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HIGH TITER PRODUCTION OF ADENO-ASSOCIATED VIRAL VECTORS

FIELD OF THE INVENTION

This invention relates to adeno-associated viral (AVV] vectors, to producer cell lines for the
production of AAV vectors and to methods of producing such vectors. More specifically, the
invention relates to producer cell lines adapted to increase the titre of said vectors and methods of

producing AAV vectors using said producer cell lines.
BACKGROUND OF THE INVENTION

Adeno-associated viral {AAV) vectors have excellent safety profiles because wild type AAV
has never been associated with any human disease. Thus, AAV are popular and successful vectors
for gene therapies. AAV vectars have been extensively studied in clinical trials for many different
conditions, including haemophilia B, heart disease and congenital blindness. In addition, the first EU
ticenced gene therapy drug, Glybera, is based on AAV vector for the treatment of familial lipoprotein

lipase deficiency {(LPLD), exemplifving the potential of AAV vectors in gene therapy.

Although many advances have been made in AAV vector design, barriers such as a pre-
existing immune response have necessitated the administration of high titre AAV and, in many
cases, a combined administration of an immune-suppressant to achieve clinical efficacy. This
presents a significant challenge in AAV production and has considerable safety implications in the

clinical use of AAV vectors.

AAY vectors are most commaniy produced by a transient co-transfection of AAV plasmids
and a helper plasmid derived from another virus, such as an adenovirus. Significant progress has
recently been made in large scale production and robust purification of AAV to support clinical
development. However, production of high titre AAY is still a significant challenge, requiring
patients to receive repeated administrations of a vector to achieve the desired dosage. For example,
for Glybera, it is required to administer the vector at a dose of 3x10" vg /kg via 40 or 60 multiple

injections.

Furthermore, as a result of current purification methods, AAV products typically contain high
levels of protein aggregates or incompletely packaged empty capsids that lack vector DNA. The
empty capsids in final products can often be as high as 40 fold aver the level of complete particles.
These impurities can trigger unwanted immune responses in patients. For example, recent studies

have shown that cellular immune responses in mice and in human are directed to epitopes in the



15

25

30

WO 2015/114365 PCT/GB2015/050240

AAV2 capsids, and the presence of empty capsids inhibits hepatocyte transduction in vive following
high dose vector administration. The potential adverse effects of the unwanted immunogenicity of

empty capsids compromise product safety and efficacy.

Removal of empty capsids that have no therapeutic function by known methods is difficult
due to the innate similarity of their particle size, affinity and protein composition to the complets
particles containing vector DNA. There have been continuous efforts to separate empty AAV capsids
from genome containing complete particles. Empty particle-free AAV2 has been achieved by
differential CHCl;. However, there may be problems using this method in scale up production and
GMP manufacture. lon exchange chromatography has also been reported for the separation of
empty capsids in AAVZ, 4, 5 and 8. However, from 20% up to 30 fold empty capsids remained in the

final products.

Therefore, there is need to develop new methods of AAV vector production which decrease
or eliminate the presence of empty capsids in the final product. This would improve the safety and
efficacy of AAV products. Reduction of empty particles would also overcome the hurdle in high titre

production.

SUMMARY OF THE INVENTION

Cellular and viral factors that contribute to the formation of two types of particles in AAV
vector production are still largely unknown. In general, viruses package their genomes into protein
capsids either via association of structural proteins with the viral genome or via insertion of viral
genomes into preassembled capsids. AAVs are known to package their genome into preassembled
capsids. It has been reported that specific amino acid interactions are required for efficient insertion
of viral DNA and single amino acid mutations and gross conformation change of AAV capsid proteins
have been shown to result in deficiency of packaging AAY genomes. There have also been very
limited studies on the involvement of cellular proteins in AAV assembly, indicating that total
producer cell proteins and DNA helicase are necessitated in AAV assembly. However, the actual

mechanism by which AAY DNA is inserted into capsids is unknown.

in order to better understand the role of cellular proteins in AAV assembly and, ultimately
improve the safety and quality of AAV products, the present inventors have analysed host cellular
proteins co-produced and co-purified in AAY vectors. In particular, the present inventors have
conducted the first systematic analysis and comparison of the protein composition between empty

capsids and complete vactors in three AAV serotypes: AAVZ; AAVS; and AAVE. The inventors have
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demonstrated intrinsic similarity among the three AAV serotypes, although there are some notable
differences between the different serotypes. Importantly, the inventors demonstrated for the first
time that there are significant differences betweean empty capsids and complete vectors. Finaliy,
the inventors have identified a number of host cell proteins that are inherently associated with AAY
products. In particular, the inventors have demonstrated that host cell proteins YB1, NPM1 and NCL
are found in AAV products, and that modulating the expression of these host cell proteins impacts

the production of AAV vector particles.

Accordingly, the present invention provides a transgenic producer cell line in which the
expression of at least one of YB1, NPM1 and NCL is modulated compared with a control producer
cell line. Typically, the expression of: {i} NPM1 and NCL; {ii} YBI and NPMZ; {iil) YBL and NCL; or {iv)
Y81, NPM1 and NCL; is modulated in the producer cell line of the invention compared with a control

producer cell line.

In a preferred embodiment, the expression of at least one of YB1, NPM1 and NCL is reduced
compared with a control producer cell line, wherein the expression of YB1, NPM1 and/or NCL may
be reduced using CRISPR genome editing, a double stranded RNA {dsRNA), a small interfering RNA
{siRNA}, a small hairpin RNA (shRNA), 2 micro RNA or an antisense RNA. Typically the expression of
YB1, NPM1 and/or NCLis reduced using a shRNA, and preferably: YB1 expression is reduced using a
shRNA comprising the nuclectide sequence SEQ 1D NOs: 14 to 18 (Y1 to Y5); NPM1 expression is
reduced using a shRNA comprising the nucleotide sequence SEQ 1D NOs: 4 to & {(NPM-NG to NPM-
N10}; and/or NCL expression is reduced using a shRNA comprising the nucleotide sequence SEQID
NOs: 9 to 13 {NCL-N1 to NCL-N5). The expression of YB1, NPM1 and/or NCL may be reduced using
CRISPR genome editing. In one embodiment, the expression of YB1 is reduced using a ghNA pair
satected from SEQ ID NOs: 33 and 34; 5EQ ID NOs: 35 and 36; SEQ ID NOs: 37 and 38; and/or SEQID
MNOs: 3% and 40.

The expression of one or more additional genes and/or proteins listed in Table 2 hergin may

also be modulated in a producer cell line of the invention compared with a control producer cell line.

in a preferred embodiment, the transgenic producer cell line of the invention is a human

embryonic kidney 2937 cell line.

The invention also provides a method for producing an adeno-associated viral (AAV) vector
comprising culturing an adeno-associated virus in a producer cell line in which the expression of at

least one of YB1, NPMI and NCL is modulated.
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Typically the expression of: {i} NPM1 and NCL; (i) YBI and NPM1,; (i) YBL and NCL; or {iv}
YB1, NPMI and NCL; in the producer cell line Is modulated according to a method of the present
invention. Preferably the modulation of YB1, NPM1 and/or NCL expression is a reduction in the
expression of YB1, NPM1 and/or NCL, wherein the expression of YB1, NPM1 and/or NCL is reduced
using CRISPR genome editing, a double stranded RNA {dsRNA}, a small interfering RNA {SiRNA), a
small hairpin RNA (shRNA}a micro RNA or an antisense RNA. Typically the expression of YBL, NPM1
and/or NCL is reduced using a shRNA, and preferably: YB1 expression is reduced using a shRNA
comprising the nucleoctide sequence SEQ D NOs: 14 to 18 (Y1 to Y5); NPM1 expression is reduced
using a shRNA comprising the nuclestide seguence SEQ 1D NQOs: 4 to 8 {NPM-NG to NPM-N10);
and/or NCL expression is reduced using a shRNA comprising the nucleotide sequence SEQ 1D NOs: 9
t0o 13 {NCL-N1 to NCL-N5}. The expression of YB1, NPM1 and/or NCL may be reduced using CRISPR
genome editing. In one embodiment, the expression of YB1 is reduced using a gRNA pair selected
from SEQ D NOs: 33 and 34; SEQ D NOs: 35 and 36; SEQ ID NOs: 37 and 38; and/or SEQ 1D NQOs: 39
and 40.

The expression of one or more of the additional genes and/or proteins listed in Table 2 may

also be modulated in the producer cell line used in a method of the present invention.

The method of the invention may increase the titre of AAV vector at least 2 fold compared
with the titre of AAV vector produced by a control method, and/or the method of the invention may
increase the ratic of complete: empty AAV vector by at least 20% compared with the ratio of

complete: empty AAV vector produced by a control method.,

in a preferred embodiment, the transgenic producer cell line used in a method of the

invention is a human embryonic kidney 2937 cell line.

Preferably, the method of the invention produces AAV2, AAVS and/or AAVS serotype AAV

vectors.

The invention further provides a population of adeno-associated viral {AAV) vectors
obtainable from a producer cell line of the invention and/or a method of the invention. Preferably,
the ratio of complete: empty AAV vectors in the population of the invention is increased by at least
20% compared the ratio of complete: empty AAY vector in a population produced by a control
method. Preferably the AAV vector population of the invention comprises AAVZ, AAVS and/or AAVS

serotype vectors.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Protein profile of three serotypes of AAY vectors before and after AVB Sepharose affinity
chromatography. (a) A typical chromatography profile, showing the separation of AAV from
unbounded cellular proteins; {b) protein profile of silver staining SDS-PAGE showing the purity of AAs
vectors before {crude) and after {purified) chromatography. £: empty capsids, G: complete vectors

carrying a reporter gene GFP, and AAV capsid proteins VP1, VP2 and VP3.

Figure 2. immunoblotting analysis of cellular proteins showing the association of {a8) Annexin A5, (b}
CypA and RuvB2; {c) YB1 with AAV vectors before (crude) and after {purified) affinity
chromatography. E: empty capsids, G: complete AAV carrying GFP and control 2937 cell lysate; (d)
association of YB1 with AAV vectors, using proteinase K to remove trace unincorporated cellular

proteins that remained in purified vectors and were not protected by vector capsid.

Figure 3. Chronological analysis of protein expression in producer cells. {a) AAY proteins (VPL, VP2
and VP3) were detectable 24 hours after transfection with a slight increase from 24 to 72 hours after
transfection; {b) Rep proteins were detectable 24 hours after transfection; (¢} the expression of YB1
and CypA remains unchanged throughout a complete production cycle and; (d) overtime increase in
Annexin AL expression were observad in all three serotypes of AAV. Controls: 2937 cell lysate
without the transfection of any plasmids {2937}, 2937 cells with the transfection of pcDNA3 plasmids

{Mock]}, and housekeeping gene GAPDH as a loading control.

Figure 4. Immunocblotting analysis of shRNA seguences targeting Annexin A5 and YB1. Significant
gene knockdown was observed in producer celis carrying shRNA AZ or A5 and shRNA Y3, Y4 or Y5
sequences targeting {(a) Annexin A5 and {b) YB1, respectively. 2937 cells with a shRNA sequence
targeting non-mammalian genes {Scramble) and without any shRNA sequences {(2937) were used as

controls. Housekeeping gene GAPDH was further used as a loading control.

Figure 5. Vector genome titres of AAV produced in YB1 gene knockdown celis relative to control
shRNA scramble, showing (a) up to 50 fold increase in AAVZ and {b} 10 fold increase in AAVE from 7

batches of gene knockdown producer cells in culture over 80 days.

Figure 6. Sustained down-regulation of YB1 in 6 batches of gene knockdown cells after cryo-

preservation and in culture for up to 80 days. 2937 celis with a shRNA seguence targeting non-
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mammalian genes {Scramble} and without any shRNA sequences (283T) were used as controls.

Housekeeping gene GAPDH was further used as a ioading control.

Figure 7. Correlation of YB1 down-regulation and AAV production to the amount of YB1 _shRNA
viruses used, showing (a} a slight increase in YB1 deregulation when increasing shRNA viruses and {b}
relative AAVZ genome titres to controls scramble and native 2937 cells and, the maximum effect on
vector ganome titres in the producer celis treated with 50mi YB1-shRNA viruses. Control samples
include 2937 cells with a shRNA sequence targeting non-mammalian genes (Scramble), with LV
empty particles but without a shRNA sequence {Mock) and native 2937 cells without any LV and

shRNA sequences (293T). Housekeeping gene GAPDH was further used as a loading control.

Figure 8. Immunoblotting analysis of shRNA sequences targeting NPM1. (A} Significant gene
knockdown was observed in producer cells carrying shRNA NG and NS, (B} down-regulation of NPM1
sustained for over 80 davs and (C) after being recovered from cryopreservation. 2937 cells with a
shRNA sequence targeting non-mammalian genes (Scramble) and without any shRNA sequences

{2937} were used as controls. Housekeeping gene GAPDH was further used as a loading control.

Figure 9. Immunoblotting analysis of shRNA sequences targeting NCL. (A} Significant gene
knockdown was observed in producer cells carrying shRNA N4, (B) down-regulation of NCL sustained
for over 80 days after in culture. 2937 cells with a shRNA seguence targeting non-mammalian genes
{Scramble) and without any shRNA sequences (293T) were used as controls. Housekeeping gene

GAPDH was further used as a loading control.

Figure 10. Vector genome titres of AAV produced in NPM1 gene knockdown celis relative to control

shRNA scramble, showing {2} up to 35 fold increase in AAV2 and {b) 30 fold increase in AAVE.

Figure 11. Vector genome titres of AAV produced in NCL gene knockdown cells relative to control
shRNA scramble, showing a significant variation, ranging from 2-40 fold increase in AAV2 genome
titres (A), and lesser up-regulating effects on vector titres (up to 10 fold increase in AAVS {B) and

AAVE genome titres (C).

Figure 12. Immunoblotting analysis of YB1 gene knockout using CRISPR gRNA sequences.
Two batches {B1 and B2) of CRISPR gRNA knockout ceils were produced for each of the 4 CRISPR

gRNA sequences A, B, C or D. Single cell clones were further derived from the parental B1 and B2
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gRNA producer cells. YB1 gene knockout was observed in a total of 10 single call clones. Parental
2937 cells without any gRNA sequences (2937} were used as a control; housekeeping gene GAPDH

was further used as a loading control.

Figure 13. Molecular analysis of YB1 knockdown cells for rep and cap expression and vector DNA
production: (A} immunoblotting showing 12- and 4-fold increases in AAV2-Rep expression in YBL
knockdown cells 24 and 72 hours {H} after transient transfection, respectively; {B) ELISA showing a 7-
fold decrease in cap expression in YB1 knockdown cell lysates compared to scramble cells and a
comparable amount of Cap proteins detected in vectors harvested from YB1 and scrambile cells and
{C) real-time guantitative polymerase chain reaction {gPCR) showing 13 x increase in total vector
DNA,Z x increase in unpackaged vector DNA, and 4 xincrease in packaged vector DNA in YB1
knockdown cells compared to that in scramble cells. VS ratio between YB1 and scramble after being
normalized by housekeeping gene GAPDH for immunaoblotting or by cell numbers for gPCR analysis
after being normalized by housekeeping gene actin. + PK, with proteinase K treatment; -PK, without
proteinase K treatment; + DNasel, with DNAse | treatment; 5, control scramble; ¥, YB1 knockdown

cells.

