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Inducible AAV Rep Genes

The present invention relates to host cells comprising a nucleic acid encoding

Adeno-associated virus (AAV) Rep proteins Rep78 and Rep68, wherein the internal

AAV promoter p19 has been inactivated by one or more mutations that maintain the

functionality of said Rep78 and Rep68 proteins. The present invention further relates

to respective nucleic acids and vectors comprising the same, as well as respective

methods for the production of AAV.

10 Recently there has been a rapid increase in the number of gene therapy trials and

products based on Adeno-associated virus (AAV)-derived vectors. Advantages of

AAV vectors in gene therapy are a good safety profile, the fact that such vectors are

not pathogenic, i.e., are not associated with any disease, the stable expression of

transgenes, and the possibility of transducing dividing as well as non-dividing cells.

15

The production of recombinant AAV inter alia requires the expression of AAV Rep

and Cap proteins, usually encoded by the AAV genome, for production of

recombinant virus supplied in trans. Further, helper genes must be used which can

be derived from different helper viruses, the most common being helper virus genes

20 taken from Adenovirus (AV), such as E1A, E1B, E2A, E4orf6, or VA RNA.

Furthermore, a transfer vector containing the gene of interest (GOI) is needed.

25

30

Current production systems for AAV rely mostly on the following techniques which,

however, have several drawbacks. Transient transfection of AAV rep genes, e.g.

using a three-plasmid system comprising a transfer vector containing the gene of

interest, a plasmid with adenoviral helper functions, and a plasmid supplying the

capsid and replicase functions, lacks scalability, robustness, reproducibility, and

entails high costs of GMP-grade DNA. Producer cell lines which are mostly based

on HeLa cells still need infection with helper virus, thus requiring extensive

purification and costly proof of the absence of helper viruses. Inducible expression

of AAV rep genes by way of insertion of a stop cassette into the rep locus

downstream of the p19 promoter requires the insertion of an artificial intron that

contains a stop signal (e.g. SV40 Poly(A)) flanked by two loxP sites. In addition,
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cells need the Cre recombinase that recognizes the loxP sites and excises the stop

cassette. This has either to be supplied inducibly or by a modified adenoviral vector,

requiring the costly proof of the absence of helper virus. Further, Cre-mediated

recombination often shows only a low efficiency.

Accordingly, current AAV production systems are limited with respect to scalability,

robustness, reproducibility, ease of use and cost efficiency. Thus, a scalable system

for the stable production of AAV vectors that does not require transient transfection

or helper virus is highly desirable.

Accordingly, the technical problem underlying the present invention is to provide

respective host cells, nucleic acids, vectors and methods constituting such a system.

The solution to the above technical problem is achieved by the embodiments

15 characterized in the claims.
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In particular, in a first aspect, the present invention relates to a host cell comprising

a nucleic acid encoding Adeno-associated virus (AAV) Rep proteins Rep78 and

Rep68, wherein the internal AAV promoter p19 has been inactivated by one or more

mutations that maintain the functionality of said Rep78 and Rep68 proteins.

In this context, stable producer cell lines for the production of AAV are difficult to

generate, as Rep proteins are toxic for cells. The expression of Rep proteins is

regulated by E1A that is also necessary for AAV production. In cell lines such as

CAP cells, HEK293 cells or Per.C6 cells, E1A is already constitutively expressed.

In total, four Rep proteins exist: two long ones (Rep78, Rep68) which are expressed

from the p5 promoter, and two short ones (Rep52, Rep40) which are expressed

from the internal p19 promoter that is located within the coding region of the long

Rep proteins (see Figure 1 for a schematic overview).

The p5 promoter can be replaced by an inducible promoter but not the internal p19

promoter which is part of the Rep78 and Rep68 coding region. Thus, the generation

of packaging/producer cell lines based on cells constitutively expressing E1A is
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impossible, since this would result in a constitutive expression of toxic levels of

Rep52 and Rep40. Other cell lines not constitutively expressing EA1 need inducible

E1A or E1A supply, e.g. by infection with Adenovirus, entailing the drawbacks

indicated above.

This problem is advantageously solved by the present invention which is based on

the inactivation of the internal AAV p19 promoter by mutations which prevent

constitutive Rep52 and Rep40 expression while at the same time maintaining the

functionality of said Rep78 and Rep68 proteins.

The terms "Adeno-associated virus" and "AAV" as used herein are not limited to

particular AAV serotypes. In this context, it should be noted that AAV Rep proteins

are highly conserved among the different AAV serotypes. In particular embodiments,

the above terms refer to Adeno-associated virus serotype 2 (AAV2).

The term "maintain the functionality of said Rep78 and Rep68 proteins" as used

herein refers to the fact that the mutations according to the present invention do not

reduce the functional activity of said proteins, or reduce said activity at most by 30%,

preferably at most 25%, at most 20%, at most 15%, at most 12.5%, at most 10%, at

most 7.5%, at most 5%, at most 4%, at most 3%, at most 2%, or at most 1%.

