be considerably greater in the liver than in other

tissues. For example, such a promoter may be at least 2, at least 3, at least 4, at least 5 or

at least 10 times more active (for example as determined by its ability to drive the

expression in a given tissue in comparison to its ability to drive the expression in other

cells or tissues). Accordingly, a liver specific promoter allows an active expression in

the liver of the gene linked to it and prevents its expression in other cells or tissues.

Suitable liver-specific promoters include, without limitation, an al-anti-trypsin

(AAT) promoter, a thyroid hormone-binding globulin promoter, an alpha fetoprotein

promoter, an alcohol dehydrogenase promoter, an IGF-II promoter, the factor VIII

(FVIII) promoter, a HBV basic core promoter (BCP) and PreS2 promoter, an albumin

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 albumin gene enhancer (Ealb) element (EalbPalAT), an

apolipoprotein E promoter, a low density lipoprotein promoter, a pyruvate kinase

promoter, a phosphenol pyruvate carboxykinase promoter, a lecithin-cholesterol acyl

transferase (LCAT) promoter, an apolipoprotein H (ApoH) promoter, a transferrin

promoter, a transthyretin promoter, an alpha- or beta-fibrinogen promoter, 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, CIr, C2, C3, C4, C5, C6, C8, C9, complement Factor I and

Factor H), a C3 complement activator promoter, and a cd-acid glycoprotein promoter.

Additional tissue-specific promoters may be found in the Tissue-Specific Promoter

Database, TiProD (Nucleic Acids Research 2006; J4: D104-D107).

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the liver-specific promoter is a hybrid

promoter comprising a liver-specific enhancer and a liver-specific promoter, such as a

Hepatic Control Region (HCR)-ApoCII hybrid promoter, an HCR-hAAT hybrid

promoter, an EalbPalAT hybrid promoter [AAT promoter combined with the albumin

gene enhancer (Ealb) element]. In a particular embodiment, optionally in combination



with one or more features of the various embodiments described above or below, the

promoter sequence is SEQ.ID.NO.7, corresponding to an EalbPalAT hybrid promoter.

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, 1, 2, or 3 copies of an ADRES

are operably linked to a liver-specific promoter; in a preferred embodiment the

sequence containing the ADRES copy/ies which is linked to the liver-specific promoter

is SEQ.ID.NO.l.

As used herein, the term "operably linked", when used to define the arrangement

of the ADRES and the promoter, is used to define an arrangement wherein the ADRES

is located before the promoter, i.e. the promoter is located between the ADRES and the

sequence of the therapeutic gene. Moreover, operably linked also implies that the

ADRES is in phase with the promoter. The term "in phase" refers to the fact that the

orientation of the ADRES in the first or second nucleic acid constructs of the invention

with respect to the therapeutic gene is the same as it occurs in the ALASl gene from

wherein it derives. Thus, in the case of the ADRES of the human ALASl gene, the

region comprising nucleotides -20 918 pb to -20 745 bp of the 5'-flanking region of the

ALASl gene is located with respect to the therapeutic gene in the same orientation as it

appears in the ALASl gene with respect to the ALASl coding sequence.

In a more particular embodiment, optionally in combination with one or more

features of the various embodiments described above or below, 1, 2, or 3 copies of an

ADRES are operably linked to an EalbPalAT promoter.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the first and/or second nucleic acid

construct of the invention comprises sequence SEQ.ID.NO.8, which incorporates 2

ADRES copies linked in phase with the EalbPalAT promoter.

The therapeutic polypeptide

As used herein a "polypeptide" is a continuous and unbranched chain of amino

acid monomers linked by peptide (amide) bonds, whatever the length of the chain (the

term embraces peptides and oligopeptides). This polypeptide can be any natural

polypeptide or protein; a fragment of a natural polypeptide or protein; a recombinant

fusion or chimeric protein; a recombinant variant of a natural polypeptide or protein;



and in general any recombinant polypeptide that directly or indirectly produces a

therapeutic effect once the polypeptide has been translated and expressed into the host.

Fusion proteins or chimeric proteins (literally, made of parts from different

sources) are proteins created through the joining of two or more genes that originally

coded for separate proteins. Translation of this fusion gene results in polypeptides with

functional properties derived from each of the original proteins. Recombinant fusion

proteins are created artificially by recombinant technology for use in biological research

or in therapy. "Chimeric" or "chimera" usually designate hybrid proteins made of

polypeptides having different functions or physico-chemical patterns. Chimeric mutant

proteins can occur naturally (i.e. when a complex mutation, such as a chromosomal

translocation, tandem duplication, or retro-transposition creates a novel coding sequence

containing parts of the coding sequences from two different genes. Chimeric proteins

can also be generated by recombinant technology.

A "therapeutic polypeptide" is herein understood as any polypeptide which is

capable of preventing, eliminating, or reducing the symptoms of a disease.

The therapeutic polypeptide can be for example an enzyme, a polypeptidic

hormone, a cytokine, a growth factor, a blood factor, an immunoglobulin or an

antibody, a receptor protein, a signaling protein or transcription factor, or a structural

protein.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the therapeutic polypeptide is useful

for the treatment of diseases affecting or having their origin in the liver.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleotide sequence encodes as

therapeutic polypeptide a protein with porphobilinogen deaminase activity (EC

2.5.1.61), coproporphyrinogen oxidase activity (EC 1.3.3.3), or protoporphyrinogen

oxidase activity (EC 1.3.3.4); in a preferred embodiment, it encodes a protein with

porphobilinogen deaminase activity.

Porphobilinogen deaminase (PBGD), also termed hydroxymethylbilane synthase

(HMBS), is the third enzyme of the heme biosynthetic pathway, and catalyzes the

stepwise condensation of four porphobilinogen to yield hydroxymethylbilane. The



subsequent action of uroporphyrinogen-III synthase (EC 4.2.1.75) on

hydroxymethylbilane gives rise to uroporphyrinogen-III. Porphobilinogen deaminase

and uroporphyrinogen-III synthase work consecutively and cooperatively, producing the

side-chain asymmetry of the physiological porphyrins.

Alternative splicing of two primary transcripts arising from two promoters on

the same gene, give rise to two isoforms of the enzyme. One is ubiquitously expressed,

while the other is expressed exclusively in erythroid cells. The nucleotide sequence that

encodes the therapeutic polypeptide can correspond to a erythroid or alternatively to a

ubiquitous non-erythroid porphobilinogen deaminase; preferably corresponds to a non-

erythroid porphobilinogen deaminase.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleotide sequence encodes as

therapeutic polypeptide a PBGD of human origin. The nucleotide sequence may thus

encode any naturally occurring amino acid sequence of any allelic form of a human

PBGD.

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the nucleotide sequence encodes

as therapeutic polypeptide a human PBGD protein whose amino acids sequence is

SEQ.ID.NO.4, or SEQ.ID.NO.6.

In a preferred embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the nucleotide sequence

encoding the porphobilinogen deaminase has an improved codon usage bias for the

human cell as compared to naturally occurring nucleotide sequence coding for the

deaminase. Preferably, the nucleotide sequence encoding the porphobilinogen

deaminase has a codon adaptation index (CAI) of at least 0.8, 0.85, 0.90, 0.92, 0.94,

0.95, 0.96 or 0.97. A more detailed description of codon usage bias and codon

adaptation index is available in WO20 10/0361 18.

In an embodiment, optionally in combination with one or more features of the

various embodiments described above or below, at least 320, 330, 340, 345, 350, 355,

356, 357, 358, 359, 360, or 361 of all codons of the nucleotide sequence coding for the

non-erythroid porphobilinogen deaminase are identical to the codons (in corresponding

positions) of sequence SEQ ID NO: 3 .



In another embodiment, optionally in combination with one or more features of

the various embodiments described above or below, at least 305, 310, 315, 320, 325,

330, 335, 340, 341, 342, 343, or 344 of the codons of the nucleotide sequence coding

for the erythroid porphobilinogen deaminase are identical to the codons (in

corresponding positions) of sequence SEQ ID NO: 5 .

The "codons" in sequences SEQ.ID.NO.3 and SEQ.ID.NO.5 refer to the codons

in the frame beginning with nucleotide 1 of SEQ.ID.NO.3 and SEQ.ID.NO.5, i.e. not

the frame beginning with nucleotide 2 or 3 of SEQ.ID.NO.3 and SEQ.ID.NO.5. That is

to say, the first codon of SEQ.ID.NO.3 and SEQ.ID.NO.5 is indicated by nucleotide

numbers 1 to 3.

In another particular embodiment, optionally in combination with one or more

features of the various embodiments described above or below, the nucleotide sequence

encodes as therapeutic polypeptide a protein with porphobilinogen deaminase activity

that has at least 95, 96, 97, 98 or 99% nucleotide sequence identity over its entire length

with SEQ.ID.NO.3 or SEQ.ID.NO.5, as determined by a Needleman and Wunsch

global alignment algorithm. More preferably the nucleotide sequence codes for the

amino acid sequences SEQ.ID.NO.4 or SEQ.ID.NO.6.

In a preferred embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the nucleotide sequence

encoding human PBGD is SEQ.ID.NO.3, or SEQ.ID.NO.5.