Figure 14, Homo sapiens Y box binding protein 1 {YB1/YBXL) mRNA {SEQ 1D NG: 3) and amino acid
{SEQ (D NO: 29) sequences,

Figure 15. Homo sapiens nucleophosmin {nucleolar phosphoprotein B232, numatrin, NPM1) (cDNA
clone MGC:22724 IMAGE 4081364), complete cds, mRNA {SEQ D NO: 1} and amino acid (SEQ 1D NO:

27} sequences,

Figure 16. Human nucleolin gene, complete cds, mRNA {SEQ ID NO: 2) and amino acid {SEQ D NG:

28) seguences.

DETAILLED DESCRIPTION OF THE INVENTION

Adeno-Associated Virus Vectors

Adeno-associated viruses (AAV) are a family of small viruses which infect humans and some
other primate species. AAY belong to the genus Dependovirus, of the family Parvoviridae. AAV are

small {approximately 20nm), non-enveloped, replication-deficient viruses. AAV possess a single-
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stranded linear DNA genomes approximately 4.7 kilobases {kb) in length that may be either positive

or negative-sensed.

The AAY genome comprises inverted terminal repeats {iTRs) at both ends of the DNA strand,
and two open reading frames {ORFs): rep and cop. The former is composed of four overlapping
genes encoding Rep proteins required for the AAV life cycle, and the latter contains overlapping
nucleotide sequences of capsid proteins: VP, VP2 and VP3, which interact together to form a capsid

of an icosahedral symmetry.

The genes for the VP1, VP2 and VP3 capsid proteins are generally controlled by a single
promoter, designated pd0, and all three are translated from a single mRNA. The molecular weights
of VPL, VP2 and VP3 are typically about 87, 72 and 62 kiloDaltons {kDa) respectively. The AAY capsid

proteins ars typically encoded on the AAV DNA genome.

Despite the high seroprevalence of AAV in the human population {approximately 80% of
humans are seropositive for AAY2) the virus has not been linked to any human illness. AAV vectors
can infect both dividing and guiescent cells. The virus may persist in an extrachromosomal state
without integrating into the genore of the host cell. Alternatively, the virus may stably integrate
into the host cell genome at a specific site in human chromosome 19 (AAVS1). in contrast to
adenoviruses, AAY usually does not trigger an immune response to cells infected with it, and thus
can deliver genes to sites of interest, including the brain in the context of gene therapy for diseases
of muscie and eye. These features make AAV a very attractive candidate for creating viral vectors

for gene therapy, and for developing disease modals.

During the process of AAY assembly and production, AAV vectors acquire, inherently and
submissively, various cellular proteins, but the identity of these proteins has previously been poorly
characterised. The present inventors have, for the first time, identified and characterised host
proteins inherently associated with AAV vectors, with the aim of improving the production of AAV
vectors for gene therapy. In particular, the present inventors have investigated three serotypes of
recombinant AAY, namely AAV2, AAVS and AAVS and have demonstrated an important role for
NPT, NCL and YB1 in AAV vector production. Using liquid chromatography-mass spectrometry
(LC/MS/MS), the inventors have identified 66 AAV-associated human cellular proteins including
NPM1, NCL and YB1. Introducing shRNA sequences for NPM1, NCL and/or YB1 targets and down-

regulates the respective genes and increases AAV titres,

As described herein, the present invention provides a new production system for the

production of AAV vectors which increase the viral titre produced. The production systems of the
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invention may also increase the ratic of complete: empty viral vector particles produced. The
production systems of the invention comprise producer cell lines adapted for the production of AAV

vectors, as well as methods of producing AAV vectors using said producer cell lines.

The present invention also provides AAV vectors produced by said production systems,
producer cell lines and methods. Typically, the AAV vectors of the present invention differ from AAV
vectors produced by standard methods known in the art, because the AAV vectors of the present
invention have a higher titre, improved complete: empty AAY vector ratio and/or a modulated level

of cellular proteins, particularly proteins from the producer cell ling, in the AAY vector.

According ta the present invention, a complete viral vector particle is a viral vector particle
which comprises a payload for delivery to an individual. Typically, the payload is a nucleotide
sequence as described herein, According to the present invention, an empty viral vector particle is a
viral vector particle which lacks said payload. Typically, an empty viral vector particle of the

invention is an empty AAY capsid or protein coat.

An AAV vector of the invention may be useful in methods of gene therapy and gene
manipulation and modification in many disciplines. The vector may comprise one or more
therapeutic nucleotide sequence, which may be in any appropriate form, including single stranded
DNA (3sDNA) or self-complementary DNA. For example, an AAY vector of the invention may
comprise a therapeutic DNA sequence useful in therapy or prevention of a disease or disorder. An
AAV vector of the invention may also be useful in other way, for example in drug development and
research. Such non-therapsutic applications include for gene manipulation and delivery, for

example to deliver shRNA, oncogenes, etc. to generate induced pluripotent stem cells (iP5},

The AAY vector may be of any AAV serotype. Forinstance, the AVV vector of the invention
may be any one of AAVL, AAVZ, AAVI, AAVY, AAVE, AAVE, AAVT, AAVE, AAVY, AAVID or AAV1L. In
a preferred embodiment, the AAV vector is selected from AAV2, AAVS or AAVSE, A combination of
any two or more AAV serotypes is also provided by the present invention. The combination of AAV

serotypes may include AAVZ and AAVE; AAVS and AAVE; AAV2 and AAVE; or AAV2, AAVS and AAVS,

The invention also provides a population of adeno-associated viral {AAV) vectors of the
invention. in particular, the present invention provides a population of AAV vectors obtainable by a
method of the invention as disclosed herein. According to the present invention, a population of
AAV vectors may be defined as multiple copies of an AAV of the invention. For example, a
population of AAV vectors of the invention may comprise at least 10° vg/ml, at least 10° vg/mi, at

least 20° vg/ml, at least 30° vg/ml, at least 40° vg/mi, at least 50° vg/mi, at least 10°° vg/ml or more
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AAV vector particles. An AAV population of the invention may comprise of a single type of AAY
vector of the invention. For example, the AAV population of the invention may comprise a single
serotype of AAY vector, and may comprise a single pavioad (2.g. one medicine). The AAY population

may be produced in one or more batch or one or more production cycle,

The capsid of the AAV vectors of the invention may comprise any combination of the
proteins listed in Table 2 herein. Typically, the capsid of the AAV vectors of the invention comprise
any combination of YB1, NPM1 and NCL as disclosed herein. Said capsid may also comprise one or
more of the genes and/or proteins listed in Table 2 which are shared by four or more of the AAY
sergtypes investigated. The one or more gene and/or protein may already be known toe have a
function in AAV, or mayv have been associated with AAV for the first time herein. Typically the one or
more gene and/or protein that is modulated in addition to at least one of YB1, NPM1 and NCL is
sefected from heterogeneous nuclear ribonucleoprotein K {hnRNPK), single-stranded DNA binding
protein 1, nascent polypeptide-associated complex alpha subunit (CypA}, peptidyl-probyl cis-trans

isomerase, alpha-enolase, Annexin A5, RuVB like 1 and like 2.

Ary of the disclosure herein in relation to AAV vectors of the present invention may also be
applied to an AAY vector population of the invention. For example, in one embodiment of the
invention, modulation of one or more gene and/or protein of a producer cell line may increase the
ratio of complete: empty AAY vector in an AAY vector population by at least 20%, at least 30%, at
least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 100%, at least
150%, at lzast 200% or more. Preferably, modulation of one or more gene and/or protein of a
producer cell line increases the ratio of complete: empty AAV vector particles in an AAV vector
population of the invention by at least 50%. Any increase in viral titre resulting from the modulation
of one or more gene and/or protein may be compared with the viral titre obitained from a control
method as described herein. A control method may be any standard method known in the art for
producing AAV vectors. For example, a control method may use producer cell lines which have not
been adapted according to the present invention. AAV vectors and AAV vector populations
produced by such control/standard methods may be used as control vectors and populations as

described herein.

Standard methods known in the art can produce AAV vector populations in which up to 100
% of the AAV vectors produced are empty, or with 100 fold more empty AAY vectors than complete
AAV vectors. Even with further processing, the standard methods produce AAV vector populations
in which at least 20% of the AAV vectors are empty. The methods of the present invention may

produce AAV vector populations in which at least 50%, at least 60%, at least 70%, at least 80%, at
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least 85%, at least 80%, at least 95%, at least 968Y%, at least 97%, at least 98%, at least 99%, up to
100% of the AAV vectors are complete {i.e. less than 50%, less than 40%, less than 309%, less than
20%, less than 15%, less than 10%, less than 5%, less than 49, less than 3%, less than 2%, less than
1%, up to none of the AAV vectors produced are empty). The methods of the invention may
produce AAY vector populations in which there are less than 50-fold, less than 40-fold, less than 30-
fold, less than 20-fold, less than 10-fold, or less empty AAV vectors compared with the number of

complete AAV vectors.

At least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least 85%, at least 90%,
at least 95%, at least 96%, at least 97%, at ieast 98%, at least 99%, up to and including all of the AAV
vector particles in an AAV vector population of the invention may have a capsid which comprises at
least one of the proteins listed in Table 2. Typically, in an AAV vector population of the invention at
feast 50% of the AAV vector particles have a capsid which comprises at least one of the proteins
listed in Table 2. Preferably the at least one protein is a protein one or more of YB1, NPM1 and/or
NCL as described herein, more preferably at least 50% of the AAY vector particles have a capsid
which comprises YB1, even more preferably at least 50% of the AAV vector particles have a capsid

which comprises YBL, NPM1 and NCL.

The amount of at least one of the proteins listed in Table 2 in the capsid of the AAV vectors
in an AAV vector or AAV vector population of the invention may be modified compared with the
amount of said at least one protein in the capsid of control AAV vectors or in the capsid of AAYV
vectors in a control ARV vector population. For example, the amount of the at least one proteins
may differ by at least 10%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at least
70%, at least 80%, at least 90%, at least 100%, at least 150%, at least 200% or more compared to the
amount of the at least one protein in the capsid of control AAV vectors or in the capsid of AAV
vectors in a control AAV vector population. This modification may be an increase or a decrease in
the at least one protein. When multiple proteins are modified relative to a control, all may be
decreased, some may be decreased and others increased, or all may be increased relative to the

control,

The presence and/or amount of any of the proteins listed in Table 2 in the capsid of the AAV
vectors in an AAV vector population of the invention may be determined and/or quantified, using
any standard technique. Any increase in the presence and/or amount of any of the proteins listed in
Table 2 resulting from the moduiation of one or more gene and/or protein in the producer cell line

according to the present invention may be compared with presence and/or amount of any of the
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proteins listed in Table 2 in the capsids of AAV vectors in an AAV vector population obtained from a

control method as described herein.

The AAY vaector or AAV vector population of the invention may have a titre that is increased
by at least 2 fold, at least 5 fold, at least 10 fold, at least 20 fold, at least 30 fold, at least 40 fold, at
feast 50 fold, at feast 60 fold, at least 70 fold or more compared 1o a control AAY vector or AAY
vector population. Preferably, the titre of the AAY vector or AAY vector population is increased by
at least 2 fold, at least 5 fold or at [east 10 fold. The AAV vector or AAV vector population titre may
be compared with the titre of a control AAV vector or AAV vector population, or with the viral titre

obtained from a control method as described herein.

Methods for Producing Adeno-Associated Viral Vectors

The present inventors have shown for the first time that modulating the expression of
certain genes and/or proteins in a producer cell line used to produce an AAV vector can have an
effect on the titre of viral vector produced from said producer cell line. Modulation of the
expression of certain genes and/or proteins in a producer cell line used to produce an AAV vector
may also increase the ratio of complete: empty viral vector particles produced from said producer
cell line. Modulation of the expression of certain genes and/or proteins in a producer cell line used
to produce an AAY vector may also modify the presence and/or amount of the proteins in the AAY

vector capsid, particularly proteins derived from the producer cell ling.

Modulation of One or More Gene and/gr Protein

As described herein, the present invention provides a new production system for the
production of AAV vectors which increase the viral titre produced. The production systems of the
invention may also increase the ratio of complete: empty viral vector particles produced. The
production systems of the invention may also modify the presence and/or amount of the proteins in
the AAV vector capsid, particularly proteins derived from the producer cell line. The production
systems of the invention comprise producer cell lines adapted for the production of AAV vectors, as
well as methods of producing AAV vectors using said producer cell lines. The present invention also

provides AAV vectors produced by said production systems, producer cell lines and methods.

Accordingly, the present invention provides a methad of producing an AAY vector

comprising modulating the expression of one or more genes and/or proteins in a producer cell line.
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Modulation may be increasing or reducing {decreasing) the expression of the one or more
gene and/or protein. In cases where multiple genes and/or proteins are modulated, all the
gene/proteins may be increased, or all the genes/proteins may be decrease, or one or more
genes/proteins may be increased and others of the genes/proteins may be decreased. Ina
preferred embodiment, the modulation is decraasing the expression of the one or more gene and/or

protein.

Modulation, whether an increase or a reduction in the expression of one or more gene
and/or protein in a producer cell line, may be measured relative to a control. Thus, the expression
of one or more gene and/or protein in a producer cell line of the invention may be compared with
the expression of said one or more gene and/or protein in a control. The actual amount of the one
or more gene and/or protein, such as the mass, molar amount, concentration or molarity of the one
or more gene and/or protein in the producer cell line of the invention and the control may be
assessed and compared with the corresponding value from the control. Alternatively, the
expression of one or more gene and/or protein in a producer cell line of the invention may be
compared with that of the control without quantifying the mass, molar amount, concentration or

molarity of the one or more gene and/or protein.

Typically the control is an equivalent producer cell line in which no modulation of the one or
more gene and/or protein has been effected. For example, in the case where the producer cell line
of the invention is a transgenic cell line in which YB1 expression has been reduced, a suitable controf
would be the same cell line in which YB1 exprassion has not been altered. Such control cell lines
may be wild-type cell lines. A control method according to the present invention typically uses a
control producer cell line as described herein. Conventional methods for the production of AVY,

including known methods may be considered control methods according to the present invention.

The expression of the one or more gene and/or protein in a producer celf line of the
invention may differ by at least 10%, at least 20%, at least 30%, at [east 40%, at least 50%, at least
60, at least 70%, at least 80%, at least 90%, at least 100%, at least 150%, at least 200% or more

compared with a control.