In preferred embodiments, the one or more mutations according to the present

invention are within at least one of the regulatory sites of the p19 promoter,

preferably the SP1 -50 region (nucleotides 817 to 829), the TATA -20 region

(nucleotides 843 to 849), or the TATA -35 region (nucleotides 830 to 835).

Specifically, said one or more mutations can be within the SP1 -50 region, within the

TATA -20 region, within the TATA -35 region, within both the SP1 -50 region and

the TATA -20 region, within both the SP1 -50 regions and the TATA -35 region,

within both the TATA -20 region and the TATA -35 region, or within all three regions,

i.e., in the SP1 -50 region, the TATA -20 region, and the TATA -35 region. In

particular, it has been shown in the present invention that even mutation of a single

nucleotide within one of said regions advantageously leads to significant reduction

of Rep52 and Rep40 expression.
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In this context, all nucleotide positions as indicated herein refer to the AAV2

complete genome sequence available under GenBank accession number

AF043303. The same applies to all amino acid positions. Further, Table 1 below

shows an excerpt of the one-letter nucleotide nomenclature according to IUPAC.

Table 1: One-letter nucleotide nomenclature according to IUPAC.

Letter Nucleotides

W A; T

S C; G

M A; C

K G; T

R A; G

Y C; T

B C; G; T

D A; G; T

H A; C; T

V A; C; G

10

In preferred embodiments, the one or more mutations according to the present

invention which inactivate the internal p19 promoter are silent mutations, i.e.,

mutations that do not alter the encoded amino acid.

Preferably, said one or more mutations comprise at least one mutation, selected

from the group consisting of mutations 731C>D, 732A>C, 734A>B, 737T>C,

15 746A>G, 749C>D, 752G>H, 758G>A, 761G>H, 764G>H, 818G>A, 824G>H,

830T>V, 833T>C, 845T>C, 846T>C, 848A>B or 848A>G, 849A>T, 850G>C, and

851C>D.

In cases where said one or more mutations are within the SP1-50 region of the p19

20 promoter, said mutations comprise at least one mutation, selected from the group

consisting of mutations 818G>A and 824G>H. In cases wherein said one or more
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mutations are within the TATA -20 region of the p19 promoter, said mutations

comprise at least one mutation, selected from the group consisting of mutations

845T>C, 846T>C, 848A>B or 848A>G, and 849A>T. In cases wherein said one or

more mutations are within the TATA -35 region of the p19 promoter, said mutations

comprise at least one mutation, selected from the group consisting of mutations

830T>V, and 833T>C.

In preferred embodiments, said one or more mutations comprise 2, 3, 4, 5, 6, 7, 8,

9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or all 20 of the above mutations. Accordingly,

10 the host cells of the present invention can comprise a nucleic acid comprising any

one, any two, and three, any four, any five, any six, any seven, any eight, any nine,

any ten, any eleven, any twelve, any 13, any 14, any 15, any 16, any 17, any 18,

any 19, or all 20 of the mutations 731C>D, 732A>C, 734A>B, 737T>C, 746A>G,

749C>D, 752G>H, 758G>A, 761G>H, 764G>H, 818G>A, 824G>H, 830T>V,

15 833T>C, 845T>C, 846T>C, 848A>B or 848A>G, 849A>T, 850G>C, and 851C>D.

The nucleic acid used in the present invention, encoding Adeno-associated virus

(AAV) Rep proteins Rep78 and Rep68, wherein the internal AAV promoter p19 has

been inactivated by silent mutations, is preferably a nucleic acid comprising at least

20 one nucleotide sequence, selected from the group consisting of the nucleotide

sequences according to SEQ ID NO: 1 to 8, 11 to 14, and 34 to 42. In particularly

preferred embodiments, said nucleic acid comprises the nucleotide sequence

according to SEQ ID NO: 1, 6, 8, 13, 14, 34 to 39, 41, and 42.

25 In this context, the term "internal promoter" as used herein indicates the fact that the

AAV p19 promoter is located within the coding sequence of Rep78 and Rep68, and

forms a part of said coding sequence. Further, the term "inactivated" with respect to

the AAV p19 promoter indicates the fact that by way of introducing silent mutations

into the AAV p19 promoter region, said promoter has abolished or at least strongly

30 reduced (e.g. reduced by at least 50%, at least 75%, at least 80%, at least 85%, at

least 90%, at least 95%, at least 97%, at least 98%, or at least 99%) promoter

activity.
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The nucleotide sequences according to SEQ ID NOs: 1 to 8, 11 to 14, and 34 to 42

represent the AAV p19 promoter region (nucleotides 651 to 1053 of the AAV2

genome), wherein the mutation patterns indicated in Table 2 below are present.