Coproporphyrinogen oxidase (COX) is the sixth enzyme of the heme

biosynthetic pathway, and catalyzes the stepwise aerobic oxidative decarboxylation of

propionate groups of rings A and B of coproporphyrinogen-III to yield the vinyl groups

of protoporphyrinogen-IX. COX is a soluble enzyme found in the intermembrane space

of mitochondria. Defects in the gene that code for this enzyme (gene name CPOX) are a

cause of hereditary coproporphyria (HCP). Information on human COX (amino acid

sequence features and natural variations, etc) is for example provided at Uniprot

Accesion number: P36551 (http://www.uniprot.org/uniprot/P36551; Last modified

April 16, 2014; Version 150). Information on the CPOX gene encoding this enzyme is

available at Entrez with accession number Gene ID: 1371

(http://www.ncbi.nlm.nih.gov/gene/1371; updated on 4-May-2014).



In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleotide sequence encodes as

therapeutic polypeptide a coproporphyrinogen oxidase of human origin.

Protoporphyrinogen oxidase (PPO) is an enzyme located on the inner

mitochondrial membrane that catalyzes the 6-electron oxidation of protoporphyrinogen-

IX to form protoporphyrin-IX. Defects in the gene that code for this enzyme (gene name

PPOX) are a cause of variegate porphyria (VP). Information on human PPO is available

at Uniprot with Accesion number: P50336 (http://www.uniprot.org/uniprot/P50336;

Last modified April 16, 2014; version 132). Information on the PPOX gene encoding

this enzyme is available at Entrez with accession number Gene ID: 5498

(http://www.ncbi.nlm.nih.gov/gene/5498; updated on 4-May-2014).

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleotide sequence encodes as

therapeutic polypeptide a protoporphyrinogen oxidase of human origin.

Although an enzyme of human origin is preferred, particularly for use in gene

therapy of humans, the enzyme with porphobilinogen deaminase activity,

coproporphyrinogen oxidase activity or protoporphyrinogen oxidase activity can also be

originated from any other species, and particularly from mammals.

However, explicitly included in the invention are also nucleotide sequences that

encode engineered functional equivalent variants of these enzymes having one more

amino acid substitutions, deletions and/or insertions compared to a naturally occurring

human amino acid sequence, and that substantially preserve the biological activity of

porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase.

Porphobilinogen deaminase activity may be determined by an assay as is

described for example by Wright and Lim (Biochem. J . 1983; 213: 85-88).

Coproporphyrinogen oxidase activity may be determined by an assay as is

described for example by Taketani S. et al. (Biochimica et Biophysica Acta. 1994;

1183, 547-549).



Protoporphyrinogen oxidase activity may be determined by an assay as is

described for example by Deybach JC et al. (Hum Genet. 1981; 58:425-428).

Other elements

Other additional elements can be inserted into the first and/or second nucleic

acid construct of the invention upstream or downstream to the sequence encoding the

therapeutic polypeptide and operably linked to it. For example, upstream of the coding

sequence it can be inserted a Kozak consensus sequence around the initiation codon of

the encoding nucleotide sequence; it can be inserted downstream of the coding sequence

one or more stop codons; a 3' untranslated repeat (3' UTR); and a polyadenylation

signal. The woodchuck hepatitis virus post-transcriptional regulatory element (WPRE)

can also be inserted; WPRE is a DNA sequence that, when transcribed creates a tertiary

structure enhancing transgene expression in a variety of viral vectors.

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 the SV40 early polyadenylation signal,

the SV40 late polyadenylation signal, the HSV thymidine kinase polyadenylation

signal, the protamine gene polyadenylation signal, the adenovirus 5 Elb polyadenylation

signal, the bovine growth hormone polydenylation signal, the human variant growth

hormone polyadenylation signal, human PBGD polyadenylation signal and the like.

Viral elements of the expression viral vector

As it has already been mentioned, the first nucleic acid construct of the invention

constitutes the nucleotide sequence of an expression "viral vector", which includes the

genomic sequence of a virus modified in order to accommodate an exogenous sequence

of interest [a therapeutic protein or polypeptide] to be introduced into a host cell.

Modification of viruses for the design and production of expression viral vectors is

common practice in the gene therapy field, and typically involves: (i) removal from the

viral genome of most genes coding for viral proteins; in particular, of those that are

potentially pathogenic; (ii) maintenance of the cis-acting sequences of the viral genome

required for viral replication; in particular, those determining inclusion of the genomes

within the viral particles (packaging signal, ψ); (iii) expression of the viral genes



required for viral replication within the virus-producing cells (called packaging cells);

either from genes encoded by transiently transfected plasmids or expressed in the

context of a helper virus simultaneously infecting the packaging cells, or from genes

directly contained inside the packaging cells' genome thanks to a previous recombinant

engineering of these cells.

In the context of the invention the viral vector is modified by insertion into the

first nucleic acid construct of a sequence comprising the nucleotide sequence encoding

a therapeutic polypeptide of interest, and operably linked to it, the ADRES (at least on

copy) and the promoter sequence. On the other hand, the modification usually involves

the deletion of a part of the viral genome, for example a part critical for viral

replication. Such a virus can efficiently infect cells but, once the infection has taken

place, a system is required to provide the missing proteins for production of new

virions, for example by means of a helper virus.

In one embodiment, the viral vector further comprises an insulator. Insulator

elements may contribute to isolating promoter of transgene from viral ITRs, thus

avoiding unspecific promoter activity of ITRs interfering with transgene expression. In

a preferred embodiment, the polyA insulator is located immediately upstream of the

ADRES region. Examples of insulator elements include, but are not limited to, an

insulator from a beta -globin locus, such as chicken HS4.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the viral vector of the invention is

derived from a virus selected from the group consisting of parvoviruses (in particular

adeno-associated viruses), adenoviruses, alphaviruses, retroviruses (in particular gamma

retroviruses, and lentiviruses), herpesviruses, and SV40. In a preferred embodiment the

vector is an adeno-associated viral vector (AAV), an adenoviral vector, or a lentiviral

vector. AAV and adenoviral vectors are particularly suitable to specifically drive and

express the foreign genetic material into the liver.

As used herein, the term "adeno-associated virus" or "adeno-associated viral

vector" (AAV) includes any AAV serotype. Generally, the AAV serotypes have

genomic sequences with a significant homology at the nucleic acid and the amino acid

levels, provide an identical set of genetic functions; they produce virions which are



essentially physically and functionally equivalent; and replicate and assemble by

practically identical mechanisms. In particular, the invention may be carried out by

using AAV serotypes AAV1, AAV2, AAV3 (including types 3A and 3B), AAV4,

AAV5, AAV6, AAV7, AAV8, AAV9, AAV10, AAV1 1, AAV 12, avian AAV, bovine

AAV, canine AAV, equine AAV, ovine AAV, and any other AAV now known or later

discovered. The genomic sequences of the various serotypes of AAV and the

autonomous parvoviruses, as well as the sequences of their terminal repeats, Rep

proteins, and capsid subunits are known in the art. Such sequences may be found in the

literature or in public databases such as GenBank.

In a particular embodiment, an AAV vector according to the invention

comprises, optionally in combination with one or more features of the various

embodiments described above or below, at least one AAV inverted terminal repeat

sequence (ITR) flanking the nucleic acid construct at one side. AAV "inverted terminal

Repeats (ITR)" or "terminal repeats" are 145 nucleotides' sequences located at 5'- and

3'-ends of AAV, that contain palindromic sequences and that can fold over to form T-

shaped hairpin structures that function as primers during initiation of DNA replication.

They are also needed for viral genome integration into host genome; for the rescue from

the host genome; and for the encapsidation of viral nucleic acid into mature virions. The

ITRs are the only viral elements which are required in cis for the vector genome

replication and its packaging into the viral particles.

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the AAV vector comprises at

least two AAV ITRs, one on each side of the nucleic acid construct. The ITRs will

typically be at the 5' and 3' ends of the nucleic acid construct, but need not be

contiguous thereto. The terminal repeats can be the same or different from each other.

In a particular embodiment, both ITRs are from a same AAV serotype, which can be an

AAV of any serotype known or later discovered. In a particular embodiment, optionally

in combination with one or more features of the various embodiments described above

or below, ITRs are the ITRs of an AAV of a serotype selected from the group consisting

of AAV1, AAV2, AAV3, AAV4, AAV5, AAV6, AAV7, AAV8, AAV9, AAV10,

AAV11 and AAV12. ITRs of AAV1, AAV2, and AAV4 are preferred, more

particularly ITRs from AAV2 (for example SEQ.ID.NO.9 and SEQ.ID.NO.10).



In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the nucleic acid construct of the AAV

vector of the invention comprises a single "terminal repeat". The term "terminal repeat"

includes a viral terminal repeat and/or a partially or completely synthetic nucleotides'

sequence that form hairpin structures and function as an inverted terminal repeat, such

as the "double-D sequence" as described in United States Patent No. 5,478,745 to

Samulski et al. The "AAV terminal repeat" may be from any AAV, including but not

limited to serotypes AAV1, AAV2, AAV3, AAV4, AAV5, AAV6, AAV7, AAV8,

AAV9, AAV 10, AAV 1 1 and/or AAV 12, or any other AAV now known or later

discovered. The AAV terminal repeat need not have a wild-type sequence (e.g., a wild-

type sequence may be altered by insertion, deletion, truncation or missense mutations),

as long as the terminal repeat mediates the desired functions, e.g., replication, virus

packaging, integration, provirus rescue, and the like.