For example, if the expression of one or more gene and/or protein in a producer cell line of
the invention is reduced compared with a control, the expression may be reduced partially or totally
compared with the control. Typically the expression is reduced by at least 10%, at least 20%, at least
30%, at least 40%, at least 50%, at least 60, at least 70%, at least 80%, at least 90%, at feast 95%, at

least 99%, up to total elimination {knockout) of expression of the one or more gene and/or protein.
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if the expression of one or more gene and/or protein in a producer cell line of the invention
is increased compared with a control, the expression may be increased by at least 10%, at least 20%,
at least 30%, at least 40%, at least 50%, at least 60, at least 70%, at least 80%, at least 90&, at least

100%, at least 150%, at least 200% compared with the control.

The expression of one or more gene and/or protein in a producer cell line of the invention
may be determined by quantitative and/or gualitative analysis. Typically, gene expression may be

expressed in terms of mRNA levels.

The expression level of the one/or more gene and/or protein in a producer cel line of the
invention encompasses the mass of the one/or more gene and/or protein, the molar amount of the
one/or more gene and/or protein, the concentration of the one/or more gene and/or protein and
the molarity of the one/or more gene and/or protein. This expression level may be given in any
appropriate units. For example, the concentration of the one or more gene and/or protein may be

given in pg/mi, ng/mi or pug/mi.

The expression level of the one/or more gene and/or protein in a producer cell line of the

invention may be measured directly or indiractly.

The relative expression of the one or more modulated gene and/or protein in a producer cell
line of the invention relative to a control may be determined using any appropriate technique.
Suitable standard techniques are known in the art, for example Western blotting and enzyme-linked

immunosorbent assays {ELISAs).

The expression level of the one or more gene and/or protein to be modulated may be
altered compared with a control for at least 12 hours, at least 24 hours, at least 30 hours, at ieast 48
hours, at least 72 hours, at {east 96 hours, atleast 120 hours, at least 144 hours, at feast 1 week, at
least 2 weeks, at {east 3 weeks, at least 4 weeks, at least 5 weeks, at least 6 weeks, at least 7 weeks,
at least 8 weeks, at least 9 weeks, at least 10 weeks, at least 11 weeks, at least 12 weeks, at Ieast 13

weeks, at least 14 weeks, at least 15 weeks or more.

The expression level of the one or more gene and/or protein to be modulated may be
altered compared with a control for at least one, at least two, at least three, at least four, at least
five, at least ten, at least 20, at least 20, at least 40 or more passages of the producer cell line in
culture. The expression level of the one or more gene and/or protein to be modulated may be

altered indefinitely.
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Modulated Genes and/or Proteins

The inventors have carried out the first systematic analysis of the non-viral proteins
contained in the capsid of AAY, and have identified 66 proteins that are found in the capsid or one
or more of AAY serotypes 2, 5 and 8. These proteins are identified herein in Table 2. Typically these
non-viral proteins are derived from the producer cell line in which the AAV vector particles are

made.

Modulating the expression of one or more of these 66 proteins in a producer cell line may be
useful in increasing the titre of AAV vector produced from said producer cell line. Accordingly, the
present invention provides a method for producing an AAV vector comprising modulating the

expression of at least one of the proteins listed in Table 2.

The methods of the invention may comprise modulating the exprassion at least one of the
proteins listed in Table 7 that is a DNA binding protein. Alternatively or in addition, the methods of
the invention may comprise modulating the expression at least one of the proteins listed in Table 2

that is not a DNA binding protein,

The method of the invention may comprise modulating the expression of at least 2, at least
3, at least 4, at [east 5, at least 10, at least 20, at least 30, at least 40, at least 50, at least 60, up to all

of the genes and/or proteins listed in Table 2.

Of the proteins listed in Table 2, several are known to bind to DNA. For example, NPM1
{also known as nuclecphosmin, nudleclar phosphoprotein B23 and numatrin}, NCL and YBL all bind

to DNA and/or RNA.

NPM1 is associated with nucdleolar ribonucleoprotein structures and binds to both single-
and double-stranded DNA. The genomic DNA sequence of the human NPM1 gene is given in SEQID
NO: 1 {Genbank Accession No. BCOL6768, version BCD16768.1 GL16876991). NPM1 is generally

focated in the nucleolus, but can be translocated to the nucleoplasm in some circumstancas.

The NCL gene encodes the nudeolar phosphoprotein nucleolin. Nucleolin is a DNA binding
protein involved in the synthesis and maturation of ribosomes.  Any reference herein to the NCL
protein may be understood as a reference to nucleolin, The genomic DNA seguence of the human

NCL gene is given in SEQ ID NO: 2 {Genbank Accession No. M60B5E, version M60858.1 GI:189305).

The YB1 gene encodes the Y box binding protein 1 {(also known as Y box transcription factor
and nuclease sensitive element binding protein 1). The genomic DNA sequence of the human YB1

gene is given in SEQ ID NO: 3 {Genbank Accession No. NM_004559.3, version NM_00D4559.3
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G1:108134359). Any reference herein to the YB1 protein may be understood as a reference to Y box
binding protein 1. YB1 is 3 DNA and RNA binding protein involved in many DNA and mRNA
dependent processes. YB1 packs and stabilises mRNA and is involved in gene regulation at different

levels.

Adenoprotein E1B is known to interact with YB1, and has been shown to result in the
accumulation of YB1 in cell nuclei and the activation of adenoviral gene E2A. Overexprassion of YBL
regulated the adenoviral E2 promoter in an El-independent manner, and has been shown to
increase adenoviral DNA replication and an increase in the production of infectious viral particles
from El-deleted adenoviral vectors. As a result, overexpression of YB1 has been exploited in

adenovirus-based vector development and virotherapy.

However, as demonstrated in the Examples herein, the present inventors have found that
knockdown of YB1 results in increased AAV vector titres. Further, the present inventors
demonstrated that down-regulation of YB1 expression in producer cells resulted in an increase in
AAV rep expression, an increase in AAY vector DNA production and a decrease in AAY cap
expression, Without wishing to be bound by theory, it is beliaved that DNA binding proteins, such as
YB1, NPM1 and NCL, from a producer cell line compete with adenoviral components for binding to
DNA, particularly single-stranded DNA (ssDNA). Such adenoviral components include adenoproteins
F2a and E4, which are early function proteins required for viral replication, and VA, which is a region
of the adenoviral genome that codes for small RNA molecuies which are not transiated by which
regulate the transiation of viral mRNAs for binding to DNA, Open-reading frame & of the E4 region is
important for the conversion of the single-stranded AAV genome into a double-stranded form which
is the substrate for subsequent steps in DNA replication. Protein E2A plays a key role in viral DNA
replication via binding to AAY viral DNA, promoting DNA elongation and displacement of the

elongating strand from its template.

Adenoviral components such as £2a, E4 and VA are needed for AAV vector particle
production, and by competing with these adenoviral components for hinding to DNA, producer cell
fine DNA binding proteins can decrease AAV vactor particle production. Consequently, without
being bound by theory, decreasing expression of producer cell line DNA binding proteins such as
NPM1, NCL and YB1 reduces the competition of these producer cell line DNA binding proteins with
E2A binding to AAV DNA, resulting in the enhancement of E2A-AAY DNA interaction, the efficiency of

AAV DINA replication and ultimately increase in AAV vector genome titres.



15

20

30

WO 2015/114365 PCT/GB2015/050240

YB1 binding to the ssDNA region of a promoter has been shown to result in the stabilisation
of ssDNA that also inhibited gene transcription and translation. Therefore, it is possible that down
regulation of YB1 {or another producer cell DNA binding protein such as NPM1 or NCL) promoteas
E2A binding to the AAV2pS promoter that synergistically contribute to an increase in AAVZ and AAVE

titres {as observed by the present inventors).

Accordingly, typically the method of the invention comprises modulating the expression of
at least one of NPM1, NCL and YB1. Typically the method of the invention comprises modulating the
expression of YB1. Methods in which a combination of NPM1, NCL and YB1 are modulated are also
encompassed. For example, a method of the invention may comprise modulating the expression of:
{i} NPM1 and NCL; {ii} NPM1 and YB1; {ili) NCL and YB1; or {iv) NPM1, NCL and YB1. In a preferred
embodiment, the method of the invention comprises modulating the expression of YB1, NPM1 and

MNCL

In a preferred embodiment, the method of the invention comprises reducing the expression
of at least one of NPM1, NCL and YB1. Typically the method of the invention comprises reducing
the expression of YB1. Methods in which a combination of NPM1, NCL and YB1 are reduced are also
encompassed. For example, a method of the invention may comprise reducing the expression of: (i}
NPM1 and NCL; {ii} NPM1 and YB1; (iii) NCL and YB1; or {iv) NPM1, NCL and YB1. in a preferred
embodiment, the method of the invention comprises reducing the expression of YB1, NPM1 and

NCL.

The method of the invention may further comprise modulating the exprassion of one or
more additional gene and/or protein in the producer cell line. For example, the method may further
comprise modulating the expression of one or more additional protein listed in Table 2 in the
producer cell line. The additional protein modulated according to the present invention may be a
DNA binding protein. The additional protein modulated according to the present invention may
have a function other than DNA binding. Thus, the method of the invention may involve the
modulation of two or more genes and/or proteins that have different functions in the producer cell
fine, at least one of which may be a DNA hinding protein. The method of the invention may involve
modulating the expression of at feast one of NPM1, NCL and YB1 and also the modulation of one or
more additional gene and/or protein in the producer cell line, wherein the one or more additional

gene and/or protein may be listed in Table 2.

The method of the invention may comprise modulating the expression of any combination

of NPM1, NCL and YB1 as disclosed herein, and also modulating the expression of one or more of the
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genes and/or proteins listed in Table 2. In a preferred embodiment, the one or more gene and/or
protein in Table 2 are shared by four or more of the AAV serotypes investigated. The one or more
gene and/or protein may already be known to have a function in AAY, or may have been associated
with AAV for the first time herein. Typically the one or more gene and/or protein that is modulated
in addition to at least one of NPM1, NCL and YB1 is selected from heterogenecus nuclear
ribonucieoprotein K {hnRNPK), single-stranded DNA binding protein 1, nascent polypeptide-
associated complex alpha subunit {CypA), peptidyl-prolyl cis-trans isomerase, alpha-enclase, Annexin

A5, RuVB like 1 and like 2.

The one or more gene and/or protein to be modulated according to the present invention
may be modulated by any appropriate means. Suitable standard technigues are known in the art.
Modulation may take place via any suitable mechanism, depending for example on the nature (see
below) of the modulator used, e.g. steric interference in any direct or indirect interaction or

modulation of the one or more gene and/or protein.

Modulators of the invention may be specific for a gene or protein to be modulated. By
specific, it will be understood that the modulator binds to a gene or protein to be modulated, such
as the YB1, NPM1 or NCL gene, with no significant cross-reactivity to any other molecule, particularly
any other protein. For example, moedulator that is specific for NPM1 will show no significant cross-
reactivity with human neutrophil elastase. Cross-reactivity may be assessed by any suitable method.
Cross-reactivity of modulator for a gene or protein 1o be modulated with a molecule other that gene
or protein may be considerad significant if the modulator binds to the other molecule at least 5%,
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90% or 100%
as strongly as it binds to the gene or protein to be modulated. A modulator that is specific fora
gene or protein to be modulated may bind to another molecule such as human neutrophil elastase
at less than 90%, 85%, 80%, 75%, 70%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25% or 20% the
strength that it binds to the gene or protein to be modulated. Preferably, the modulator binds to
the other molecule at less than 20%, less than 15%, less than 10% or less than 5%, less than 2% or

fess than 1% the strength that it binds to the gene or protein to be modulated.

Any suitable modulator may be used according to the invention, for example peptides and
peptidomimetics, antibodies, small molecule inhibitors, double- stranded RNA, antisense (single
stranded) RNA, aptamers and ribozymes. Transcriptional and post-transcriptional gene silencing
technologies may be used to modulate one or more gene of the invention. Post-transcriptional gene
silencing is also known as RNA interference (RNAI).  In a preferred embodiment, modulation is

carried out by Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) genome editing,
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which is typically used to decrease exprassion of the one or more genes of the invention. Preferred
antagonists include double- stranded RNA and chimeric guide RNA transcripts (gRNA}. gRNA
combines bacterial CRISPR RNA (crRNA) and trans-activating crRNA {tracrRNA) which are recruited
to a gene of interest during CRISPR genome editing, together with an endonuclease (typically a
CRISPR associated nuclease {Cas), such as Cas8}. The one or more genes of the invention may be
modulated using the same category of modulator, or by different modulators. As a non-limiting
example, YB1, NPM1 and/or NCL may all be modulated using CRISPR genome editing; or YB1 may be
modulated by CRISPR genome editing and NPM1 and/or NCL may be modulated using shRNA.

Double-stranded RNA

Double-stranded RMNA {dsRNA) molecules may be used to maodulate expression of one or
more gene in a producer cell ine. Typically, dsRNAs are used to reduce expression of the one or
more gene as described herein. dsRNA molecules may be used in RNAI to modulate one or more

gene of the invention.

Using known technigues and based on a knowledge of the sequence of the one or more
gene to be modulated, dsRNA molecules can be designed to antagonise the one or more gene by
sequence homology-based targeting of the corresponding RNA sequence. Such dsRNAs will typically
be small interfering RNAs {siRNAs), small hairpin RNAs {shRNAs}, or micro-RNAs {miRNAs). The
sequence of such dsRNAs will comprise a portion that corresponds with that of a portion of the
mRNA encoding the one or more gene to be modulated. This portion will usually be 100%
complementary to the target portion within the mRNA transcribed from the one or more gene, but
iower levels of complementarity (e.g. 90% or more or 95% or more) may alse be used. Typically the
% complementarity is determined over a length of contiguous nucleic acid residues. A dsRNA
molecule of the invention may, for example, have at least 80% complementarity to the target
portion within the mRNA transcribed from the one or more gene measured over at least 10, at least
20, at least 30, at least 40, at least B0, at least 60, atleast 70, at least 80, at least 90, or more nucdleic
acid residues, up to the dsRNA molecule having at least 80% complementarity the mRNA transcribed

from the one or more gene of the invention over the entire length of the dsRNA molecule.

in a preferred embodiment, the dsRNA is a shRNA. ShRNA can be delivered to a producer
cell line of the invention by any appropriate means. Suitable technigues are known in the art and

include the use of plasmid, viral and bacterial vectors to deliver the shRNA to the producer cell line.
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Typically, the shRNA is delivered using a viral vector delivery system. In a preferred embodiment,

the viral vector is a lentiviral vector.

Generally, once the shRNA has been delivered to a producer cell, it is then transcribed in the
nucleus and processed. The resulting pre-shRNA is exported from the nucleus and then processed by
dicer and loaded into the RNA-induced silencing complex (RISC). The sense {passenger) strand is
degraded. The antisense {guide} strand directs RISC to mRNA that has a complementary sequance.
in the case of perfect complementarity, RISC cleaves the mRNA. In the case of imperfect
complementarity, RISC represses translation of the mRNA. In both of these cases, the shRNA leads to

target gene silencing.

shRNA is used to modulate the expression of one or more of the genes listed in Table 2.
Muitiple shRNAs may be used to modulate the expression of any one of the genes listed in Table 2.
Typically, shRNA is used to modulate the expression of at least one of YB1, NPM1 and/or NCL and/or
YB1. Multiple shRNAs may be used to modulate the expression of YB1, NPM1 and/or NCL.