In preferred embodiments, the nucleic acid used in the present invention, encoding

Adeno-associated virus (AAV) Rep proteins Rep78 and Rep68, wherein the internal

AAV promoter p19 has been inactivated by silent mutations, is preferably a nucleic

acid comprising a nucleotide sequence, selected from the group consisting of the

nucleotide sequences according to SEQ ID NOs: 15 to 22, 25 to 28, and 43 to 51.

In particularly preferred embodiments, said nucleic acid comprises the nucleotide

sequence according to SEQ ID NO: 15, 20, 22, 27, 28, 43 to 48, 50, and 51.

The nucleotide sequences according to SEQ ID NOs: 15 to 22, 25 to 28, and 43 to

51 represent the AAV coding region for the Rep proteins Rep78, Rep68, Rep52 and

15 Rep40 (nucleotides 321 to 2252 of the AAV2 genome), wherein the p19 promoter

region (nucleotides 651 to 1053 of the AAV2 genome) has been replaced by the

mutated p19 promoter region containing the mutations indicated in Table 2 below.

Table 2: Preferred p19 promoter region mutation patterns.

SEQ
Mutation pattern Mutations

ID NO:

1/15 mut19

731C>D; 732A>C; 734A>B; 737T>C; 746A>G; 749C>D;

752G>H; 758G>A; 761G>H; 764G>H; 818G>A;

824G>H; 830T>V; 833T>C; 845T>C; 848A>G; 849A>T;

850G>C; 851C>D

2/16 mut5 845T>C; 848A>G; 849A>T; 850G>C; 851C>D

3/17 mut1

4/18 mut2

5/19 mut1-2

848A>G

849A>T; 850G>C

845T>C

731C>D; 732A>C; 734A>B; 737T>C, 746A>G; 749C>D;

6/20 mut14 752G>H, 758G>A; 761G>H; 764G>H, 818G>A;

824G>H, 830T>V; 833T>C
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7/21 mut10
731C>D; 732A>C; 734A>B; 737T>C, 746A>G; 749C>D;

752G>H; 758G>A; 761G>H; 764G>H

818G>A; 824G>H, 830T>V; 833T>C, 845T>C; 846T>C;
8/22 mut10-2

848A>B; 849A>T; 850G>C; 851C>D

11/25 mut2-3 846T>C; 848A>B

12/26 mut1-3 846T>C

13/27 mut5-2 845T>C, 846T>C; 848A>B, 849A>T, 850G>C

14/28 mut20

731C>D; 732A>C; 734A>B; 737T>C, 746A>G; 749C>D;

752G>H, 758G>A; 761G>H; 764G>H, 818G>A;

824G>H, 830T>V; 833T>C, 845T>C, 846T>C; 848A>B,

849A>T, 850G>C, 851C>D

L

34/43 818G>A; 824G>H
(SP1-50)

M

35/44 830T>V; 833T>C
(TATA -20)

N
36/45 818G>A

37/46

38/47

39/48

40/49

41/50

42/51

(SP1-50 1)

Ο

(SP1-50 2)

P

(TATA -20 1)

Q

(TATA -20 2)

R

(SP1 -50 &

TATA -35)

S

(SP1-50 &

TATA-20)

T

(TATA -20 &

TATA -35)

824G>Н

830T>V

833T>C

818G>A; 824G>H; 830T>V; 833T>C

818G>A; 824G>H; 845T>C, 846T>C; 848A>B, 849A>T,

850G>С

830T>V; 833T>C; 845T>C, 846T>C; 848A>B, 849A>T,

850G>C
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In other preferred embodiments, the one or more mutations according to the present

invention which inactivate the internal p19 promoter are mutations that result in one

or more conservative amino acid exchanges, i.e., amino acid exchanges that

change an amino acid to a different amino acid with similar biochemical properties

5 (e.g. regarding charge, hydrophobicity or size). Preferably, said one or more amino

acid exchanges are amino acid exchanges occurring within the class of aliphatic

amino acids (Gly, Ala, Val, Leu, lle), within the class of hydroxyl- or

sulphur/selenium-containing amino acids (Ser, Cys, Sec, Thr, Met), within the class

of basic amino acids (His, Lys, Arg), or within the class of acidic amino acids (Asp,

10 Glu, Asn, Gln).

In particular embodiments, said one or more amino acid exchanges comprise the

amino acid exchanges Leu176>Ala and/or Ala168>Gly.

15 In this respect, the nucleic acid used in the present invention, encoding Adeno-

associated virus (AAV) Rep proteins Rep78 and Rep68, wherein the internal AAV

promoter p19 has been inactivated by mutations resulting in conservative amino

acid exchanges, is preferably a nucleic acid comprising at least one nucleotide

sequence, selected from the group consisting of the nucleotide sequences

20 according to SEQ ID NOs: 9 and 10.