In another embodiment, in which the viral vector is a self-complementary AAV,

the nucleic acid construct includes a non-resolvable terminal repeat, optionally in

combination with one or more features of the various embodiments described above or

below. The term "non-resolvable terminal repeat" refers to a modified ITR such that the

resolution by the Rep protein is reduced. A non-resolvable ITR can be an ITR sequence

without the terminal resolution site which leads to low or no resolution of the non-

resolvable terminal repeat and yields self-complementary AAV vectors. A self-

complementary genome comprises a 5' ITR, and a 3' ITR flanking the genome (wild-

type ITRs or resolvable ITRs), and a non-resolvable ITR interposed between the 5' and

3' ITRs. Each portion of the genome (i.e. between each resolvable ITR and non-

resolvable ITR) comprises a recombinant nucleotide sequence, wherein each half (i.e.:

the first recombinant nucleotide sequence and the second recombinant nucleotide

sequence) is complementary to the other, or self-complementary. Self-complementary

AAV vectors have been previously described in the art (US7465583 and McCarty D.M.

Mol. Ther. 2008; 16(10): 1648-1656) and can be adapted as particular embodiments of

the present invention.

On the other hand, the term "adenovirus" or "adenoviral vector" as used herein

includes any adenovirus serotype within any of the classification sub-groups (A-F). In a



particular embodiment, optionally in combination with one or more features of the

various embodiments described above or below, an adenoviral vector according to the

invention is derived from a sub-group C adenovirus, more preferably from an

adenovirus serotype 2 (Ad2) or serotype 5 (Ad5).

Adenovirus have been widely used for the design and construction of adenoviral

vectors for gene therapy, and a number of possible alternative modifications are well

known for those skill in the art (e.g.. first-, second-, third-generation adenoviruses) [see

Adenovirus. Methods and Protocols. Chillon M. and Bosch A. (Eds); third Edition;

2014 Springer]. Thus, the adenoviral vector according to the invention can be, in

particular, a first-, second-, or third-generation adenovirus, or any other adenoviral

vector system already known or later described.

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the viral vector of the invention

is a "third generation adenovirus", which may also be referred to as "gutless

adenovirus", "helper-dependent adenovirus (HD-Ad)", or "high capacity adenovirus

(HC-Ad)". A third generation adenovirus has all viral coding regions removed (gutless);

it depends on a helper adenovirus to replicate (helper-dependent); and it can carry and

deliver into the host cell up to 36 Kbp inserts of foreign genetic material (high-

capacity). A gutless adenovirus keeps the inverted terminal repeats ITRs (5' and 3') and

packaging signal (ψ), which is essential for the final assembly of the viral particle. This

way, in a particular embodiment a high-capacity adenoviral vector according to the

invention comprises together with the sequence carrying the nucleotide sequence

encoding a therapeutic polypeptide and, operably linked to it, the ADRES (at least one

copy) and promoter sequence: a) two ITR copies, one on each side of the nucleic acid

construct (5'-ITR, and 3'-ITR), and b) an adenovirus packaging signal (ψ) located

downstream of the 5'-ITR and preceding the nucleic acid construct carrying the ADRES

element/s, the promoter and the encoding sequence. In a preferred embodiment,

optionally in combination with one or more features of the various embodiments

described above or below, the HC-Ad comprises 5' ITR, ψ packaging signal, and 3' ITR

of an adenovirus of Ad2 or Ad5 serotype.

According to the invention the nucleic acid construct of the viral vector, and in

particular of an AAV or HC-Ad vector, may further comprise other optional viral and



no-viral nucleotide sequences, including among others: stuffer sequences to complete

the minimal packageable genome size (e.g. intronic sequences hypoxanthine-guanine

phospho ribosyl transferase HPRT), polyA insulators, and post-transcriptional

regulatory elements. Suitable optional nucleotide elements for the viral vector

construction are in general well known of a person skilled in recombinant genetic

technology, and in particular of a person skilled in genetic engineering of gene therapy

viral vectors.

The first and/or second nucleic acid construct of the invention herein described

can be prepared and obtained by conventional methods known to those skilled in the art:

Sambrook and Russell (Molecular cloning: a laboratory Manual; Third Edition; 2001

Cold Spring Harbor Laboratory Press); and Green and Sambrook (Molecular cloning: a

laboratory Manual; Fourth Edition; 2012 Cold Spring Harbor Laboratory Press).

Viral particle for gene therapy

The term "virion", and "viral particle" are used herein interchangeably and relate

to an infectious and typically replication-defective virus particle comprising the viral

genome packaged within a capsid and, as the case may be, a lipidic envelope

surrounding the capsid.

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the virion of the invention is a

"recombinant AAV virion" or "rAAV virion" obtained by packaging of a nucleic acid

construct of an AAV vector according to the invention in a protein shell.

Proteins of the viral capsid of an adeno-associated virus (capsid proteins VP1,

VP2, and VP3) are generated from a single viral gene (cap gene). Differences among

the capsid protein sequence of the various AAV serotypes result in the use of different

cell surface receptors for cell entry. In combination with alternative intracellular

processings, this gives rise to distinct tissue tropisms for each AAV serotype.

A recombinant AAV virion according to the invention may be prepared by

encapsidating the nucleic acid construct of an AAV vector derived from a particular

AAV serotype on a viral particle formed by natural Cap proteins corresponding to an

AAV of the same particular serotype. Nevertheless, several techniques have been

developed to modify and improve the structural and functional properties of naturally



occurring AAV viral particles (Bunning H et al. J Gene Med 2008; 10: 717-733). Thus,

in an AAV viral particle according to the invention the nucleotide construct of the viral

vector flanked by ITR(s) of a given AAV serotype can be packaged, for example, into:

a) a viral particle constituted of capsid proteins derived from a same or different AAV

serotype [e.g. AAV2 ITRs and AAV5 capsid proteins; AAV2 ITRs and AAV8 capsid

proteins; etc]; b) a mosaic viral particle constituted of a mixture of capsid proteins from

different AAV serotypes or mutants [e.g. AAV2 ITRs with AAVl and AAV5 capsid

proteins]; c) a chimeric viral particle constituted of capsid proteins that have been

modified by domain swapping between different AAV serotypes or variants [e.g. AAV2

ITRs with AAV5 capsid proteins with AAV3 domains]; or d) a targeted viral particle

engineered to display selective binding domains, enabling stringent interaction with

target cell specific receptors [e.g. AAV4 ITRs with AAV2 capsid proteins genetically

modified by insertion of a peptide ligand; or AAV2 capsid proteins non-genetically

modified by coupling of a peptide ligand to the capsid surface].

The skilled person will understand that the AAV virion according to the

invention may comprise capsid proteins from any AAV serotype. In a particular

embodiment, optionally in combination with one or more features of the various

embodiments described above or below, the AAV viral particle comprises capsid

proteins from a serotype selected from the group consisting of AAVl, AAV5, AAV8,

and AAV9 which are more suitable for delivery to the liver cells (Nathwani et al, 2007,

Blood 109: 1414-1421; Kitajima et al, 2006, Atherosclerosis 186:65-73).

In another embodiment, optionally in combination with one or more features of

the various embodiments described above or below, the virion of the invention is an

adenoviral virion, such as an Ad5 virion. As it is the case for AAV virions, capsid

proteins of Ad virions can also be engineered to modify their tropism and cellular

targeting properties.

Production of viral particles carrying the nucleic acid construct of the viral

vector of the invention can be performed by means of conventional methods and

protocols, which are selected having into account the structural features chosen for the



instant nucleic acid construct and viral particle of the vector embodiment to be

produced.

Briefly, viral particles can be produced in a specific virus-producing cell

(packaging cell) which is transfected with the DNA nucleic acid construct of the vector

to be packaged, in the presence of a helper virus or other DNA construct/s. The

packaging cell, and helper vector or DNA constructs provide together in trans all the

missing functions which are required for the complete replication and packaging of the

viral vector.

Large-scale production of AAV vectors according to the invention can be carried

out for example by infection of insect cells with a combination of recombinant

baculoviruses (Urabe et al. Hum. Gene Ther. 2002; 13: 1935-1943). SF9 cells are co-

infected with three baculovirus vectors respectively expressing AAV rep, AAV cap and

the AAV vector to be packaged. By using helper plasmids encoding the rep ORF {open

reading frame) of an AAV serotype and cap ORF of a different serotype AAV, it is

feasible to package a vector flanked by ITRs of a given AAV serotype into virions

assembled from structural capsid proteins from a different serotype. It is also possible

by this same procedure to package mosaic, chimeric or targeted vectors.

Other conventional methods can also be used to produce viral particles of AAV

vector, such as transient cell co-transfection with a plasmid carrying the nucleic acid

construct of the AAV vector; an AAV helper plasmid that encodes rep and cap open

reading frames, but does not carry ITRs sequences; and with a third plasmid providing

the adenoviral functions necessary for AAV replication. Alternatively, rep, cap, and

adenoviral helper genes can be combined on a single plasmid (Blouin Vet al. J Gene

Med. 2004; 6(suppl): S223-S228; Grimm D. et al. Hum. Gene Ther. 2003; 7:839-850).

On the other hand, the production of HC-Ad vectors according to the invention

can be carried out by means of mammalian cells that constitutively express and

transcomplement the adenoviral E l gene, and also Cre recombinase (e.g. 293Cre cells).