The shRNA used to modulate YB1 expression may comprise a nucleotide sequence selected
from SECGID NOs: 14 to 18 (YB1-Y1 to YBI-Y5), or a variant thereof. Multiple shRNAs selected from
SEQUID NOs: 14 to 18, or a variant thersof, may be used to modulate YB1 expression. In a preferred
embodiment, the shRNA used to modulate YB1 expression is SEQ 1D NO: 17 and/or 18 {YB1-Y4 and

¥5) or a variant thereof,

The shRNA used to modulate NPM1 expression may comprise a nucleotide seqguence
selected from SEQ D NOs: 4 to & {NPM-N6 to NPM-N10}, or a variant thereof. Multiple shRNAs
selected from SEQ ID NOs: 4 to 8, or a variant thereof, may be used to modulate NPM1 expression.
In a preferred embodiment, the shRNA used to modulate NPM1 expression is SEQID NO: 4 and/for 7

{NPM-N6 and N9} or a variant thereof.

The shRNA used to modulate NCL expression may comprise a nucleotide sequence salected
from SECQUID NOs: 9 to 13 (NCL-N1 to NCL-N5J, or a variant thereof. Multiple shRNAs selected from
SEQ 1D NOs: 8 to 13, or a variant thereof, may be used to modulate NCL expression. In a preferred
embodiment, the shRNA used to modulate NCL expression is SEQ 1D NO: 9 and/or 12 (NCL-N1 and

N4} or a variant thereof.

The sequences of NPM-NG to NLO, NCL-N1 to N5 and YB1-Y1 to Y5 (SEQ 1D NOs: 4 to 18] are

shown in Table 1 below.
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Any combination of the shRNAs of SEQ 1D NOs: 14 10 18 (YB1-Y1 to YB1-Y5), SEQID NOs: 4 to
8 (NPM-N6 to NPM-N10) and SEQ 1D NOs: 9 to 13 (NCL-NT to NCL-N5), or variants thereof, may be

used.

A variant sequence may have at least 80% sequence identity to a sequence of the invention,
measurad over any appropriate length of sequence. Typically the % sequence identity is determined
over a length of contiguous nucieic acid or amino acid residues. A variant sequence of the invention
may, for example, have at least 80% sequence identity to a sequence of the invention measured
over at least 10, at least 20, at least 30, at least 40, at least 50, at least 60, atleast 70, at least 80, at

least 90, or more nucleic acid or amino acid residues.

For example, a variant shRNA molecule of the invention may have at least 80% saguence
identity with an shRNA molecule of the invention measured over at least 10, at least 20, at least 30,
at least 40, at least 50, at least 60 or more nucleic acid residues, up to the variant shRNA molecule
having at least 80% sequance identity with the shRNA molecule of the invention over the entire
fength of the variant shRNA molecule. Typically the variant shRNA molecule of the invention is a

variant of one or more of the shRNA molecules of SEQ 1D NOs: 4 to 18.

CRISPR Genome Editing

The Clustered Regularly Interspaced Short Palindromic Repeats {CRISPR) system for genome
editing typically comprises two distinct components: {1} a guide RNA and (2} an endonuclease,
specifically a CRISPR associated {Cas) nuclease, such as Cas?. The guide RNA is a combination of the
endogenous bacterial crRNA and tracrRNA into a single chimeric guide RNA {gRNA]} transcript. When
the gRNA and the Cas are expressed in the cell, the genomic target sequence can be modified or

permanently disrupted.

The gRNA/Cas complex is recruited to the target sequence by the base-pairing between the
gRNA sequence and the complement to the target sequence in one or more gene of the invention in
the genomic DNA. For successful binding of Cas, the genomic targset sequence must also contain the
correct Protaspacer Adjacent Motiff {(PAM) sequence immediately following the target sequence.
The binding of the gRNA/Cas compiex localises the Cas to the genomic target sequence in the one or
more gene of the invention so that the wild-type Cas can cut both strands of DNA causing a double
strand break. This can be repaired through one of two general repair pathways: (1) the non-

homologous end joining DNA repair pathway or {2} the homology directed repair pathway. The non-
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homologous repair pathway often results in inserts/deletions at the double strand break that can
fead to frameshifts and/or premature stop codons, effectively disrupting the open reading frame of
the one or more gene of the invention. The homology directed repair pathway requires the presence

of a repair template, which is used to fix the double strand break.

Ary appropriate gRNA pair may be used for CRISPR genome editing according to the present
invention, provided it modulates one or more gene of the invention as described herein, Typically
gRNA pairs are used to reduce expression of one or more gene of the invention as described herein,
Preferably any appropriate gRNA pair is used to modulate {typically reduce, preferably

eliminate/knockout) expression of YB1, NPM1 and/or NCL, more preferably YB1.

gRNA pairs can be designed using known techniques and based on a knowledge of the
saquence of the one or more gene to be modulated, typically using an appropriate computer

programme, such as the CRISPR/Cas9 programme {htips://chopcheop.rc.fas.harvard.edu/ ). For

example, gRNAs for modulatingYB1 may be designed using the CRISPR/Cas9 programme

{hitps://chopchop.refas.harvard.edu/ } and targeting the entire Homo sapiens chromosome 1

sequence {Accession number NC_000001.11) that includes YB1 gene sequence. Knock out producer
cells may be generated using any appropriate technique, with standard technigues being known in

the art and suitable kits being commercially available.

gRNA pairs can be delivered to a producer cell line of the invention by any appropriate
means. Suitable technigues are known in the art and include the use of plasmid, viral and bacterial
vectors to deliver the gRNA pairs to the producer cell Hine. Typically, a gRNA pair is delivered using a

plasmid DNA,

gRNA pairs may be used to modulate the expression of one or more of the genes listed in
Table 2. Multiple gRNA pairs may be used to modulate the expression of any one of the genes listed
in Table 2. Typically, gRNA pairs are used to modulate the expression of at least one of YB1, NPM1
and/or NCL and/or YB1. Multiple gRNA pairs may be used to modulate the expression of YB1, NPM1
and/or NCL.

The gRNA pairs used to modulate YB1 expression may comprise a nucleotide sequence pairs
selected from SEQ ID MOs: 33 and 34; 5EQ ID NOs: 35 and 36; SEQ ID NOs: 37 and 38; and/or SEQ D
NOs: 39 and 40, or variants thereof. Multiple gRNA pairs selected from SEQ ID NOs: 33 and 34; SEQ
ID NOs: 35 and 36; SEQ ID NOs: 37 and 38; and SEQ, 1D NOs: 39 and 40, or variants thereof, may be

used to modulate YB1 expression.
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Avariant sequence may have at least 80% sequence identity to a sequence of the invention,
measurad over any appropriate length of sequence. Typically the % sequence identity is determined
over a length of contiguous nucleic acid or amino acid residuas. A variant gRNA sequence of the
invention may, for example, have at least 80% sequence identity to a sequence of the invention
measured over at least 10, at least 11, at least 12, at least 13, at lsast 14, at least 15, at least 16, at
feast 17, at least 18, at least 19, at least 20, at least 21, at least 22, atleast 23, atleast 24, or more
niucleic acid residues,, up to the variant gRNA molecule having at [east 80% sequence identity with
the shRNA molecule of the invention over the entire length of the variant gRMA molecule. Typically
a variant gRNA molecule of the invention is a variant of one or more of the gRNA molecules of SEQ
iD NOs: 33 to 40.  gRNA pairs of the invention may comprise a variant of one or both of the gRNA
sequences disclosed herein. For example, a variant of the gRNA pair of SEQ D NOs: 33 and 34 may
comprise a variant of SEQID NO: 33, a variant of SEQ 1D NO: 34 or a variant of SEQ 1D NOs: 33 and

34. This principle applies to ali gRNA pairs disclosed herein,

Antisense RNA

Single-stranded DNA {ssDNA) molecules, also known as antisense RNA, may be used to
modulate expression of one or more gene in a producer cell line. Typically, antisense RNAs are used

to reduce expression of the one or more gene as described herein,

Using known technigues and based on a knowledge of the seguence of the one or more
gene to be modulated, antisense RNA molecules can be designed to antagonise the one or more
gene by sequence homology-based targeting of the corresponding RNA. The sequence of such
antisense will comprise a portion that corresponds with that of a portion of the mRNA transcribed
from the one or more gene. This portion will usually be 100% complementary to the target portion
within the transcribed mRNA but lower levels of complementarity {e.g. 90% or more or 95% or

more) may also be used,

Aptamers

Aptamers are generally nucleic acid molecules that bind a specific target molecule, Aptamers
can be engineered completely in vitro, are readily produced by chemical synthesis, possess desirable
storage properties, and elicit little or no immunogenicity in therapeutic applications. These

characteristics make them particularly useful in pharmaceutical and therapeutic utilities.
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As used herein, "gptamer” refers in general to a single or double stranded oligonuclestide or
a mixture of such oligonucleotides, wherein the oligonucleotide or mixture is capable of binding
specifically to a target. Oligonucleotide aptamers will be discussed here, but the skilied reader will
appreciate that other aptamers having equivalent binding characteristics can also be used, such as

peptide aptamaers,

in general, aptamers may comprise oligonucleotides that are at least 5, at least 10 or at least
15 nucleotides in length. Aptamers may comprise sequences that are up to 40, up to 60 or up to 100
or more nuclectides in length. For example, aptamers may be from 5 to 100 nucleotides, from 10 to
40 nucleotides, or from 15 to 40 nucleotides in length. Where possible, aptamers of shorter length

are preferred as these will often lead to less interference by other molecules or materials.

Aptamers may be generated using routine methods such as the Systematic Evolution of
Ligands by Exponential enrichment (SELEX) procedure. SELEX is a method for the in vitro evolution of
nucleic acid molecules with highly specific binding to target molecules. It is described in, for

example, US 5,654, 151, US 5,503,978, US 5,567,588 and WO 96/38579.

The SELEX method involves the selection of nucleic acid aptamers and in particular single
stranded nucleic acids capable of binding to a desired target, from a collection of oligonuclectides, A
collection of single- stranded nucleic acids (e.g., DNA, RNA, or variants thereof} is contacted with a
target, under conditions favourable for binding, those nucleic acids which are bound to targets in the
mixture are separated from those which do not bind, the nucdleic acid-target complexes are
dissaciated, those nucleic acids which had bound to the target are amplified to yield a collaection or
fibrary which is enriched in nucleic acids having the desired binding activity, and then this series of
steps is repeated as necessary to produce a library of nucleic acids {(aptamers} having specific binding

affinity for the relevant target.

Variant Nucleic Acid Seguences

A seqguence identity of at least 80% includes at least 82%, at least 84%, at least 86%, at least
88%, at least 90%, at least 91%, at least 92%, at least 93%, at least 84%, at ieast 95%, at [east 86%, at
feast 97%, at least 98%, at least 99%, and 100% sequence identity {to each and every nucleic acid

sequence presented herein and/ or to each and every SEQID NO presented herein).

Any of a variety of sequence alignment methods can be used to determine percent identity,

including, without limitation, global methods, local methods and hybrid methods, such as, e.g,,
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segment approach methods. Protocols to determine percent identity are routine procedures within
the scope of one skilled in the. Global methods align segquences from the beginning to the end of the
molecule and determine the best alignment by adding up scores of individual residue pairs and by
imposing gap penalties. Non-limiting methods include, e.g., CLUSTAL W, see, e.g., lulie D. Thompson
et al., CLUSTAL W: Improving the Sensitivity of Progressive Multiple Sequence Alignment Through
Seguence Weighting, Position- Specific Gap Penalties and Weight Matrix Choice, 22 {22} Nucleic
Acids Research 4673-4680 (1994); and iterative refinement, see, e.g., Osamu Gotoh, Significant
improvement in Accuracy of Multiple Protein. Sequence Alignments by lterative Refinement as
Assessed by Reference to Structural Alignments, 264{4) }. Mol. Bicl. 823-838 {1996). Local methods
align sequences by identifying one or more conserved motifs shared by all of the input sequences.
Non-limiting methods include, e.g., Match-box, see, e.g., Eric Deplereux and Ernest Feytmans,
Match-Box: A Fundamentally New Algorithm for the Simultaneous Alignment of Several Protein
Sequences, 8{5) CABIOS 501 -508 {1992); Gibbs sampling, see, e.g., C. £. Lawrence ef of,, Detecting
Subtle Seqguence Signals: A Gibbs Sampling Strategy for Multiple Alignment, 262 {5131 ) Science 208-
214 {1923); Align-M, see, e.g., vo Van Walle et of,, Align-M - A New Algorithm for Multiple
Alignment of Highly Divergent Sequences, 20 {9) Bioinformatics: 1428-1435 {2004). Thus, percent
sequence identity is determined by conventional methods. See, for example, Altschul et of., Bull.

Math. Bio. 48: 603-16, 1886 and Henikoff and Henikoff, Proc. Natl. Acad. Sci. USA 89:10915-19, 1992,

Variants of the specific sequences provided above may alternatively be defined by reciting
the number of nuclectides that differ between the variant sequences and the specific reference
sequences provided above. Thus, in one embodiment, the sequence may comprise {or consist of} a
nucleotide sequence that differs from the specific sequences provided above at no more than 5, no
more than 4, no more than 3, no more than 2 nuclectide positions, for example at no more than 1

nucleotide position. Conservative substitutions are preferred.

The variant nucleic acid molecules of the invention, such as the variant shRNA molecules
and/or variant gRNA molecules and/or variant gRNA pairs of the invention typically still retain the
activity of the corresponding molecules of the invention. Thus, for example, the variant shRNA
molecules of the invention retain the ability of the corresponding shRNA molecules to modulate the
expression of the one or more gene of the invention. The variant shRNA molecules may retain at
feast 50%, at least 60%, at least 70%, at least 80%, at least 90%, up to and including 100% of the
modulatory activity of the shRNA molecules of the invention. This applies equally to the gRNA

molecules and/or gRNA pairs of the invention.
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The nucleic acid molecules of the invention, such as the shRNA molecules, gRNA molecules
and/or gRNA pairs of the invention may be labelled {(or tagged) in order to facilitate the removal of
producer cells lacking the shRNA molecules, gRNA molecules and/or gRNA pairs. Puromycin is an
exampie of a suitable tag. The two gRNA molecules making up a gRNA pair of the invention may be
labelled with the same tag. Alternatively, two gRNA molecules making up a gRNA pair of the

invention may be labelled with different tags to enable the two gRNA molscules to be distinguished.