25

30

In this context, the term "inactivated" with respect to the AAV p19 promoter indicates

the fact that by way of introducing mutations resulting in conservative amino acid

exchanges into the AAV p19 promoter region, said promoter has abolished or at

least strongly reduced (e.g. reduced by at least 50%, at least 75%, at least 80%, at

least 85%, at least 90%, at least 95%, at least 97%, at least 98%, or at least 99%)

promoter activity.

The nucleotide sequences according to SEQ ID NOs: 9 and 10 represent the AAV

p19 promoter region (nucleotides 651 to 1053 of the AAV2 genome), wherein the

mutation patterns indicated in Table 3 below are present.
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In preferred embodiments, the nucleic acid used in the present invention, encoding

Adeno-associated virus (AAV) Rep proteins Rep78 and Rep68, wherein the internal

AAV promoter p19 has been inactivated by mutations resulting in conservative

amino acid exchanges, is a nucleic acid comprising at least one nucleotide

sequence, selected from the group consisting of the nucleotide sequences

according to SEQ ID NOs: 23 and 24.

The nucleotide sequences according to SEQ ID NOs: 23 and 24 represent the AAV

coding region for the Rep proteins Rep78, Rep68, Rep52 and Rep40 (nucleotides

321 to 2252 of the AAV2 genome), wherein the p19 promoter region (nucleotides

651 to 1053 of the AAV2 genome) has been replaced by the mutated p19 promoter

region containing the mutations indicated in Table 3 below.

Table 3: Preferred p19 promoter region mutation patterns.

SEQ

ID NO:

Mutation

pattern
Mutations

Resulting amino acid

exchange

9/23 mut3 846T>G, 847T>C, 848A>B

10/24 mut2-2 823C>G, 824G>H

Leu176>Ala

Ala168>Gly

15

20

25

The nucleic acid comprised in the host cell of the present invention can further

comprise at least one element, selected from the group consisting of inducible

promoters, poly(A) regions, selection markers, IRES sequences and enhancing

elements. Suitable inducible promoters are not particularly limited and are known in

the art, e.g. Tet-inducible promoters such as the third generation TRE3G-promoter.

Suitable poly(A) regions are not particularly limited and are known in the art, e.g. the

SV40 poly(A) region. Suitable selection markers are not particularly limited and are

known in the art, e.g. antibiotic resistance cassettes such as blasticidin or ampicillin

resistance cassettes.

The present invention also relates to host cells comprising a nucleic acid having at

least 70% sequence identity to a nucleic acid as defined above, provided that the

specific mutations defined above are present. In this context, the term "provided that
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Claims  

  

1. A host cell comprising a nucleic acid encoding Adeno-associated virus (AAV) 

Rep proteins Rep78 and Rep68, wherein the internal AAV promoter p19 has 

been inactivated by one or more mutations that maintain the functionality of 

said Rep78 and Rep68 proteins,   

     wherein said one or more mutations are within at least one of the p19 

promoter SP1 -50 region, TATA -20 region, and TATA -35 region, and wherein  

i) at least one mutation is within the p19 promoter SP1-50 region 

and/or  

ii) at least one mutation each is within both the p19 promoter 

SP1-50 region and the TATA -20 region, within both the p19 

promoter SP1-50 region and the TATA -35 region, and/or within 

both the p19 promoter TATA -20 region and the TATA  

-35 region,  

wherein said nucleic acid comprises at least one nucleotide sequence, 

selected from the group consisting of the nucleotide sequences according to 

SEQ ID NOs: 1, 6, 8, 10, 14, 15, 20, 22, 24, 28, 34, 36, 37, 40 to 43, 45, 46, 

and 49 to 51.  

  

2. A host cell comprising a nucleic acid having at least 90% sequence identity 

to a nucleic acid as defined in claim 1, provided that the specific mutations 

defined in said claim are present and the internal AAV promoter p19 has been 

inactivated by one or more of the specific mutations that maintain the 

functionality of Rep78 and Rep68 proteins. 

  

3. The host cell according to any one of claims 1 to 2, wherein said nucleic acid 

is stably integrated into the host cell genome or is comprised in a vector.  

  

4. The host cell according to any one of claims 1 to 3, further comprising a 

nucleic acid encoding AAV Rep proteins Rep52 and Rep40 under the control 

of an inducible promoter.  
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5. The host cell according to any one of claims 1 to 4, selected from the group 

consisting of CAP cells, HEK293 cells, and Per.C6 cells.  

  

6. A nucleic acid as defined in any one of claims 1 to 2 or a vector as defined in 

claim 3.  

  

7. A method for the production of Adeno-associated virus (AAV), comprising the 

step of recombinantly expressing AAV Rep proteins Rep78 and Rep68 in a 

host cell according to any one of claims 1 to 5.  