These cells are transfected with the HC-Ad vector genome and infected with a first-

generation adenoviral helper virus (El -deleted) in which the packaging signal is flanked

by loxP sequences. [Parks RJ et al. Proc. Natl. Acad. Sci. USA 1996; 13565-13570; for



293Cre cells, see Palmer and Engel. Mol. Ther. 2003; 8:846-852]. Several Cre/loxP-

based helper virus systems have been described that can be used for packaging HC-Ad

vectors, such as the AdAdLC8cluc, or the optimized self-inactivating AdTetCre helper

virus (EP2295591; Gonzalez-Aparicio et al. Gene Therapy 201 1; 18: 1025-1033).

Further guidance for the construction and production of viral vectors for gene

therapy according to the invention can be found in

Viral Vectors for Gene Therapy, Methods and Protocols. Series: Methods in

Molecular Biology, Vol. 737. Merten and Al-Rubeai (Eds.); 201 1 Humana Press

(Springer).

Gene Therapy. M. Giacca. 2010 Springer-Ver lag.

Heilbronn R. and Weger S. Viral Vectors for Gene Transfer: Current Status of

Gene Therapeutics. In: Drug Delivery, Handbook of Experimental Pharmacology 197;

M. Schafer-Korting (Ed.). 2010 Springer-Verlag; pp. 143-170.

Adeno-Associated Virus: Methods and Protocols. R.O. Snyder and P. Moulllier

(Eds). 201 1 Humana Press (Springer).

Bunning H. et al. Recent developments in adeno-associated virus technology. J .

Gene Med. 2008; 10:717-733.

Adenovirus: Methods and Protocols. M. Chillon and A. Bosch (Eds.); Third

Edition. 2014 Humana Press (Springer); (in particular chapter 15).

Therapeutic uses

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the product of the invention as

defined within the Summary of the invention is devised for use in the treatment of a

condition caused by a deficiency in porphobilinogen deaminase, coproporphyrinogen

oxidase or protoporphyrinogen oxidase; in that case the nucleic acid construct

comprises a nucleotide sequence encoding the therapeutic polypeptide or protein with

corresponding porphobilinogen deaminase, coproporphyrinogen oxidase or

protoporphyrinogen oxidase activity. Accordingly, the invention also relates to the use

of a product of the invention that comprises a nucleotide sequence encoding a

therapeutic polypeptide with PBGD, COX or PPOX activity, for the preparation of a

medicament for the treatment of a condition respectively caused by a deficiency in



porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase; and to a method for the treatment of a condition caused by a deficiency in

porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase, that comprises the administration of an effective amount of a product of the

invention that comprises a nucleic acid sequence encoding a therapeutic polypeptide

with corresponding PBGD, COX or PPOX activity to a subject with a corresponding

porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase deficiency.

In a particular embodiment, optionally in combination with one or more features

of the various embodiments described above or below, the condition caused by a

PBGD, COX or PPOX deficiency is an acute porphyria, and, in particular, an acute

intermittent porphyria (AIP, Online Mendelian Inheritance in Man catalog accession

number OMIN 176000), a variegate porphyria (VP, OMIN 176200) or a hereditary

coproporphyria (HCP, OMIN 121300).

In one embodiment, optionally in combination with one or more features of the

various embodiments described above or below, the condition to be treated is caused by

a deficiency in porphobilinogen deaminase, and in particular an acute porphyria; more

preferably is acute intermittent porphyria, and in particular acute intermittent porphyria

in a subject which suffers recurrent attacks of porphyria with or without nervous system

dysfunctions. Such treatment may alleviate, ameliorate, or reduce the severity of one or

more symptoms of AIP, for example reduces the incidence or severity of an attack. For

example, treatment may alleviate, ameliorate, or reduce the severity of dysfunction of

the nervous system, abdominal pain or neurovisceral and/or circulatory disturbances.

Accordingly, the product of the invention for these therapeutic uses will carry a

nucleotide sequence encoding a polypeptide with porphobilinogen deaminase activity.

The product of the invention will be typically included in a pharmaceutical

composition or medicament, optionally in combination with a pharmaceutical carrier,

diluent and/or adjuvant. Such composition or medicinal product comprises the product

of the invention in an effective amount, sufficient to provide a desired therapeutic or

prophylactic effect, and a pharmaceutically acceptable carrier or excipient. An



"effective amount" means a therapeutically effective amount or a prophylactically

effective amount.

Thus, the invention further relates to a pharmaceutical composition or medicinal

product comprising a product of the invention, per se and for the above proposed uses in

medicine and therapeutic methods. The pharmaceutical composition or medicament

preferably comprises a pharmaceutically acceptable carrier. Any suitable

pharmaceutically acceptable carrier or excipient can be used in the present compositions

(See e.g., Remington: The Science and Practice of Pharmacy, Alfonso R. Gennaro

(Editor) Mack Publishing Company, April 1997). Preferred pharmaceutical forms

would be in combination with sterile saline, dextrose solution, or buffered solution, or

other pharmaceutically acceptable sterile fluids. Alternatively, a solid carrier may be

used such as, for example, microcarrier beads.

Pharmaceutical compositions are typically sterile and stable under the conditions

of manufacture and storage. Pharmaceutical compositions may be formulated as a

solution, microemulsion, liposome, or other ordered structure suitable to accommodate

a high drug concentration. The carrier may be a solvent or dispersion medium

containing, for example, water, ethanol, polyol (for example, glycerol, propylene glycol,

and liquid polyethylene glycol, and the like), and suitable mixtures thereof. The proper

fluidity can be maintained, for example, by the use of a coating such as lecithin, by the

maintenance of the required particle size in the case of dispersion and by the use of

surfactants. In many cases, it will be preferable to include isotonic agents, for example,

sugars, polyalcohols such as mannitol, sorbitol, or sodium chloride in the composition.

Prolonged absorption of the injectable compositions can be brought about by including

in the composition an agent which delays absorption, for example, monostearate salts

and gelatin. The product of the invention may be administered in a time or controlled

release formulation, for example in a composition which includes a slow release

polymer or other carriers that protect the compound against rapid release, including

implants and microencapsulated delivery systems. Biodegradable, and biocompatible

polymers may for example be used, such as ethylene vinyl acetate, polyanhydrides,

polyglycolic acid, collagen, polyorthoesters, polylactic acid and polylactic /

polyglycolic copolymers (PLG).



As used herein a "therapeutically effective amount" refers to an amount

effective, at dosages and for periods of time necessary, to achieve the desired

therapeutic result, such as an elevation of PBGD, PPOX or COX activity. A

therapeutically effective amount of the product of the invention, or pharmaceutical

composition that comprises it may vary according to factors such as the disease state,

age, sex, and weight of the individual, and the ability of the product or pharmaceutical

composition to elicit a desired response in the individual. Dosage regimens may be

adjusted to provide the optimum therapeutic response. A therapeutically effective

amount is also typically one in which any toxic or detrimental effects of the product or

pharmaceutical composition are outweighed by the therapeutically beneficial effects.

A "prophylactically effective amount" refers to an amount effective, at dosages

and for periods of time necessary, to achieve the desired prophylactic result, such as

preventing or inhibiting various conditions, for example a condition associated with a

reduction in PBGD, PPOX or COX levels. A prophylactic dose may be used in subjects

prior to or at an earlier stage of disease, and a prophylactically effective amount may be

more or less than a therapeutically effective amount in some cases.

In one embodiment, the therapy is administered prior to, concomitantly and/or

immediately after the exposure of the patient to a porphyrinogenic factor. The term

"porphyrinogenic factor", as used herein, refers to any factor that results in an increased

production of heme by the liver. Porphyrinogenic factors include, without limitation,

estrogen administration or an increase in estrogens during the hormonal cycle,

starvation, and certain drugs and anesthetics, such as barbiturates.

In one embodiment, in which product of the invention is a viral vector that

encodes PBGD protein and is used to treat AIP, a range for the therapeutically or

prophylactically effective amounts of the product of the invention, or pharmaceutical

composition which comprises it, may be from 1 x 10 10 to 2 x 10 1 genome copies (gc)

/kg, for example from 1 x 10 10 to 1 x 10 1 gc/kg of AAV vector and from 5 x 108

infective units/kg to 1 x 10 12 infective units/kg of HC-Ad vector. It is to be noted that

dosage values may vary with the severity of the condition to be alleviated. For any

particular subject, specific dosage regimens may be adjusted over time according to the

individual need and the professional judgment of the person administering or

supervising the administration of the compositions. Dosage ranges set forth herein are



exemplary only and do not limit the dosage ranges that may be selected by medical

practitioners.

For gene therapy viral vectors and viral particles, such as the AAV or HC-Ad

viral particles according to the present invention, the dosage to be administered may

depend to a large extent on the condition and size of the subject being treated as well as

the therapeutic formulation, frequency of treatment and the route of administration.

Regimens for continuing therapy, including dose, formulation, and frequency may be

guided by the initial response and clinical judgment. The parenteral route of injection

into the interstitial space of tissue may be preferred, although other parenteral routes

may also be considered. Intravenous or intrahepatic administrations can be suitable

(Unzu C. et al. Hum. Mol. Genet. 2013; 22(14):2929-2940).

In some protocols, a formulation comprising the vector of the invention in an

aqueous carrier is injected into tissue in appropriate amounts.