Effect of Modulation

Modulators of the invention can increase or reduce the exprassion of one or more gene
and/or protein of a preducer cell line. Typically the one or more gene and/or protein is listed in
Table 2 as disclosed herein. Typically the modulation of the one or more gene and/or protein of a
producer cell line will result in an increase titre of AAV vector production by the producer cell line

according to the present invention.

Modulation of one or more gene and/or protein of a producer celi line may increase the titre
of AAV vector production by at least 2 fold, at least 3 fold, at least 4 fold, at least 5 fold, at least 6
fold, atleast 7 fold, at least 8 fold, at {east 9 fold, at least 10 fold, at least 15 fold, at least 20 fold, at
feast 25 fold, at least 30 fold, at least 35 fold, at least 40 fold, at least 45 fold, at least 50 fold, at least
55 fold, at least 60 fold, at least 65 fold, at least 70 fold or more. Preferably, modulation of one or
more gene and/or protein of a producer cell line increases the titre of AAV vector production by at
least 2 fold, at least 5 fold or at least 10 fold. Any increase in viral titre resulting from the
modulation of one or more gene and/or protein may be compared with the viral titre obtained from

a control method as described herein.

Moduiation of one or more gene and/or protein of a producer cell line may increase the titre
of AAY vector production for at least 5 days, at least 10 days, at least 20 days, at least 306 days, at
feast 40 days, at least 50 days, at least 80 days, at least 70 days, at least 80 days, at least 90 days, at
feast 100 days or more. Preferably, modulation of one or more gene and/or protein of a producer
cell line increases the titre of AAV vector production for at least 40 days. Again, the duration of the

increased viral titre may be compared with a control, as described herein,

Moduiation of one or more gene and/or protein of a producer cell line may increase the titre
of AAY vector production for at least one, at least two, at least three, at least four, at least five, at

least ten, at least 20, at least 30, at feast 40 or more passages of the producer rell line in culture.
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Modulation of one or more gene and/or protein of a producer cell line may increase the titre

of AAV vector production indefinitely.

There may be a time and dose dependence of the modulation of the one or more gene
and/or protein on viral titre. Typically, even at a low dose and =arly time point, it may be possible to
achieve a significant fold increase in AAV vector titre of at least 2 fold, atleast 5 fold or at least 10

fold {see, for example, Figure 6B).

The increase in AAV vector titre may be measured using any appropriate technique.
Standard technigues for measuring viral titres are known in the art, for example, using cell based

assay, .. a plaque assay and/or guantitative PCR {gPCR).

The modulation of the one or more gene and/or protein of the producer cell line may
increase the ratio of complete: empty AAY vector produced by the producer cell line according to
the present invention. The increase in AAY vector titre and/or the increase in the ratio of complete:

empty AAV vector may be compared with a control as described hergin.

Modudation of one or more gene and/or protein of a producer cell line may increase the
ratio of complete: empty AAV vector produced by the producer cell line by at least 10%, at least
20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at
least 100%, at least 150%, at least 200% or more. Preferably, modulation of one or more gene
and/or protein of a producer cell line increases the ratio of complete: empty AAY vector produced

by the producer cell line by at least 50%.

Modulation of one or more gene and/or protein of a producer cell line may increase the
ratic of complete: empty AAV vector produced by the producer cell line such that the AAY vector
population comprises less than 50-fold, less than 40-fold, less than 30-fold, less than 20-fold, less

than 10-fold, or less empty AAY vectors compared with the number of complete AAY vectors.

Any increase in viral titre resulting from the modulation of one or more gene and/or protein

may be compared with the viral titre obtained from a control method as described herein.

Modulation of one or more gene and/or protein of a producer cell line may increase the
ratio of complete: empty AAV vector produced by the producer cell line for at least 5 days, at least
10 days, at least 20 days, at least 30 days, at least 40 days, at least 50 days, at least 60 days, at least
70 days, at least 80 days, at least 90 days, at least 100 days or more. Preferably, modulation of one

or more gene and/or protein of 3 producer cell line increases the ratio of complete: empty AAY
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vector produced by the producer call line for at least 40 days. Again, the duration of the increased

viral titre may be compared with a control, as described herein.

Moduiation of one or more gene and/or protein of a producer cell line may increase the
ratio of complete: empty AAV vector produced by the producer cell line for at least one, at least two,
at least three, at least four, at {east five, at least ten, at least 20, at least 30, at least 40 or more

passageas of the producer cell line in culture.

Modulation of one or more gene and/or protein of a producer cell line may increase the

ratic of complete: empty AAV vector produced by the producer cell line indefinitely.

The ratio of complete: empty AAV vector produced by the producer cell line may be
measurad using any appropriate technique. Standard techniques for measuring viral titres are
known in the art. For example, a combination of gPCR and ELISA may be used to quantify the ratio

of complete: empty AAV vector,

Modulation of one or more gene and/or protein of a producer cell line may independently
increase AAV rep expression, increase AAV vector DNA production and/or decrease AAV cap
expression. Typically the change in AAV rep expression, increase AAY vector DNA production
and/or decrease AAV cap expression is at least 2 fold, at least 3 fold, at least 4 fold, at least & fold, at
least 6 fold, at least 7 fold, atleast 8 fold, at least 9 fold, at least 10 fold, st ieast 11 fold, at least 12
fold, at least 13 fold, at least 14 fold, at least 15 fold, at least 20 fold, at least 25 fold, at least 30 fold,
at least 35 fold, at least 40 fold, at least 45 fold, at least 50 fold, at least 55 fold, at least 80 fold, at

least 65 fold, at least 70 fold or more compared with a control cell line or method as defined herein.

Modulation of one or more gene and/or protein of a producer cell line may independently
increase AAV rep expression, increase AAV vector DNA production and/or decrease AAV cap
expression for at least 5 days, at least 16 days, at least 20 days, at least 30 days, at least 40 days, at
teast 50 days, at least 60 days, at least 70 days, at least 80 days, at least 30 days, at least 100 days or
more. Preferably, modulation of one or more gene and/or protein of a producer cell line
independently increases AAV rep expression, increases AAY vector DNA production and/or
decreases AAY cap expression for at least 40 days. Again, the duration of the effect may be

compared with a control, as described herein.

Moduiation of one or more gene and/or protein of a producer cell line may independently
increase AAV rep expression, increase AAV vector DNA production and/or decrease AAV cap
expression for at least one, at least two, at least three, at least four, at least five, at least ten, at least

20, at least 30, at least 40 or more passages of the producer celi line in culture.
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Modulation of one or more gene and/or protein of a producer cell line may independently
increase AAV rep expression, increase AAV vector DNA production and/or decrease AAV cap

exprassion indefinitely.

There may be a time and dose dependence of the modulation of the one or more gene
and/or protein on AAY rep expression, AAY vector DNA production and/or AAV cap expression.
Typically, even at a low dose and early time point, it may be possible to achieve a significant fold

effect on AAV rep expression, AAV vector DNA production and/or AAV cap expression.

The increase AAY rep expression, increase AAV vector DNA production and/or decrease AAY
cap expression may be measured using any appropriate technique. Standard techniques for

measuring viral titres are known in the art.

Modulation of one or more gene and/or protein of a producer cell line may independently
increase AAV rep expreassion, increase AAY vector DNA production and/or decrease AAV cap
expression by at least 10%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at
feast 709%, at least 80%, at least 90%, at least 100Y%, at least 150%, at least 200% or more.
Preferably, modulation of one or more gene and/or protein of a producer cell line independently
increases AAY rep expression, increases AAY vector DNA production and/or decreases AAV cap

expression by at least 50%.

Production of the AAVY Vector

As described herein, the present invention provides a producer cell line in which the
expression of one or more gene and/or protein listed in Table 2 is modulated compared with a

control.

in a preferred embodiment, modulation of the one or more gene and/or protein is achieved
by shRNA or CRISPR genome editing. If shRNA is used, typically the shRNA is tagged to facilitate
removal of producer cells lacking the shRNA. if CRISPR genome editing is used, PCR primers can be
designed which can generate two products (bands) due to the cleavage of gDNA in the positive
knockout cells compared to the single PCR product/band in the non-cleaved/non-gRNA editing
control cells. Again, this facilitates removal of producer cells in which the one or more gene of the

invention is not modulated.
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Once such a producer cell line of the invention has been established, it may be used to
produce AAV vectors according to the present invention. Any appropriate technique may be used to

generate AAV vectors according to the present invention. Standard technigues are known in the art,

The AAYV vectors of the present invention may be engineered to carry any therapeutic
polynucleotide for delivery and expression to a target cell or target cells. The therapeutic
polynuclectide may be engineerad into various sites within the AAV vectors, including but not
limited to, the EL region, the E2 region, the E3 region and the E4 region, using techniques that are
well known to those skilled in the art {Current Protocols in Molecular Biology, Ausubel, F. et al., eds,,
Wiley and Sons, New York, 1995}, The therapeutic polynuclectide cloned into the AAV vector may be
engineered as a complete transcriptional unit, including a suitable promoter and polyadylation

signal.

Thus, the AAVY vectors of the present invention may comprise a therapeutic polynucleotide
gene and a promoter between a pair of AAV-derived terminal repeats. The combinationof a

promoter and therapeutic polynucleotide is also referrad to herein as a cassette.

The promoter sequence is operably linked to the therapeutic polynucleotide in a manner to
effect expression of the gene. MHence, the promoter sequence can be at either or both ends of the
therapeutic polynucleotide. Furthermore, more than one promoter and therapeutic polynucleotide
can be prasent in one AAV vector, Le. there can be two or more cassettes between the terminal

repeats. Accordingly, more than one heterslogous gene can be expressad by one vector,

Any promoter may be used in the AAV vector of the invention, provided the promoter is
capable of driving expression of the therapeutic polynucleotide when they are operably linked.
Such promoters are known in the art, including the AAV E1 promoter or E4 promoter, for example,
as well as others including, but not limited o, the CMV promoter and the PGK promoter. The
promoter may be tissue or cell preferred or specific, meaning that it drives expression of the
therapeutic polynucleotide in either a particular tissue or cell type of interest. Again, such

promoters are known in the art.

Suitable polyadenylation signals at the 3" end of the therapeutic polypeptide include, but are
not limited to, the AAV polyadenylation signals. The E3 region of the AAY genome may be deleted in

order to increase the cloning capacity of a vector, or it may be left in the vector construct,

The AAV vector of the invention typically comprises: 1) the terminal repeats mediate stable,

site-specific integration into the cellular genome of an individual to be treated; and 2) the promoter



15

20

25

30

WO 2015/114365 PCT/GB2015/050240

mediates expression of a therapeutic polynuclectide, or the promoter mediates transcription of an

antisense RNA or a sense RNA encoding a polypeptide of interest.

The AAY vectors of the present invention can be constructed by a variety of standard
methods known in the art, and the order of the ligation of the elements can be varied. A promoter
and therapeutic polynuclectide may be ligated together to provide a cassette which can be inserted
between two AAV inverted terminal repeats {ITRs). Standard techniques for the construction of AAY
vectors of the invention are known in the art and can be found in references such as Sambrook et al.
{1989: Molecular Cloning: A Laboratory Manual, Cold Spring Harbor, N.Y.}, or any of the myriad of
laboratory manuals on recombinant DNA technology that are widely available. A variety of
strategies are available for ligating fragments of DNA, the choice of which depends on the nature of

the termini of the DNA fragments and can be readily determined.

For example, standard technigues for producing AAY vectors according to the present
invention include the transfection of DNA plasmid{s) into the producer cells to express AAY Capsid
and Rep proteins; the co-transfection of a3 DNA plasmid to express a AAY vector genome that is in
the forms of single stranded DNA or self-complementary DNA and comprises two AAV inverted
terminal repeats {ITR} derived from any AAV serotypes flanking a therapeutic and/or reporter
gene(s) to exert biological or therapeutic functions in recipient cells or patients; and with or without
{i.e. in a helper-free system) the introduction, via plasmid DNA co-transfection or virus infection, of

the AAV helper element(s) from a AAV helper virus, e.g. Adencvirus and Herpes simplex virus.

Other nucleotide sequence elements which facilitate integration of DNA into chromosomes,
exprassion of the DNA, and doning of the vector may be included in the AAY vector of the invention,
For example, the presence of enhancers upstream of the promoter or terminators downstream of

the therapeutic polynucieotide can facilitate expression.

As disclosed herein, the AAV vectors of the invention also comprise AAV capsid proteins.
Typically, these AAYV capsid proteins are designated VP1, VP2 and VP3, These AAV capsid proteins
are typically encoded on the AAV DNA genome, enabling the production of assembled AAV viral

particles.

Producer Cell Lines

According to the present invention, a producer celi line may be defined as a cell line capable

of replicating and packaging an AAV vector. Any appropriate producer cell line may be modified and
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used according to the present invention. A producer call line of the invention is a eukaryotic cell
line, and typically a mammalian cell line. The AAV vectors produced by the present invention are
usually intended for therapy in humans. Therefore, preferably a producer celi line of the invention
is a human cell line. A producer cell line of the invention may be selected from NIH3T3, HT1080,
AB49, Hela cells, and HEK 293T cell linas. A producer cell ling of the invention may be in an

adherent or suspension form.

in a preferred embodiment, the producer cell line is the human embryonic kidney (HEK)
2937 cell line. The HEK293T cell line expresses the $V40 early region under the transcriptional

control of the Rous sarcoma virus long terminal repeat promoter.

As referred to herein, a control producer cell line is one which has not been modified or

adapted according to the present invention.

Therapeutic Applications

The AAV vectors of the invention may be used as gene therapy vectors, Gene therapy
involves the transfer and insertion of new genetic information into cells. The genetic information
may be transiently or stably inserted into calis. The AAV vectors of the present invention are safe
for gene therapy. Thus, the AAV vectors of the present invention may be capable of site-specific
integration into a mammalian chromosome without substantial cytotoxicity, and which direct host
cell-specific expression of a therapeutic polynucleotide. Preferably the AAV vectors of the invention

are used in gene therapy in mammals, more preferably humans.

The AAV vectors of the invention may comprise any polynucleotide which can be used to
treat or prevent a disease or condition. The therapeutic polynuciectide may be DNA or RNA
Typically the therapeutic polynucleotide is DNA. The therapeutic polynuclegtide is preferably a
bislogically functional gene which targets {replaces) a non-functional and/or mutated gene in the
individual to be treated. In preferred embodiments, when the individual to be treated is human, the

therapeutic polynucleotide is also human.

The therapeutic polynucleotide may encode a biclogically functional protein, i.e. a
polypeptide or protein which affects the cellular mechanism of a cell in which the biclogically
functional protein is expressed. For example, the biologically functional protein can be a protein
which is essential for normal growth of the cell or for maintaining the health of an individual. The

biologically functional protein can also be a protein which improves the health of an individual by
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either supplying a missing protein, by providing increased quantities of a protein which is under-
produced in the individual or by providing a protein which inhibits or counteracts an undesired
molecule which may be present in the individual. The biologically functional protein can also be a
protein which is a useful protein for investigative studies for developing new gene therapies or for

studying cellular mechanisms.

The biologically functional protein can be a protein which is essential for normal growth or
repair of the body. The biologically functional protein may also be one which is useful in fighting
diseases such as cancer. The biologically functional protein may also be a selectable marker for
antibiotic resistance such as a selectable marker for neomycin resistance in eukaryotes. Other types
of selectable markers may also be used. The therapeutic polynucleotide encoding these proteins
can be provided by any of a variety of methods, such as routine cloning procedures {Sambrook et
al.}, excision from a vector containing the gene of interest, or chemical or enzymatic synthesis based
on published sequence information. In many instances the DNA encoding the protein of interest is

commercially available.

The biologically functional protein can affect cellular mechanism by providing a new or
altered function to a cell. For example, the therapeutic polynucleotide can be a multidrug resistance
gene {mdr) which encodes P-glycoprotein. P-glycoprotein is a cell membrane glycoprotein which
affects intracellular drug accumulation and is responsible for the phenomenon of multidrug

resistance.

The therapeutic polynucleotide can encode a non-biologically functional protein. For
example, a hybrid gens comprising various domains and functions from a variaty of sources can be

designed and produced by recombinant technology or enzymatic or chemical synthesis.

The therapeutic polynucleotide may be capable of being transcribed into an RNA molecule
which is sufficiently complementary to hybridize to an mRNA or DNA of interest, i.e. a sense or
antisense RNA. Such RNA molecules may be useful in preventing or limiting the expression of
overproduced, defective, or otherwise undesirable molecules. The AAV vector of the present
invention can comprise, as the therapeutic polynucleotide, a sequence encoding an antisense RNA
which is sufficiently complementary to a target sequence such that it binds to the target sequence.
For example, the target sequence can be part of the mRNA encoding a polypeptide such that it binds
to and prevents transiation of mRNA encoding the polypeptide. The target sequence may be a
segment of a gene that is essential for transcription such that the antisense RNA binds the segment

{e.g. a promoter or coding region} and prevents or limits transcription. Hence, the antisense RNA
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must be of sufficient length and complementarity to prevent translation of its target mRNA or
transcription of its target DNA. Antisense RNAs having sufficient complementarity to a target
sequence such that the antisensas RNA is capable of binding to the target and thereby inhibiting
translation or transcription can be determined using standard technigues. The therapeutic
polynucleotide can be provided, for example, by chemical or enzymatic synthesis, or from

commercial sources.

The function of the AAV vectors of the present invention, i.e. the ability to mediate transfer
and expression of therapeutic polynucleotide, can be evaluated by monitoring the expression of the
therapeutic polynucleotide in transduced cells, For example, celis may be transfected with an AAY
vector of the present invention or infected with varying concentrations of virions containing said

AAV vector and then assessed for the expression of the therapeutic polynuclestide.

The assay for expression depends upon the nature of the therapeutic polynuclectide.
Expression can be monitored by a variety of methods including immunological, histo-chemical or
activity assays. For example, Northern analysis can be used to assess transcription using appropriate
DNA or RNA probes. if antibodies to the polypeptide encoded by the therapeutic polynucleotide are
available, Western blot analysis, immunochistochemistry or other immunological technigques can be
used to assess the production of the polypeptide. Appropriate biochemical assays can also be used
if the therapeutic polynucleotide is an enzyme. For example, if the therapeutic polynucleotide
encodes antibiotic resistance, a determination of the resistance of infected cells to the antibiotic can

be used to evaluate expression of the antibiotic resistance gene.

in addition to assessing that the heterologous gene is expressed in the appropriate cells, the
correct promoter specificity of the AAV vectors can be evaluated by monitoring the expression of the
therapeutic polynucieotide, or lack of expression, in cells in which the promoter is not expected to

be active.

The therapeutic polynucleotide of the invention may be a gene selected from CFTR for CF,
al-antitrypsin for emphysema, soluble CD4 for AIDS, ADA for adenosine deaminase deficiency and

any other gene recognised as being potentially useful for gene therapy.

The AAV vectors of the present invention can be adapted to ex vivo and in vitro gene therapy

applications.

The AAV vectors of the present invention may also be used to deliver other therapeutics,
For example, the AAV vectors of the present invention may be used to deliver smali molecule,

peptide and/or protein therapeutics,
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The AAV vectors of the present invention may be used in combination with other
therapeutic agents and/or therapeutic methods. In particular, the AAV vectors of the invention may
be used in combination with standard therapeutic agents and/or methods in the treatment of
diseases including, but not limited, to cancer. AAV induced immunity can enhance the antibody
function. Therefore, one example of a therapeutic use according to the present invention is the use
of AAV vactors of the invention to deliver therapeutic antibodies, or the use of ARV vectors of the

invention in combination with therapeutic antibodies.

Accordingly, the present invention provides an AAV vector as described herein for use in a
method of therapy. The invention also provides the use of an AAV vector as described herein in the

manufacture of a medicament for gene therapy.

The following Examples illustrate the invention

EXAMPLES

Example 1 — Vector Production

Two forms of vector particles, that is, complete and empty {without any transgene
sequence) particles from each of the three AAV serotypes, e, AAVZ, AAVS and AAVE, were
produced and investigated. The complete vector particles contained a vector sequence encoding

GFP and the empty vector particles were capsids without a vector sequence,

Complete AAV particles were expressed from 3 plasmids pHelper {Stratagene, USA}, pAAV-
RC encoding AAV Rep-Cap and pAAV-hrGFP {Stratagene, USA} and emply AAV capsids expressed
from only pHelper and pAAV-RC. Plasmid pAAV2/2 Rep-Cap was purchased from Stratagene {USA)
and, plasmids pAAV-2/5-RC and AAV-2/8-RC were kindly provided by Professor James Wilson {NIDCR

/Pennsylvania, USA).

All vectors were produced by transient transfection of human embryonic kidney 2237 celis
{Stratagene, USA} using the Calcium phosphate-BBS method {Chen et al., {1988) Biotechnigues 6:
632-638). Vector producer cells were harvested and were subjected to 5 cycles of freeze thaw to

release vector particies and the cellular debris was removed by centrifugation (2000g).
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The supernatant containing vector particles was then filtered through 0.45pm filters
{Millipore, UK} and dituted with 20mM Bis-Tris Propane buffer prior to chromatography. A Gilson
HPLC systern (Anachem, UK) was used for chromatography, which was equipped with a UV-Detector
{Gilson, 119), pump {Giison 306}, autosampler (Gilson 231XL) and fraction collector (Gilson FC2038)
both fitted with temperature controlled racks connected to a refrigerated re-circulating water bath
{Grant, 515} which also cooled the water-jacketed column. The system was controlled using Gilson
Unipoint software. An XK 16/26 column {Amersham, UK) was packed to contain a bed volume of
5mi AVB Sepharose High Performance medium (GE Healthcare, Sweden), and performed following

the manufacturer’s protocol.

The AVB Sepharose affinity chromatography used in this study was designed for the
purification of Adeno-associated viruses. Figure 1A shows a typical protein separation using a 5ml
column containing AVB Sepharose coupled with AAV antibodies and that majority proteins were not
bound to AAV antibodies and thus flowed through the column before the elution buffer {(50mM
Glycine, pH2.7} being applied (Figure 1A). Both empty capsids and complete vectors were eluted at
25-35 minutes of migration time {Figure 1A). The protein profile of eluted samples was then
visualised using SDS-PAGE and silver staining (Figure 1B), showing significant purity of AAV samples
after chromatography. As expectad, three dominant AAY capsids proteins VP1 {81kDa)}, VP2 (72kDa)

and VP3 (62kDa) were evident. Crude un-purified AAY samples showed many protein bands.

Example 2 — Identification of Proteins from the AAV Vectors using LC-MS/MS

Purified vector particles from Example 1 were pooled and dialysis to equilibrate into PBS in a
10K MWCO Slide-A-Lyzer dialysis cassette {Thermo scientific, USA} and concentrated to 1/20 of
initial volume using Ultra 5K MWCO centrifugal filter devices (Millipore, UK} before being subjected

to vector guantitation.

Vector guantitation Genome titre of purified vectors was determined using SYBR green dye
real-time qPCR with AAVZ TR primers GGAACCCCTAGTGATGGAGTT (SEQ ID NO: 24) and
CGGCCTCAGTGAGCGA {SEQ. 1D NQO: 25) and probe CACTCCCTCTCTGCGCGLTCE (SEQ ID NO: 26), with
the probe labeiled at the 5 end with 6-carboxyfluoescein (6-FAM} and at the 3’ end with
carboxytetramethyirhodamine {TAMRA). A standard curve was generated with plasmid pAAVZ-hr-
GFP. Total protein was measured using Pierce BCA protein assay kit {Thermo scientific, USA} and
following manufacturer’s protocel. The identity and the predicted amount of capsids protein were

visualised using SilverXprass staining kit {invitrogen, USA) according to manufacturer’s protocol.
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Purified and concentrated vector samples were digested with trypsin in the presence of 1%
Rapigest and 50 mM ammonium bicarbonate {ABC) pH 8.5 for 3 hirs at 37°C. The digestion was then

terminated by adding HCl before the samples were subjected to MS analysis.

LC-MS/MS was carried out using a mass spectrometry system {Thermo Fisher, UK} equipped
with a nano-electrospray ion source and two mass detectors i.e. linear trap (LTQ) and orbitrap,
coupled with an Ultimate 3000 nano-LC system, comprising a solvent degasser, a loading pump, a
nano-pump, and a thermostated autosampler. After an automated injection, the extracted peptides
from each digestion were desaltad in a trapping cartridge {PepMap reversed phase C18, 5 um 100 f\,
3001 id x 5 mm length) {Thermo) and eluted on to a C18 reversed phase nano-column {3 wm, 1004,
5 cm length) (Therme), and followed by a 60 min separation under a column flow rate of 0.3 ul/min
using linear gradient from 5-70% acetonitrile and 0.1% formic acid. After a first survey MS scan
{from m/z 400 — 2000} in the LTQ, the 5 most intense ions were sequentially isolated and passed to
the Orbi-trap for accurate mass measurement with the resolution of 30,000ppm. These were then
fragmented in the linear ion trap at collision induced energy of 35%. The total cycle time was
approximately 30 milliseconds. Data was collected in data dependent MS/MS mode with dynamic

exclusion set to 2 counts.

Data analysis including mass spectra processing and database searching was carried out
using Thermo Proteome Discoverer 1.2.with built-in Sequest. Initial mass tolerances for protein
identification by MS were set to 10 parts per million {ppm). Up to two missed tryptic cleavages were
considerad and methionine oxidation was set as dynamic modification. Peptide sequences by
MS/M5 were only included when Xcorrelation scores were greater than 1.5, 2 or 2.2 for charge
states 1, 2 and 3, respectively. An unambiguous identification was considered when at least two
peptides matched to the protein. The protein FASTA databases were downloaded from
www.uniprot.org, release 2012-03 including the complete entries from Homo sapiens {taxon
identifier 9606) Bos tourus {9913}, green fluorescent protein (P42212) and AAV2 {648242), AAVS
(82300} and AAYB (202813}

Equal amount of total proteins from six different types of purified AAV vaector samples, i.e.
AAVZ-GFP, AAV2-Empty, AAVS-GFP, AAVS-Empty, AAVR-GFP and AAVS8-Empty, were subjected to LC-
MS/M5 analysis. To minimise data variation, three batches of samples were prepared for each type
of vectors with each batch pooled from 40 tissue culture plates (150mm diameter). Three MS runs
were performed for each batch of samples. The results showed that 66 proteins were detected in at
feast 2/3 runs of three batches of samples and were thus considered to be significant and to be

further studied. These proteins are listed in Table 2.
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Among the significant proteins:

four proteins, Le. GapDH, Heat shock 70 kDa protein 1A/1B, Histotone H2Atype 1H and
Histone H2B were common to all 6 types of AAV vectors regardless of serotypes and particle
forms;

six proteins shared by 5 types of vectors;

out of 10 proteins shared by four forms of samples, six proteins shared by both empty and
complete forms of AAV2 and AAVS, indicating a relative similarity between AAV2 and AAVS

vectors;

the empty and complete forms of the same serotype; and

& 21 proteins were unigue to individual types of vectors,

Table 2 — List of Proteins identified in MS/MS Studies

20 proteins were common to two types of vectors, the majority of which were common to

Proteins 1D

AAVZE

ARV2G

AAVSE

AAVEGE

AAVEE

AAVEG

Shared by 6
{4 proteins)

Glyceraldehyde-3-phosphate
dehydrogenase (Fragment)
OS=Homo sapiens GN=GAPD PE=2
SV=1 - [Q5ZEY3_HUMAN]

Heat shock 70 kDa protein 1A/18
{US=Homo sapiens GN=HSPALA
PE=1 SV=5 - [HSP71_HUMAN]

Histone HZA type 1-H OS=Homo
sapiens GN=HIST1H2AH PE=1 SV=3
- [H2ZATH_HUMAN]

Histone HZB OS=Homo sapiens
PE=2 SV=1 - [ABKSI7 HUMAN]

Shared by 5
{6 proteins}

608 acidic ribosomal protein P2
OS=Homo sapiens GN=RPLP2 PE=L
Sv=1-{RLAZ HUMAN]

Alpha-enciase 0S=Homo sapiens
GN=ENO1 PE=1 5V=2 -
[ENCA_HUMARN]

Nucieolin, isoform CRA_¢ OS=Homo
sapiens GN=NCL PE=2 8V=1 -
[B3KMSC_ HUMARN]

Nucieophosmin OS=Homo sapiens
GN=NPM1 PE=1 SY=2 -
NP HUMARN]

YBX1 protein {Fragment) OS=Homo
sapiens GN=YBX1 PE=2 5V=1 -
[Q6PKIE_HUMAN]
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RuvB-like 2 O5S=Homo sapiens
GN=RUVBLZ PE=1SV=3 -
[RUVBZ_HUMAN]

shared by 4
{10 proteins}

Annexin AS OS=Homo sapiens
GN=ANXAS PE=1 SV=2 -
[ANXAS HUMAN]

Brain acid sofuble protein 1
{US=Homo sapiens GN=BASP1 PE=1
SV=2 - [BASP1_HUMAN]

Histone H2ZA.x OS=Homao sapiens
GN=HZAFX PE=15V=2 -
[H2AX_HUMAN]

MARCKS protein {Fragment)
OS=Homo sapiens GN=MARCKS
PE=2 SV=1 - [Q6NVI1 HUMAN]

MYL6E protein O5=Homo sapiens
GN=MMYLE PE=2 SV=1 -
[QEIBGS HUMAN]

Nascent polypeptide-associated
complex alpha subunit {CypA}
{Fragment} OS=Homo sagiens
GN=NACA PE=4 SV=1 -

[FEWINS HUMAN?