The tissue target may be specific, for example the liver tissue, or it may be a

combination of several tissues, for example the muscle and liver tissues. Exemplary

tissue targets may include liver, skeletal muscle, heart muscle, adipose deposits, kidney,

lung, vascular endothelium, epithelial and/or hematopoietic cells.

In one embodiment, the effective dose range for small animals (mice), following

intrahepatic injection, may be between 1 x 10 10 and 1 x 10 12 gc / kg for AAV; or

between 5 x 108 and 1 x 10 1 1 vp/kg for HC-Ad, and for larger animals (cats) and for

human subjects, between 1 x 10 1 1 and 2 x 10 1 gc / kg for AAV or between 1 x 10 10 and

1 x 10 12 vp / kg for HC-Ad.

The amount of product of the invention or of pharmaceutical composition in the

compositions of the invention may vary according to factors such as the disease state,

age, sex, and weight of the individual, and/or concomitant medication that has been

prescribed to the patient. Dosage regimens may be adjusted to provide the optimum

therapeutic response. For example, a single bolus may be administered, several divided

doses may be administered over time or the dose may be proportionally reduced or

increased as indicated by the exigencies of the therapeutic situation.

It may be advantageous to formulate parenteral compositions in dosage unit

form for ease of administration and uniformity of dosage. "Dosage unit form" as used



herein refers to physically discrete units suited as unitary dosages for subjects to be

treated; each unit containing a predetermined quantity of active compound calculated to

produce the desired therapeutic effect in association with the required pharmaceutical

carrier. The specification for the dosage unit forms of the invention may be dictated by

the unique characteristics of the active compound and the particular therapeutic effect to

be achieved, and by the limitations inherent in the art of compounding such an active

compound for the treatment of a condition in individuals.

As used herein "pharmaceutically acceptable carrier" or "excipient" includes any

and all solvents, dispersion media, coatings, antibacterial and antifungal agents,

isotonic, absorption delaying agents, and the like that are physiologically compatible. In

one embodiment, the carrier is suitable for parenteral administration, which includes

among others intravenous, intraperitoneal or intramuscular administration.

Alternatively, the carrier may be suitable for sublingual or oral administration.

Pharmaceutically acceptable carriers include sterile aqueous solutions or dispersions

and sterile powders for the extemporaneous preparation of sterile injectable solutions or

dispersion. The use of such media and agents for pharmaceutically active substances is

well known in the art. Except insofar as any conventional media or agent is

incompatible with the active compound, use thereof in the pharmaceutical compositions

of the invention is contemplated.

Supplementary active compounds can also be incorporated into the

pharmaceutical compositions of the invention. Guidance on co-administration of

additional therapeutics may for example be found in the Compendium of

Pharmaceutical and Specialties (CPS) of the Canadian Pharmacists Association.

Throughout the description and claims the word "comprise" and variations of

thereof, are not intended to exclude other technical features, additives, components, or

steps. Furthermore, the word "comprise" encompasses the case of "consisting of.

Additional objects, advantages and features of the invention will become apparent to

those skilled in the art upon examination of the description or may be learned by

practice of the invention. The following examples are provided by way of illustration,

and they are not intended to be limiting of the present invention. Furthermore, the



present invention covers all possible combinations of particular and preferred

embodiments described herein.

EXAMPLES

Example 1. Construction of recombinant expression vectors.

l.a. Plasmids for hydrodynamic transfer experiments

A set of different plasmidic vectors was designed and constructed to conduct

several comparative hydrodynamic transfection assays.

In a first place, pTRE-EalbPalAT-Luciferase plasmid (henceforth pLuc) was

used as starting product to construct other plasmids, and was also included in the assays

as a control. The plasmid was derived from a pTRE2 vector (CLONTECH Laboratories,

Inc, Germany); the reporter gene luciferase (CDS sequence: 304. .429, 487. .694,

746.. 1079, 1128. .1448, 1498.. 1852, 1896..2061 and 2109..2251; GenBank accession

number M l 5077) was cloned downstream of the a -1-antitrypsin promoter linked to the

enhancer regions of the albumin gene (EalbPal AT) which is a potent chimeric promoter

in directing stable gene expression in liver cells [Kramer MG et al. Mol Ther 2003; 7 :

375-385].

Secondly, a panel of plasmids that carried one or several estrogen response

elements (ERE) was constructed. The nucleotide sequence GGTCACAGTGACC of

Estrogen Response Element (ERE) was SEQ.ID.N0.13. Five ERE elements in tandem

were obtained from AdEHT2 plasmid (Hernandez-Alcoceba et al. Hum. Gene Ther.

2002.13:1737-1750) and were cloned into pLuc expression vector at 5'-end of

EalbPalAT promoter. The resulting plasmid was pTRE-5xERE-EalbPalAT-Luc

(p5ERE).

Thirdly, a panel of plasmids which carried one or several ADRES elements was

also constructed. The nucleotide sequence of an ADRES element is provided as

SEQ.ID.NO.l, a sequence of 174 bp in length spanning from -20 918 pb to -20 745 bp

of the 5 '-flanking region of human ALAS1 gene (GenBank accession no. AC006252).

Designed primers

sensehuADRES (SEQ.ID.NO.i l )



5'-ATCTGCAGAATTGCTCGAGCGCAAAGTCAACACAAGCCTCTCCACCGTGTGTCCAT

GTTTATGTGTATGCGCTGTGCCCCGTCATGCCACCTGGACGCAGGGACTCCAGTGACCT

CTC-3' ;

and antisensehuADRES (SEQ.ID.NO.12)

5 '-TACGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTGCCTCGAGGGAAAAAAGGC

AAGGCCAGAGCTTGGCTGATGTCATGCCAATCTTTCCCAAACCAGCAGAGGCTTGTGCA

AGGAGAGGTCACTGGAGTCCC-3' ,

were annealed to the complementary regions and then were amplified by PCR. The

resultant fragment was cloned into the above mentioned pLuc vector using the Xhol

restriction endonuclease site placed in 5'-end of EalbPal AT promoter and Xhol sites

placed on both ends of the ADRES fragment.

Different plasmid clones were obtained:

pTRE-ADRES-EalbPa 1AT-Luc (pADRES), carrying 1 ADRES sequence in phase with

the promoter;

pTRE-2xADRES-EalbPal AT-Luc (p2ADRES), carrying 2 ADRES sequence in phase

with the promoter;

pTRE-3xADRES-EalbPal AT-Luc (p3ADRES), carrying 3 ADRES sequence in phase

with the promoter;

pTRE-ADRES-iADRES-EalbPal AT-Luc (p2iADRES), carrying 2 ADRES sequences

in phase inverted with the promoter; and

pTRE-2xADRES-iADRES-EalbPal AT-Luc (p2+iADRES) which carried 3 ADRES

sequences, an inverted ADRES sequence positioned following 2 ADRES sequences in

phase with the promoter.

All individual plasmid clones were analyzed by sequencing.

l.b. Viral expression vectors: construction of AAV vectors (serotype 8, single-

stranded).

AAV2/8-EalbPalAT-cohPBGD and AAV2/8-2xADRES-EalbPalAT-cohPBGD

vectors were produced for evaluation in acute intermittent porphyria murine model.

Firstly, plasmids pro-AAV-cohPBGD and pro-AAV-2ADRES were generated

by cloning expression cassettes of the vectors in a pro-AAV based cloning vector

(courtesy of P. Berraondo: Berraondo P. et al. Mol. Ther. 2005; 12: 68-76). The pro-



AAV based vector carries the backbone for the vector, containing mainly the AAV2

5'ITR (SEQ.ID.NO.9); a first appropriate stuffer sequence; the restriction sites for

expression cassette insertion; a poly(A) sequence from the rabbit β-globin gene, added

to adjust the size of the AAV genome to the optimal packaging capacity described for

single-stranded AAV vectors (Dong et al, Hum. Gene Ther. 1996; 7(17):2101-21 12.);

and AAV2 3'ITR (SEQ.ID.NO.10). The expression cassette inserted in pro-AAV-

cohPBGD had the following elements: a polyA insulator sequence, liver-specific

promoter EalbPalAT (SEQ.ID.NO.7) (Kramer et al, Mol. Ther. 2003; 7(3):375-385;

referred as Ealb-PalAT), a codon optimized synthetic sequence encoding human

housekeeping PBGD followed with two stop codons (SEQ.ID.NO.3), and the 3'-UTR

and polyadenylation sequences of human PBGD (bases 9,550-9,655: GenBank

accession no. M95623). The expression cassette inserted in pro-AAV-cohPBGD vector

had these same elements plus two tandem repeats of ADRES (SEQ.ID.NO.2) inserted

after the polyA insulator at the 5'end of EalbPalAT promoter.

Secondly, recombinant AAV8 vectors carrying wild-type AAV2 ITRs were then

produced in 293 T cells. For each production a mixture of plasmidswas transfected into

293 T cells using linear polyethylenimine 25 kDa (Polysciences, Warrington, PA) (as

described by Durocher Y. et al, Nucleic Acids Res. 2002; 30:E9). The mixture of

plasmids contained 20 µg of corresponding pro-AAV based plasmid and 55 µg of

plasmid pDP8.ape (PlasmidFactory, KG, Bielefeld, Germany). The cells were harvested

48 hours after transfection and virus was released from the cells by three rounds of

freeze-thawing. Crude lysates from all batches were centrifuged for 10 min at 4°C, 960

g, filtered (pore size, 0.45 µιη) and later digested with 100 µg/ml DNase and RNase

(both from Roche Diagnostic GmbH, Mannheim, Germany) for 30 min at 37°C. AAVs

were purified from the supernatant by ultracentrifugation in Optiprep Density Gradient

Medium-Iodixanol (Sigma-Aldrich, St Louis MO), following manufacturer instructions.