Peptidyl-prolyl cis-trans isomerase
{Fragment) OS=Homo sapiens
GN=PPIH PE=3 SV=1 -
[C2I0D4_HUMARN]

Putative uncharacterized protein
{Fragment} OS=Homo sapiens PE=2
SV=1 - [Q8WVWS HUMARN]

RuvB-iike 1 {(Fragment) OS=Homo
sapiens GN=RUVBL1 PE=2 SV=1 -
[BSBUBL_HUMAN]

Tricsephosphate isomerase
{Fragment) O5=Homo sapiens PE=2
Sy=1-{053HE2_HUMAN|

shared by 3
{5 proteins)

78 kDa glucose-reguiated protein
O8=Homo sapiens GN=HSPAS PE=1
S¥W=2 - [GRP78_HUMAN]

ATP synthase subunit beta
{Fragment) OS=Homo sapiens
GN=ATP5B PE=2 SV=1 -
[QUQENT_HUMAN]

Chaperonin 1D-related protein
{Fragment) O5=Homo sapiens
GN=EPFP1 PE=2 SV=1 -
[QOUNML_HUMAN]
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L-lactate dehydrogenase B chain
OS8=Homo sapiens GN=LDHB PE=1
SW=2 - {L DHB HUMARN]

Synaptic vesicle membrane protein
VAT-1 homolog OS=Homo sapiens
GN=VAT1 PE=1 SVv=2 -
VAT1_HUMARN]

shared by 2
{20 proteins)

Actin, gamma 1 O5=Homo sapiens
GN=ACTGL PE=3 5V=1 -
[FSHONG _HUMARN]

Annexin AZ {Fragment)} 0S=Homo
sapiens GN=ANXAZ PE=4 SV=1 -
[HOYKZ? HUMAN]

ATP synthase subunit alpha
OS=Hormo sapiens PE=2 SV=1 -
[B4DYS6 HUMAN]

ATP synthase-coupling factor 6,
mitochondrial 0S=Homo sapiens
GN=ATPS) PE=1 SV=1 -
[ATPS]_HUMAN]

Capsid protein VPL 0S=Adeno-
associated virus 2 (isolate
Srivastava/1982) PE=15V=2 -
[CAPSD_AAV2S]

Capsid protein OS=Adeno-
associated virus - 5 GN=cap PE=1
sv=1 - [QSYI1 9VIRU]

Capsid protein OS=Adeno-
associated virus - 8 PE=1 SV=1 -
[QBIGQFS_9VIRU]

Cofilin 1 {non-muscle} {(Fragment)
OS=Homo sapiens GN=CFL1 PE=4
Sv=1 - [ESPLI3_HUMAN]

Complement component 1 &
subcomponent-binding proiein,
mitochondrial 0S=Homo sapiens
GN=C1QBP PE=1 SV=1 -

[C1QBP HUMARN]

Erythrocyie membrane protein
band 4.1-like 3 OS=Homo sapiens
GN=EPB41L3 PE=2 5Vv=1 -
[ABK968 HUMAN]

Heterogeneous nuciear
ribonucleoprotein Al (Fragment)
OS=Haomo sapiens GN=HNRNPAL
PE=4 SV=1 - [F8YTQ5 HUMAN]
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Hetercgeneous nuclear
ribonucieoprotein K (hnRNPK)
OS=Homo sapiens GN=HNRNPK
PE=2 SV=1 - {Q5TaWS_HUMAN]

Myosin-10 OS=Homo sapiens
GN=MYH10 PE=1 8Vv=32 -
IMYHIO HUMAN]

Myosin-2 OS=Homo sapiens
GN=MYH9 PE=18V=4 -
IMYHS HUMAN]

Pyruvate kinase 0S=Homo sapiens
PE=2 SV=1 - [B4DNK4_HUMAN]

Ribosomal protein LS, isoform
CRA_b OS=Homo sapiens GN=RPL5
PE=2 Sv=1 - [B3KTME HUMARN]

Serine/arginine repetitive matrix
protein 1 OS=Homo sapiens
GN=SRRM1 PE=1 SV=2 -

[SRRIM1 HUMAN]

Singie-stranded DNA binding
protein 1 {Fragment) O5=Hormo
sapiens GN=5SBP1 PE=4 SvV=1 -
[COKOUS HUMAN]

Tubulin, alpha 1o {Fragment)
OS=Homoe sapiens GN=TUBALB
PE=4 SV=1 - [FBVRKD_HUMAN]

Uncharacterized protein O5=Homo
sapiens GN=SLC1AS PE=Z Sv=1 -
[BADWS4 HUMAN]

Unigue {21
proteins}

Adenylyl cyclase-associated protein
US=Hamao sapiens PE=2 Sy=1 -
[B4DI38 HUMAN]

ATP synthase, H+ transporting,
mitochondrial F1 compiex, beta
polypeptide (Fragment) OS=Homo
sapiens GN=ATP5B PE=4 SV=1 -
[HOYHBL HURMAN]

DNA-binding protein A 08=Homo
sapiens GN=CSDA PE=1 V=4 -
[OBPA HUMAN]

Elongation factor Tu, mitochondrial
OS=Homo sapiens GN=TUFM PE=1
SV=2 - [EFTU_HUMAN]

Enolase {Fragment) O5=Home
sapiens GN=ENO1 PE=2 5V=1 -
[9BT62 HUMARN]

EPB41 protein {Fragment)
OS=Homo sapiens GN=EPB41 PE=2
SV=1 - [Q4VB87 HUMAN]
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HSPSOARBL protein {Fragment)
OS=Hamo sapiens GN=HSPI0AB1 +
PE=2 SV=1 - [QEPKS50 HUMAN]

IMP {inosine S'-monophosphate)
dehydrogenase 2 {Fragment)

OS=Homo sapiens GN=IMPDHZ *
PE=4 SV=1 - [HOYAR1L HUMAN]

Insuiin-like growth factor 2 mRNA

binding protein 1, isoform CRA a N

O8=Homo sapiens GN=IGF28P1
PE=4 SV=1 - [D3DTW3_HUMAN]

Liver histone Hie 0S=Homo
sapiens PE=Z SV=1 - +
[AZROT7 HUMAN]

Major coat protein Az O5=Adenc-
associated virus 2 {isolate
Srivastava/1982) PE=4 SV=1 -
[89269 AAV2S]

Methylenetetrahydrofolate
dehydrogenase (NADP+
dependent) 1,
methenyitetrahydrofolate
cyclohydrolase,
formvlitetrahydrofolate synthetase
OS=Homo sapiens GN=MTHFD1
PE=3 SV=1 - [G3V2B8 HUMAN]

Nucleolar RNA helicase 2 OS=Homo
sapiens GN=DDX21 PE=1 SV=5 - +
[DDX21 HUBMAN]

{rnithine aminotransferase,
mitochondrial 0S=Homuo sapiens
GN=0AT PE=1 5V=1 -
[OAT_HUMAN]

Proteasome (prosome, macropain
265 subunit, ATPase, 3 0S=Homo
sapiens GN=PSMC3 PE=3 8V=1 -
[ESPME9 _HUMAN]

Rep78 OS=Adeno-associated virus-
Go.1 PE=4 SVY=1- [Q2LD61_9VIRU]

SFPQ protein {Fragment)} OS=Homo
sapiens GN=SFPQ PE=2 8V=2 - *
[Q9BsvY4 HUMAN]

Signal recognition particle 72kDa,
isoform CRA_c OS=Homo sapiens
GN=5RP72 PE=4 SV=1 -

[GSESZ8 HUMAN]
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Small nuclear ribonucleoprotein
polypeptide B 0S=Homao sapiens +
PE=2 5V=1 - [Q5XPV6 HUMAN]

THO complex subunit 4 0S=Homo
sapiens GN=ALYREF PE=1 5Vv=3 - *
[FHOCA HUMAN]

TUBALB protein OS=Hormoe sapiens
GN=TUBALB PE=2 SV=1- +
[QB8WU19 HUMAN]

Example 3 — Validation of MS data

In order to validate the mass spectrometry data obtained in Example 2, two categories of
proteins identified using MS were selected for immunoblotting: (i} proteins NPM1, NCL1 and ATP5A
that have an documented role in AAV life cycle; and (ii) proteins Annexin V, RuvB, CypA, hnRNPK and
YB1 that have no reported association with AAV but have a relatively high score and confidence in

MS analysis.

10% SDS polyacryiamide gel was used to resolve protein samples and the gels then
subjected to immunoblotting. Samples for immunoblotting were electrophoresed and
electroblotted to Hybond ECL membranes {Amersham, UK}, The following primary antibodies were
used: mouse anti AAVZ, mouse anti Annexin V {Abcam, UK}, anti nucleolin {Abcam, UK}, anti
nucleophosmin {Abcam, UK}, anti EF182 {(Abcam, UK}, anti CypA {Abnova, UK), anti RuBY?2 {(Abcam,
UK}, anti hnRNP K {Abcam, UK), anti ATPSA {Abcam, UK and anti YB1 {Abecam, UK). The immunoblots
were further incubated with goat anti-mouse, anti-rabbit or rabbit anti-goat horseradish peroxidase
conjugates (Sigma, UK}, The immuno-reactive proteins were detected using ECL chemiluminescence

reagents {Amersham, UK).

For each sample, 10 ug of total protein from the same samples used for MS/MS were
resolved using SDS/PAGE before being subjected for immunoblotting.  The total protein was
visualised using SDS/PAGE and silver staining {(Figure 1B}, confirming sample purity and a

comparable amount of AAV capsid proteins VPL, VP2 and VP3

The immunoblotting showed that RuvB2, CypA and Annexin A5 were detected in all samples
tested (Figures 2A and B}). YB1 was detected in all samples except AAVE empty capsids (Figure 2C),
regardless of them being crude or purified. To discriminate between incorporated and co-purified
but unincorporated cellular proteins in AAV vectors, proteinase K (PK) was used to remove trace
unincorporated celiular proteins that remained in purified vectors and were not protected by vector

capsid. Figure 2D showed a comparable detection of YB1 proteins in purified AAV vectors before and
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after PK treatment, indicating YB1 incorporation in AAV vectors. Furthermore, there was no
detection of YB1 proteins in purified control 2937 cell that had been treated and HPLC-purified in
parallel with AAV vectors {lane unpurified, Figure 2D), highlighting the specificity of the adopted AVB
column for AAV vector purification and further demonstrating the incorporation of YBI proteins in

AAV vectors. hnRNPK was not detected in any of the samples tested {data not shown).

The rasults from the immunoblotting and MS studies were further summarized and
compared in Table 3, showing a 22.9% (11/4% sample 5 tested, highlighted with circles) difference

and 77.1% agreement in protein detection betweean these two different methods.

Example 4 — Influence of AAV Production on Protein Expression in Producer Cells

in order to investigate potential influences of AAV production on the expression of both viral and
cellular proteins in producer cells, changes in the expression of AAV capsid proteins, Annexin A5,
CypA and YB1 were analysed throughout one complete cycle of AAV production, i.e. from 0 hour
before the transfection of AAV and helper plasmids to 4, 6, 24 30, 48, and 72 hours after transfection
when vector production process was terminated and AAV vectors harvested., AAV capsid proteins
{(VP1, VP2 and VP3) and Rep proteins could be detected 24 hours after transfection in AAV2
producer cells (Figures 3A and 3B). A slight increase in the capsid proteins in producer cells was
observed from 24 to 72 hours after transfection. Throughout a complete cycle of AAV production, no
significant changes were cobserved in YB1 and CypA expression {Figure 3C); over-time increase in

Annexin A5 expression was observed in all three serotypes (Figure 3D).

Table 3 — Comparison of iImmunoblotting and MS Results

\‘\v~\§§retype Immunoblotting MS

\ \Fom;‘ ] aav2 AAVS AAVS AAVZ AAVS AAVE

Prc\stem E G | E G| E {6 |E G | E G |E | @
RUVE + + * + |+ |+ * + + + O +
Cyph + o+ |+ + |+ |+ + L+ |+ + O O

Annexin A5 | & + + + + + + + + + O O
ATPAS - - + + o+ | 4 + + |+ + O +
NPM1 + | - + - + | - + @ + @ + |-
YB1 + | o+ + + + |+ + + + + O +
NCL R + + |+ | - + PO R A
hnRNPK - - - - - - - ) - @ ) @
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Example 5~ shRNA Knockdown of NPMI, NCL and YBL

Functional shRNA specifically recognizing a target gene results in down-regulation of the
expression of that gene. This strategy was selected as an alternative to study the role of cellular
proteins in AAV assembily, as it was not possible to establish cells in culture to overexpress NCL and

NPM1{data not shown) .

On the assumption that shRNA knockdown of NPM1, NCL, Annexin V and/or YB1 in producer
cells would impair the {MS/MS and immunoblot identified) association of NPML, NCL, Annexin ¥V
and/or YB1 with AAV virus and might subsequently influence AAV production in the gene-

knockdown cells, a Lentiviral vector delivery systern was used to screen shRNA sequences.

Functional shRNA specifically recognizing a target gene causes down-regulation of the
targeted gene expression. To identify the role and importance of YB1 and Annexin A5 in AAV
production, experiments were designed knockdown YBI or Annexin A5 in producer cells using
shRNA, the hypothesis being that this knockdown would impair the association of YB1 or Annexin A5
with AAY virus {as identified from the MS/MS and immunoblotting studies} and would subsequently
influence AAV assembly in the gene-knockdown cells.

A Lentiviral vector delivery system was used to screen 10 shRNA sequences (Al to A5, SEQID
NQs: 19 to 23, and Y1 to Y5, SEQ 1D NOs: 14 to 18) targeting Annexin A5 and YB1 for their ability to
deregulate Annexin AS and YB1 respectively.

in more detail, the shRNAs were axpressed from plasmid plO. L-puro {Sigma, USA) using a
Lentiviral expression system. shRNA and lentiviral vector packaging plasmids were transfected into
2937 cells using the CaCl, transfection method. Control cells were transfected with empty capsids
without a shRNA sequence {mock} or a scramble shRNA sequence targeting non-mammalian gene
seguences {(scramble}. 2937 cells were transduced with LV-shRNA vectors, and were subjected to
puromycin selection 48h after transduction.

AAY vector genome titre was determined by g-PCR with primers and probe targeting the
CMVY promoter or AAV2 ITH sequences, CMV primers: TTC CTA CTT GGC AGT ACA TCT ACG (SEQID
NO: 30) and GTC AAT GGG GTG GAG ACT TGG (SEQ ID NO: 31); and CMV probe: TGA GTC AAA CCG
CTA TCC ACG CCC A (SEQ ID NO: 32). AAV2 ITR primers GGAACCCCTAGTGATGGAGTT {SEQ 1D NO:
24} and CGGCCTCAGTGAGCGA (SEQ 1D NO: 25) and probe CACTCCCTCTCTGCGCGCTCG (SEQ ID NG:
26). Again, a b 6-FAM and a 3' TAMRA label were used. The plasmid DNA pAAV-hrGFP (Stratagene,
USA) was used as reference standard in 10-fold serial dilution ranging from 102 to 108 copies. gPCR
was carried out using a LightCycierd80 {Roche, USA) under the condition of one 10 min cycle at

850C, followed by 45 cycles of 15 sec at 950C, 30sec at 600C and 5sec at 720C. The level of gene
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knockdown was evaluated on 10ug total proteins from shRNA virus transduced cells following the
immunoblotting method as described earlier.