The purified batches were then concentrated and diafiltrated by passage through

Centricon tubes (YM-100; Millipore, Bedford, MA). After concentration, the viral

batches were stored at -80 °C.

To titer the AAV productions, viral DNA was isolated using "The High Pure

Viral Nucleic Acid" kit (Roche Applied Science. Mannheim, Germany).



The concentration of viral particles was subsequently determined by real-time

quantitative PCR using primers specific for the PBGD polyadenylation sequence:

pPBGDfw (SEQ.ID.NO. 14)

5'-gctagcctttgaatgtaacca-3 ' ; and

pPBGDrv (SEQ.ID.NO. 15)

5'-ccttcagaactggtttattagtagg-3 '.

I.e. Adenoviral expression vectors: construction of plasmids and production of

high capacity helper dependent Adenovirus (HC-Ad).

HC-Ad5 -EalbPa1AT-cohPBGD and HC-Ad5-2xADRES-EalbPalAT-cohPBGD

vectors were produced for evaluation in acute intermittent porphyria murine model.

Firstly, plasmids pL-cohPBGD and pL-2ADRES were generated by cloning

expression cassettes of the vectors into the shuttle plasmid pLPBLl-Zeo (courtesy of Dr

Brendan Lee, Baylor College of Medicine, Houston, TX, USA). The expression cassette

inserted in pL-cohPBGD had the following elements: a polyA insulator sequence, a

liver-specific promoter EalbPalAT (SEQ.ID.NO.7), a codon optimized synthetic

sequence encoding human PBGD followed with two stop codons (SEQ.ID.NO.3), and

the human PBGD 3'-UTR and polyadenylation sequence (bases 9,550-9,655: GenBank

accession no. M95623).

The expression cassette inserted in pL-2ADRES had these same elements plus

two tandem repeats of ADRES (SEQ.ID.NO.2) inserted after the polyA insulator at the

5'end of EalbPalAT promoter.

Secondly, the expression cassettes were then liberated by Ascl digestion and

introduced into the Ascl site of the plasmid pDelta28E4 (courtesy of Dr Philip Ng;

described in Oka K et al. Circulation. 2001; 103:1274-1281) to obtain the pHCA-

cohPBGD and pHCA-2ADRES. pDelta28E4 carries the backbone for the vector,

containing mainly the Ad5 5'ITR and ψ packaging signal, a first stuffer sequence, the

restriction site for expression cassette insertion, a second stuffer sequence, and Ad5

3'ITR. Total length of pHCA-cohPBGD and pHCA-2ADRES genomes within the

plasmids were 33. 1 kb and 33.4 kb, respectively.

Finally, self-inactivating helper virus AdTetCre system was used for the

packaging and production of the HC-Ad vectors (Gonzalez-Aparicio M. et al. Gene



Ther. 201 1; 18(1 1): 1025-1033). The pHCA-cohPBGD and pHCA-2ADRES plasmids

were digested with Pmel to liberate the vector genome, precipitated with ethanol and

resuspended in Tris lOmM, at pH 8 and a concentration of 1 mg/mL. For rescue of HC-

Ad vector (step 0, P0), 293Cre4 cells were seeded in 60mm culture plates (106 cells per

plate), pretreated for 24 h with tamoxifen (TAM; 0.8 mM) and doxycycline (DOX; 1

mg/ml), and transfected with 15 mg of the corresponding plasmids, using lipofectamine

2000 (Invitrogen). After 6 h, cells were infected with AdTetCre at a multiplicity of

infection (MOI) of 1 iu per cell in the presence of DOX and TAM. After 48 h, cells

were collected, re-suspended in 0.2 ml of Tris lOmM at pH 8.1 and lysed by three

rounds of freezing and thawing. Lysates were centrifuged at 2500 revolutions per

minute (r.p.m.) for 5 min, and 150 ml of the supernatant were used for subsequent steps

(S) of amplification in combination with AdTetCre infection at MOI 1 in DOX and

TAM-treated cells. SI to S3 steps were performed in 60 mm plates. In S4 step, 150 ml

of lysate from S3 step were used to infect two 150 mm plates containing 107 cells. In S5

step, 50% of lysate from S4 step was used to infect 10x150 mm plates, or 100% of the

lysate was used to infect 20 plates. In S6 step, 100% of lysate from S5 step was used to

infect 60x150 mm plates. In all cases, the MOI of AdTetCre was maintained at 1.

Instead of starting from the transfection of the HC-Ad genome, some batches

were produced following a 're-infection protocol'. Briefly, this protocol is based on the

direct co-infection of a large amount of packaging cells with AdTetCre at MOI 1,

together with the purified HC-Ad to be amplified, at 1000 vp per cell (vp = viral

particles). In all cases, viruses were purified after the last amplification step using two

consecutive CsCl density gradients. The first discontinuous gradient consisted of three

CsCl phases with a density of 1.5, 1.35 and 1.25 mg/ml. Lysates from the last step of

amplification were centrifuged at 3400 r.p.m. for 20 min and loaded on top of the 1.25

mg/ml CsCl phase. After centrifugation at 25000 r.p.m. in a SW32Ti rotor (Beckman,

Brea, CA, USA), the bands in the interphase of 1.25 and 1.35 densities were collected

and loaded on top of a 1.35 mg/ml CsCl solution. After centrifugation at 30000 r.p.m. in

a SW40Ti rotor (Beckman), the lower band was collected and desalted using a

Sephadex G-50 (Sigma, St Louis, MO, USA) size exclusion column. Viruses were

eluted in Tris lOOmM at pH 8.1, and fractions containing the highest OD260 were

combined. After adding glycerol (10%> v/v), stocks of viruses were kept at -80°C.



Viral particles (vp) were measured by spectrophotometry at 260 nm after particle

lysis by incubation in phosphate-buffered saline (PBS)/0.5% sodium dodecyl sulphate at

37°C for 15 min. Using this method, optical particle units (OPU) were quantified; one

absorbance unit at 260 nm corresponds to 1.1x10 12 particles/ml.

Quantification of infective units (iu) was performed in the Huh7 cell line. Huh7

cells were seeded in 24-well plates at a density of 1 105 cells per well. The next day, the

HC-Ad was diluted 1:20 in PBS. Then 5, 10 and 20 µΐ of this dilution were added to 200

µΐ of DMEM 2% FBS by duplicate and added to the cells. One hour later, 300 µΐ

DMEM 10% were added. After 24 h, cells were washed twice with PBS and 200 µΐ of

PBS/5mM ethylene-diamine-tetra-acetic acid was added. The plates were incubated at

37°C for 30 min and detached cells were transferred into a 1.5-ml tube. After

centrifugation, a cell lysis was performed by adding 200 µΐ of 0.8 N NaOH and

vortexing for 10 s . Samples were then incubated for 20 min at room temperature. Viral

nucleic acids were extracted from cell lysates obtained from the infection assay using

the High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland) and were quantified

by real-time PCR with the iQ instrument (Bio-Rad, Hercules, CA, USA). To generate

the standard curves, serial dilutions of pHCA-coPBGD genomic DNA were prepared,

ranging from lxlO to lxlO 7 plasmid copies. The equivalency between molecular

weight of the standard plasmid and the number of copies was calculated as described:

[Plasmid concentration (µ /µ1) x Avogadro's number x 10 ]/[number of nucleotides

1 bp molecular weight] = plasmid copies/µΐ ] .

A standard program was used for all quantifications: 10 min at 95 °C, 35 cycles

of 10 s at 95 °C and 20 s at 60 °C. A melting curve was generated by raising the

incubation temperature from 65 °C to 95 °C to confirm amplification specificity.

Specific primers for the UTR 3' region of the vectors were used: pPBGDfw

(SEQ.ID.NO.14) and pPBGDrv (SEQ.ID.NO.15).

The iu/vp ratio was estimated at 1/100.

Example 2. Effects of the incorporation of ADRES elements in the expression

vector. Transgene expression depending on the number and disposition of ADRES

elements. In vivo hydrodynamic transfer.



Plasmids pLuc, pADRES, p2ADRES, p3ADRES, p2iADRES and p2+iADRES

were comparatively tested by hydrodynamic transfer assays in order to assess the effect

of the incorporation of a different number and disposition of ADRES elements in the

luciferase expression vector.

In the hydrodynamics (HD) procedure 50 µ of the test DNA plasmid were re-

suspended in 2 ml of saline (0.9% NaCl) and transferred to the liver of male BALB/c

mice (n=5/group) as was described by Unzu et al. (J Hepatol. 2010; 52:417-424).

Transfected mice were then treated with increasing doses of phenobarbital (75,

80, 85, and 90 mg/kg body weight) for four consecutive days (phenobarbital challenge).

Liver transgene expression levels were determined two hours after the third and

fourth phenobarbital doses by bio luminescence measurements performed in

anesthetized HD-mice that were intraperitoneally injected with 100 ml of d-luciferin (30

mg/ml of 150 mM NaCl). Five minutes after d-luciferin injection, animals were placed

in the imaging chamber of a Xenogen IVIS system (Xenogen, Alameda, CA), which

includes a cooled CCD camera (CCD = charge-coupled device). Gray-scale

photographs and bio luminescence images of the animals were acquired. Regions of

interest (ROIs) were traced over the positions of greatest signal intensity on the animal,

as well as over regions of "no signal", which were used as background readings. The

grayscale photographs and bio luminescence images from all studies were

superimposed, using Living Image software (Xenogen).

Light intensity was quantified as photons/second/cm /sr. The average of

luciferase expression of each plasmid was calculated as the n-fold difference relative to

bio luminescence values measured in the control group that received the pLuc plasmid.

Figure 1 shows how the incorporation of different number and disposition of

ADRES elements in the plasmid pLuc affected to transgene expression. Incorporation

of ADRES elements resulted in an increased luciferase expression in response to

phenobarbital. The results also revealed that plasmid p2ADRES, carrying 2 ADRES

copies in phase with the promoter, was the construction with highest induction rate.

Animals receiving this construction displayed a 100-fold increase in luciferase

expression relative to livers that received control pLuc vector. The inclusion of a third

copy in phase with the promoter (p3ADRES) or inverted (p2+iADRES) also enhanced



the transgene expression in response to phenobarbital, but to a lesser level than the

increased observed for p2ADRES.

Example 3. Effects of the incorporation of ADRES elements in an expression

vector. Transgene expression in response to porphyrinogenic stimuli. In vivo

hydrodynamic transfer.

p2ADRES was selected to assess the performance of plasmid vectors modified

with ADRES elements in response to different porphyrinogenic stimuli.

Firstly, the liver of 5 male BALB/c mice was transfected with p2ADRES

plasmid [50 µg DNA plasmid re-suspended in 2 ml of 0.9% NaCl saline] using the

hydrodynamic-based procedure as described in Example 1. Three animals received a

dose of 90 mg of phenobarbital/kg on days 1, 2, 3, 4, 7 and 8. Luciferase expression was

daily monitored by luminescence measurement as has been previously described.

Secondly, other male BALB/c mice were also hydrodynamically transfected

with p2ADRES [50 µg DNA plasmid re-suspended in 2 ml of 0.9% NaCl saline] and

were then exposed to different factors known to induce porphyria attacks in humans: 90

mg of phenobarbital/kg/day; 90 mg of ketamine/kg/day; 10 µg of cardiotrophin/kg/day;

1 µg 17a-ethinyl-estradiol/two times a day; and 24h fasting. Luciferase expression was

monitored by luminescence measurement as has been previously described at baseline

and 2 days after continuous exposure to these porphyrinogenic factors.

As it is shown in Figure 2A, the inclusion of two ADRES elements in

p2ADRES strongly increased the expression of luciferase transgene in the presence of

phenobarbital. The transgene expression was also significantly increased in the presence

of the other tested porphyrinogenic stimuli (Figure 2B).

Example 4. Effects of the incorporation of ERE or ADRES elements in an

expression vector. Comparison of sustainability of transgene expression. In vivo

hydrodynamic transfer.

Male BALB/c wild type mice were hydrodynamically transfected with 25µg of

pLuc (n=6), p2ADRES (n=6) or p5ERE (n=10). Half of the animals in each of the three

groups received 1 µg of porphyrinogenic estrogen 17a-ethinyl-estradiol twice a day for



6 days after transfection. Luciferase expression was daily measured and reported as the

ratio between estradiol-treated and untreated animals (Fold change).

These experiments showed that (Figure 3):

a) when animals where transfected with p2ADRES transgene expression was

induced and maintained during the full period of exposure to estrogens; and

that

b) even though in mice transfected with p5ERE transgene expression was

initially enhanced after the first exposure to estrogens, the induction effect

progressively declined despite the presence of high amounts of estrogens.

Taking into account that porphyria attack usually lasts for 4 to 7 days, the

ADRES element is the most suitable enhancer to maintain transgene induction during

the entire duration of the acute attack.

Example 5. Effects of the incorporation of ADRES elements in an AAV vector

carrying PBGD. Therapeutic effect in an experimental acute porphyria model.

Therapeutic efficacy of AAV2/8-EalbPalAT-cohPBGD (as Reference AAV

vector) and AAV2/8-2xADRES-EalbPalAT-cohPBGD viral vectors was comparatively

tested in a murine model of acute intermittent porphyria (AIP).

Murine AIP model . Compound heterozygote Tl (C57BL/6-pbgd tml o Uam) and T2

(C57BL/6-pbgd tm o Uam) strains described by Lindberg et al. [Nat. Genet. 1996, 12:

195-199] was used as a disease model for acute intermittent porphyria. These mice

exhibit the typical biochemical characteristics of human porphyria, notably, a decreased

hepatic PBGD activity and a massively increased urinary excretion of heme precursors

in response to treatment with drugs such as phenobarbital. Porphyrins, mostly

uroporphyrin (URO) and coproporphyria are also elevated in AIP but increased urinary

porphyrin is a much less specific feature than increases in porphobilinogen (PBG) and

5-aminolevulinic acid (ALA) levels.

Experimental procedure . Briefly, compound heterozygous AIP mice in C57B1/6

background of 12 to 25 weeks age (5 female mice per group) were injected

intravenously, via the tail vein, with a total of 200 of corresponding test substance

(test viral vector). Extra groups of wild type and AIP mice were included as non-treated

controls. To biochemically imitate a human porphyria attack; mice were



intraperitoneally injected with two cycles of increasing doses of phenobarbital

(75mg/kg, 80mg/kg, 85mg/kg and 90mg/kg body weight in four consecutive days): first

cycle on days 1 to 20 after administration of the test viral vector, second cycle on days

3 1 to 34. After the last phenobarbital dose (days 20 and 34), animals were housed

during 24 h in metabolic cages (reference 3600M021 BIOSIS SL Biologic Systems) in

order to collect 24h-urine samples. PBG excretion was determined in 24h-urine sample

collected on days 2 1 and 35.

Animals were sacrificed 24h after the last dose of phenobarbital (day 35).

Hepatic PBGD expression was then determined by measurement of enzymatic activity,

determining the conversion of PBG to URO. PBGD activity was expressed in terms of

pmol uroporphyrin/mg protein/h using appropriate standards. PBG excretion and PBGD

activity were determined as has been described by Unzu et al. (Mol. Ther. 2011; 19(2):

243-250, supplementary information).

The Reference AAV vector was tested at treatment doses of 7.7 x 109, and

5 x 10 10 gc/kg (genome copies / kg body weight).

AAV2/8-2xADRES-EalbPalAT-cohPBGD was tested at treatment doses of

7.7 x 109, and 2.3 x 1010 gc/kg.

Results showed that, in this model, an intravenous dose of 5 x 10 10 gc/kg of

Reference AA V vector constituted a sub-therapeutic dose, whereas the administration of

2.3 x 10 10 gc/kg of AAV2/8-2xADRES-EalbPalAT-cohPBGD resulted in normal

PBGD activity (Fig. 4A) and in a full protection against induced acute attack, as

evidenced by normalization of urine PBG excretion (Fig. 4B).

The liver of AIP mice injected with a dose of 7.7 x 109 gc/kg of

AAV2/8-2xADRES-EalbPal AT-cohPBGD showed similar PBGD activity than animals

injected with a dose 7 times higher of Reference AAV vector (Fig. 4A). Both groups of

animals exhibited a partial protection against the acute attack, although it was not as

complete as that observed with the dose of 2.3 x 10 10 gc/kg of

AAV2/8-2xADRES-EalbPalAT-cohPBGD (Fig. 4B).



In conclusion, these results indicate that the inclusion of ADRES elements into

the viral vector permits to lower the effective dose, and thus to expand the therapeutic

window.

Example 6. Effects of the incorporation of ADRES elements in a HC-Ad vector

carrying PBGD.

Therapeutic efficacy of HC-Ad5 -EalbPa 1AT-cohPBGD (as Reference HC-Ad

vector) and HC-Ad5-2xADRES-EalbPalAT-cohPBGD viral vectors was comparatively

tested in the murine AIP model, as is described in Example 5 . In the present case,

phenobarbital challenge (4 days with increasing doses) was started 3 weeks after test

vector administration (on day 21). After the last phenobarbital dose (day 24), animals

were housed during 24 h in metabolic cages in order to collect 24h-urine samples. Same

way, animals were sacrificed 24h after the last phenobarbital dose. DNA genome of

HC-Ad viral vectors in the hepatic tissue was determined by real time Q-PCR using

specific primers detailed in SEQ.ID.NO. 14 and SEQ.ID.NO. 15. The endogenous Gapdh

gene served as internal reference; specific primers used were mGAPDHfw

(SEQ.ID.NO. 16: 5 '-ccaaggtcatccatgacaac-3 '), and mGAPDHrv (SEQ.ID.NO.17:

5 '-tgtcataccaggaaatgagc-3 ' ) .

The amounts of vector genome in liver samples were calculated according to the

formula where Ct is the cycle at which the fluorescence rises

appreciably above background fluorescence. Data are expressed in arbitrary units and

correspond to fold increase compared to non-injected group. Hepatic PBGD expression

and urinary PBG excretion were also determined as described above for AAV based test

vectors.

The Reference HC-Ad vector was tested at a treatment dose of 2.6 x 109 iu/kg

(infective units / kg body weight). The iu/viral particle ratio was estimated at 1/100.

HC-Ad5 -2xADRES-EalbPa 1AT-cohPBGD was tested at a treatment dose of

5.0 x 108 iu/kg.

As it is shown in Figure 5, even though a low amount of the vector plasmid was

detected in the liver of mice injected with HC-Ad5-2xADRES-EalbPal AT-cohPBGD

vector (A), which suggests that the 5x1 08 iu/kg dose produced a very low gene transfer,



these animals exhibited the same hepatic PBGD activity (B) and urinary PBG excretion

after phenobarbital challenge (C) than the animals treated with a dose 5 times higher of

Reference HC-Ad vector.



CLAIMS

1. A nucleic acid construct of a gene therapy viral vector that comprises

a) a nucleotide sequence of an ALASl Drug-Responsive Enhancing Sequence

(ADRES);

b) the nucleotide sequence of a promoter; and

c) a nucleotide sequence encoding a therapeutic polypeptide.

2 . The nucleic acid construct according to claim 1, wherein ALASl Drug-Responsive

Enhancing Sequence a) is SEQ.ID.NO. 1.

3 . The nucleic acid construct according to any of claims 1-2, wherein the construct

comprises 1, 2 or 3 ADRES copies.

4 . The nucleic acid construct according to any of claims 1-3, wherein the construct

comprises sequence SEQ.ID.NO.2 .

5 . The nucleic acid construct according to any of claims 1-4, wherein the promoter is a

liver-specific promoter.

6 . The nucleic acid construct according to claim 5, wherein the promoter is an

a 1-antitrypsin promoter (AAT) combined with the mouse albumin gene enhancer (Ealb)

element.

7 . The nucleic acid construct according to claim 6, wherein the promoter sequence is

SEQ.ID.NO.7.

8. The nucleic acid construct according to any of claims 1-7, wherein the construct

comprises sequence SEQ.ID.NO. 8.



9 . The nucleic acid construct according to any of claims 1-8, wherein the therapeutic

polypeptide is a protein with porphobilinogen deaminase activity, coproporphyrinogen

oxidase activity or protoporphyrinogen oxidase activity.

10. The nucleic acid construct according to claim 9, wherein the therapeutic polypeptide

is a protein with porphobilinogen deaminase activity.

11. The nucleic acid construct according to claim 10, wherein the protein is a human

porphobilinogen deaminase.

12. The nucleic acid construct according to claim 11, wherein the amino acid sequence

of porphobilinogen deaminase is SEQ.ID.NO.4, or SEQ.ID.NO.6.

13. The nucleic acid construct according to claim 11, wherein the nucleic acid sequence

encoding porphobilinogen deaminase is selected from the group consisting of

a) sequence SEQ.ID.NO.3;

b) a nucleic acid sequence encoding porphobilinogen deaminase, wherein at least

320 of the codons encoding porphobilinogen deaminase are identical to the

codons of sequence SEQ.ID.NO.3;

c) sequence SEQ.ID.NO.5;

d) a nucleic acid sequence encoding porphobilinogen deaminase, wherein at least

305 of the codons encoding porphobilinogen deaminase are identical to the

codons of sequence SEQ.ID.NO.5; and

e) a nucleic acid sequence encoding porphobilinogen deaminase which has at least

95% identity over the entire length of sequence SEQ.ID.NO.3 or of sequence

SEQ.ID.NO.5, as determined by Needleman and Wunsch global alignment

algorithm.

14. The nucleic acid construct according to any of claims 1-13, wherein the gene

therapy viral vector is an adeno-associated viral vector, an adenoviral vector or a

lentiviral vector.



15. The nucleic acid construct according to claim 14, wherein the vector is an adeno-

associated viral vector that comprises 5'ITR and 3'ITR of an adeno-associated virus of

AAV1, AAV2, or AAV4 serotype.

16. The nucleic acid construct according to claim 15, wherein the vector comprises

sequence of 5'ITR SEQ.ID.NO.9 and sequence of 3'ITR SEQ.ID.NO.10.

17. The nucleic acid construct according to claim 14, wherein the vector is a high

capacity adenoviral vector.

18. The nucleic acid construct according to any of claims 14 and 17, wherein the vector

comprises 5'ITR, ψ packaging signal, and 3'ITR of an adenovirus of Ad2 or Ad5

serotype.

19. A nucleic acid construct, that comprises

a) a nucleotide sequence of an ALAS1 Drug-Responsive Enhancing Sequence

(ADRES);

b) the nucleotide sequence of a promoter; and

c) a nucleotide sequence encoding a protein with porphobilinogen deaminase

activity, coproporphyrinogen oxidase activity or protoporphyrinogen oxidase

activity.

20. The nucleic acid construct according to claim 19, wherein the therapeutic

polypeptide is a protein with porphobilinogen deaminase activity.

21. The nucleic acid construct according to claim 20, wherein the protein is a human

porphobilinogen deaminase.

22. The nucleic acid construct according to claim 21, wherein the amino acid sequence

of porphobilinogen deaminase is SEQ.ID.NO.4, or SEQ.ID.NO.6.



23. The nucleic acid construct according to claim 22, wherein the nucleic acid sequence

encoding porphobilinogen deaminase is selected from the group consisting of

a) sequence SEQ.ID.NO.3;

b) a nucleic acid sequence encoding porphobilinogen deaminase, wherein at

least 320 of the codons encoding porphobilinogen deaminase are identical to the

codons of sequence SEQ.ID.NO.3;

c) sequence SEQ.ID.NO.5;

d) a nucleic acid sequence encoding porphobilinogen deaminase, wherein at

least 305 of the codons encoding porphobilinogen deaminase are identical to the

codons of sequence SEQ.ID.NO.5; and

e) a nucleic acid sequence encoding porphobilinogen deaminase which has at

least 95% identity over the entire length of sequence SEQ.ID.NO.3 or of

sequence SEQ.ID.NO.5, as determined by a Needleman and Wunsch global

alignment algorithm.

24. A viral particle that comprises a nucleic acid construct of a gene therapy viral vector

according to any of claims 1-18.

25. The viral particle according to claim 24, wherein the gene therapy viral vector is an

adeno-associated viral vector and the viral particle comprises capsid proteins of AAVl,

AAV5, AAV8 or AAV9.

26. A pharmaceutical composition that comprises a nucleic acid construct according to

any of claims 1-23, or a viral particle according to any of claims 24-25.

27. A nucleic acid construct according to any of claims 1-23, a viral particle according

to any of claims 24-25, or a pharmaceutical composition according to claim 26, for use

in medicine.

28. A nucleic acid construct according to any of claims 1-23, a viral particle according

to any of claims 24-25, or a pharmaceutical composition according to claim 26, for use

in the treatment and/or prevention of a condition caused by a deficiency in



porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase, wherein the nucleic acid construct comprises a nucleic acid sequence encoding

a therapeutic polypeptide with corresponding porphobilinogen deaminase,

coproporphyrinogen oxidase or protoporphyrinogen oxidase activity.

29. A nucleic acid construct, a viral particle, or a pharmaceutical composition for use

according to claim 28, wherein the condition is an acute porphyria.

30. A nucleic acid construct, a viral particle, or a pharmaceutical composition for use

according to claim 29; wherein acute porphyria is acute intermittent porphyria,

variegate porphyria or hereditary coproporphyria.

31. A nucleic acid construct, a viral particle, or a pharmaceutical composition for use

according to any of claims 27-30, wherein the nucleic acid construct of the vector

comprises a nucleic acid sequence encoding a protein with porphobilinogen deaminase

activity.

32. A method for the treatment and/or prevention of a condition caused by a deficiency

in porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase that comprises the administration of

a nucleic acid construct according to any of claims 1-23,

a viral particle according to claims any of claims 24-25, or

a pharmaceutical composition according to claim 26;

wherein the nucleic acid construct, viral particle or pharmaceutical composition

comprises a nucleotide sequence encoding a therapeutic polypeptide with corresponding

porphobilinogen deaminase, coproporphyrinogen oxidase or protoporphyrinogen

oxidase activity.

33. The method according to claim 32, wherein the condition is an acute porphyria.

34. The method according to claim 33, wherein acute porphyria is acute intermittent

porphyria, variegate porphyria or hereditary coproporphyria.



35. The method according to any of claims 32-34, wherein the nucleotide sequence

encodes a protein with porphobilinogen deaminase activity.

36. Use of an ALAS1 Drug-Responsive Enhancing Sequence (ADRES) in the

construction and preparation of an expression vector for gene therapy.

37. The use according to claim 36, wherein the vector is a vector for gene therapy of

acute porphyrias.

38. The use according to claim 37, wherein the vector comprises a nucleotide sequence

encoding a protein with porphobilinogen deaminase activity.

39. The use according to any of claims 36-38, wherein the expression vector is a viral

vector.

40. A method for enhancing the expression of the therapeutic transgene of a

recombinant gene therapy expression vector, that comprises inserting the nucleotide

sequence of an ALAS1 Drug-Responsive Enhancing Sequence (ADRES) in the nucleic

acid construct of the expression vector, wherein the ADRES is operably linked to the

promoter that controls the expression of the therapeutic transgene.

4 1. The method according to claim 40, wherein the vector is a viral vector.
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