As there was no reporter gene in the LV shRNA system to perform the conventional method
to titre shRNA viruses, the gene knockdown studies had to be controlied and validated using a direct
comparison by simultaneously producing all sample and control shRNA viruses under an identical
condition and subsequently using equal volume of shRNA viruses to treat the same number of celis.
Figure 4 shows that the shRNA sequences A2 and A5 significantly down-regulated Annexin A5
expression (Figure 4A). Likewise, introducing Y3, Y4 or Y5 into cells resulted in significant down-
regulation of YB1 (Figure 4B) compared to controls with sequences targeting non-mammalian genes
{scramble} or without a shRNA seguence {293T). Therefore, these 4 shRNA sequences, i.e. A2, A5,
Y4 and Y5, were used for subsequent studies.

Producer cells carrying a shRNA sequence, Le. AZ, A5, Y4, Y5 or scramble, were astablished
for AAV production by culture in the presence of puromycin for at least 10 days to remove the ceils
without puromycin-tagged shRNA. Up to 7 independent knockdown cell lines were generated for
each shRNA sequence and were used to produce AAV vectors. To minimise variation, AAV vectors
were produced from 15cm-diameter plates containing over 50 miltion cells and simultaneously from
knockdown and control cell lines produced under identical conditions and were then quantified for
AAV genome titres using Real Time PCR,

As shown in Figure 5, introducing shRNA sequence YB1_Y4 to producer cells resulted in up to
50 fold increase in AAVZ {Figure SA} and 10 fold increase in AAVE (Figure 5B) vector genome titres
relative to control shRNA scrambile and that the same Y4 shRNA sequence had no significant
influence on AAVS production {data not shown). This indicates an intrinsic difference among the
three serotypes of AAY. Although the reduction of YB1 expression in the knockdown cells continued
for over &0 days, the maximum effect of Y4 was only obtained in producer cells that had been in
culture for 20-40 days (Figure SA). A similar time-dependent pattern was also observed in AAVB
producer cells {Figure 5B},

Figure 6 shows significant down-regulation of YB1 in 7 batches of knockdown cells that had
been recovered from cryo-preservation and had been in culture for 20 to 80 day, demonstrating the
comparability among batches and the sustainability of YB1 knockdown celis.

Figure 7 shows that there was a slight increase in YB1 deregulation when increasing shRNA
viruses from 5 to 100mi per 10° cells {Figure 7A} and that the maximum effect on vector genome
titres was observed when 50mi viruses containing shRNA were used {Figure 7B), indicating a
saturating and potential toxic effect on vector production when increasing the amount of viruses

containing shRNA.
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A Lentiviral vector delivery system was also used to screen 10 shRNA sequences, i.e. N1 to
N5 and N& to N10, targeting NCL and NPM1 genes for their effects on NCL and NPM1 expression
respectively.

Figure 8A showed that introducing shRNA sequences NPM-N6 to NPM-N10 {SEQ 1D NUs: 4 to
8} to cells achieved a significant down-regulation of NPM1 expression when compared to two
control cells that were either with scramble shRNA targeting non-mammal genes {scramble} or
without any shRNA sequences (2937). shRNA NPM-N6 and NPM-NS {Figure 84, circled) showed the
most gene knockdown among the 5 sequences tested and were thus selected for subsequent
investigations. The reduction of NPM1 expression in NPM1-N9 and NPM1-N8 knockdown cells was
sustained for over 80 days after culture in puromycin selection medium {Figure 8B} and also in the
knockdown cells recovered from cryopraservation {Figure 8C).

The 4 shRNA sequences targeting NCL gene, NCL-N1 to NCL-N4 {SEQ 1D NOs: 9 to 12] showed
a partial reduction of NCL expression, among which NCL-N1 and NCL-N4 had a greater effect (Figure
94, circled} and were thus selected for further study. The knockdown effect of NCL-N1 and NCL-N4
on NCL expression also sustained for over 80 days after cultured in puromycin selection medium
{Figure 9B} and after cryopreservation {data not shown).

Figure 10 shows that down-regulation of NPM1 with shRNA NPM1-NS led to up to 35 fold
increase in vector genome titres of AAVZ/GFP {Figure 10A) and up to 30 fold in AAVR/GFP {Figure
10B), indicating an important role of NPM1 protein in AAV production. The up-regulating effect of
NPM1 on vector genome titres showed chronological changes for both AAVZ/GFP {Figure 10A) and
AAVE/GFP [Figure 10B), with a maximum effect of an up to 30 fold increase observed in the
knockdown producer cells in culture for arcund 40 days, and was sustained in producer cells for up
to 90 after gene knockdown.

Down regulation of NCL showed similar up-regulating effect on AAV2 vector production with
up to 40 fold increases in AAVZ genoime titres. However, there existed a significant variation,
ranging from 2-40 fold, among different batches of producer cells {Figure 11A}. Gene knockdown of
MCL had a lesser up-regulating effect {up to 10 fold increase) on AAVS and AAVS genome titres
{Figure 11B and 11C, respectively) compared to AAVY2, No significant chronological changes were

chserved from NCL knockdown producer cells {data not shown).

Example 6 — CRISPR Knockdown of YB1

CRISPR genome editing was used to knockout or knockdown YB1 expression as an

alternative to shRNA. The gRNA sequences used in this study were designed using the CRISPR/Cas9



10

i5

WO 2015/114365 PCT/GB2015/050240

programme (https://chopchop.re.fas.harvard.edu/ ) targeting entire Homo sapiens chromosome 1

sequence {Accession number NC_000001.11) that includes YB1 gene sequence. Four pairs of gRNA
sequences (A, B, Cand D) (Table 4). were selectad and a GeneArt CRISPR nuclease vector kit {Life
technology, cat number A21174) was used to generate YBL gRNA knockout producer cells.

Two batches (B1 and B2} of CRISPR gRNA knockout cells were produced for each of the four
CRISPR gRNA sequences &, B, Cor D. Single cell clones {C1 to C5) were further derived from the
parental Bl and B2 gRNA producer cells for each gRNA pair. Parental 2937 cells without any gRNA
sequences {2937} were used as a control; Housekeeping gene GAPDH was further used for sample

loading normalisation.

Table 4: YB1 CRISPH gRNA pairs

gRNA First sequence (5" to 3') Second sequence {5 to 37) Location

pair

A ATCGGLGGCGLLTGCCGGLGGTTTT | CGCLGGCAGGLGCCGLIGATIGGTG | within exon 1
{SEQID NO: 33) {SEQID NO: 34) of YBI gene

B GTAATGGCTTTTGTAGGGTGGTTY CACCCTACAAAAGCCATTACCGGTG within exon 5
(SECLID NO: 35) {SEQ ID NO: 36} of YB1 gene

C GGACCATACCTGCGGAATCGGTTTT | CGATTCCGCAGGTATGGTCCCGGTG | withinintron 6
(SEQLID NO: 37) {SEQ ID NO: 38) of YB1 gene

D CAAAGACAGCCTAGAAGGAGTTTT | TCOTCTCTAGGCTGTCTITGCGGETG within exon 7
{(SEQ 1D NO: 39) {SEQLID NO: 40) of YB1 gene

YB1 gene knockout was observed in a total of 10 single cell clones. Figure 12 shows the effect on
YB1 expression using these three gRNA pairs. Lanes labelled 293 refer to the 293 parental cell line.
B1 and B2 are bulk knockout cells generated before single cell cloning. €1 to €5 are single cell clones

generated from the bulk knockout celis.

As is clear from Figure 12; gRNA pair A significantly inhibited YB1 expression in clonal cell
fine C1; gRNA pair B significantly inhibited YB1 expression in bulk knockaout cells B2 and clonal cell
lines C1 to €4, as well as observably inhibiting YB1 exprassion in bulk knockout cells B1; and gRNA
pair C significantly inhibited YB1 exprassion in bulk knockout celis B2 and clonal cell lines €2 to (4,

as well as observably inhibiting YBL expression in clonal ceil lines C1 and C5.

Example 7 — Malecular analysis of YB1 knockdown producer cells

In order to understand the molecular mechanism of YB1 influence on AAV production, AAV2

protein {Rep and Cap) expression and vector DNA production in YB1 knockdown cells was
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systematically analysed. Figure 13A shows a 12- and 4-fold increase in rep gene expression in YB1
knockdown cells compared to that in scramble celis 24 and 72 hours after transient transfection,
respectively, indicating a negative effect of native YB1 on rep gene expression. in contrast, the
production of total AAV2 capsid proteins in YB1 knockdown cells {1.29 + 0.2 x 10% capsids/10° cells)
was ~7-fold lower than that in scramble cells (8.87 + 0.1 x 10 capsids/10° cells) (Figure 13B),
indicating that the presence of native YB1 was beneficial for cap gene exprassion. Furthermore, the
amount of capsid proteins in the harvested vector samples was comparable between YB1
knockdown celis (6.27 + 0.3 x 10" capsids/10% cells) and scramble {6.77 + 0.2 x 10" capsids/10° cells)
cells {Figure 13B), indicating that vector capsid particle formation may be independent of the
amount of capsid proteins produced in the cells, and that there was a limit in the number of particles

to be formed in cells.

DNA integration was systematically analysed using realtime gPCR targeting U6 sequence for
Y¥B1 shRNA integration, and targeting rep and CMV promoter sequences for AAV2 packaging
plasmids pRep/Cap and phrGFP integration, respectively. There were 1.3 * 0.17 x 10° copies/10° cells
of YB1 shRNA sequences detected in YB1 knockdown cells, equivalent to an average of one copy of
YB1 shRNA per cell in pooled YB1 knockdown cells. Integration of AAV packaging plasmid pRep/Cap
and phrGFP were comparable between scramble and YB1 knockdown cells, at ~2 x 107 copies of

Rep/Cap and ~3 x 10’ copies of phrGFP per 10° cells.

To analyse the influence of YB1 gene knockdown on the production of AAV2 vector DNA, the
copies of {1} total vector DNA that contains both packaged and unpackaged vector DNA, {2)
unpackaged vector DNA, and {3} packaged vector DNA in YB1 knockdown cells 72 h after transient
transfection of AAV packaging plasmids was systematically quantified using gPCR targeting vector-
specific CMV sequence. Total vector DNA was prepared by removing plasmid DNA with benzenase,
removing cell membranes and nuclel after sample freeze-thawing, and disassembling AAV capsid
with proteinase K to release packaged vector DNA from the capsids. Non-integrated vector plasmid
DNA may also contribute to the total vector DNA copies in cytoplasm; however, considering the
transfection and production procedure was performed in paraliel and was identical for both YB1 and
scramble cells, the amount of plasmid DNA in cytoplasm should likewise be comparable and would
niot significantly alter the calculation of relative total vector DNA production. Figure 13C shows that
the copies of total vector DNA { +PK} were ~13-fold higher in YB1 knockdown producer cells {1.83 £
0.08 x 10" copies/10° cells) than that in scramble cells (1.46 £ 0.5 x 10" copies/10° cells) indicating

that YB1 gene knockdown promoted the vector DNA production,
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Unpackaged AAV2 vector DNA was prepared in a similar way as that for total DNA samples
except without proteinase K treatment {-PK) to release packaged vector DNA from AAV capsid. The
copies of the unpackaged vector DNA were ~8 x higher in YB1 knockdown cells {2.02 + 0.5 x 10%
copies/10° cells) than that in scrambie cells (2.61 & 0.8 x 10% copies/10° cells) (unpackaged DNA,
Figure 13C). Packaged AAVZ vector DNA, representing physical vector genome titres, was prepared
by the addition of DNAse | treatment { + DNAse |} to remove unpackaged vector DNA in cytoplasm
followed by proteinase K treatment { + PK) to release the packaged vector DNA from capsids, The
copies of packaged vector DNA (+ DNAse I/+ PK, Figure 13C} were 4-fold higher in YB1 knockdown
cells (7.97 £ 0.5 x 10" copies/10° cells) than that in scramble cells (2.16 + 0.3 x 10" copies/10° cells)
{Figure 13C). it should be noted that in this particilar set of molecular studies, we ohserved a 4-fold
{significant} increases in AAVZ vector genome titres in YB1 knockdown cells compared to that in

scrambile cells.

In summary, the significant difference observed among the fold changes in total vector DNA
{13 x increase), unpackaged {8 x increase), and packaged vector DNA {4 x increase) underlined a
potential for the improvement of AAV vactor DNA packaging in YB1 production system. Moreover,
taking into consideration that the amount of capsid proteins was comparable {Figure 13B) but the
copies of packaged DNA (Figure 13C) was 4-fold higher in the same batch of harvested vector
samples from YB1 knockdown cells compared to that from scramble cells, the results revealed a
considerable advantage of YB1I gene knockdown in reducing the number of empty particles in AAY

products.
Discussion

The present inventors have demonstrated for the first time an important role of YB1 in AAY
vector production. Introducing the shRNA sequence Y4 that targets and down-regulates YB1 gene to
AAV producer cells resulted in up to 50 and 10 fold increase in vector genome titres of AAV2 and
AAVE, respectively. Molecular characterization of YB1 knockdown cells showed an ~12-fold
increases in rep expression, an ~13-fold increase in vector DNA production, and an ~7-fold decrease
in cap expression in YBlknockdown cells compared to scrambile cells, uncovering a significant role of

the YB1 gene in AAV biclogy.

YB1 is a DNA and RNA-binding protein involved in almost all DNA and mRNA-dependent
processes. YB1 packs and stabilizes mRNA to mediate gene regulation at different levels. YB1 binds
to both double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA), but has a far higher

binding affinity to ssDNA. It has been suggested that YB1 prevents binding of activating proteins by



10

15

20

25

30

WO 2015/114365 PCT/GB2015/050240

stabilising ssDNA in the region of promoters or enhances in a sequence-spacific mannar. In
particular, YB1 has highest binding affinity to the 35-DNA motif GGGG(TT). Analysis of the AAV2
55DNA genome showed that such a single-stranded GGGG{TT} motif is presented within the AAY2
iTR region from nucleotide 137 to 142 of the AAVZ genome (NCBI sequence NC_001401.2),
indicating a potential AAV DNA binding site for the YB1 protein. ITR deletion mutagenssis showed
that the 20 nuclestide D sequence {from nucleotide 126-146), which covers the single-stranded
GGGG{TT) motif and irmmediately follows the 125 nudeotide long hairpin, is requived for the
encapsidation of the AAV DNA genome and has thus been proposed as packaging signal for AAV; in
particular, the N-terminal region of AAV capsid proteins binds to the D sequence resulting in the
encapsidation of AAV ssDNA into preassembled AAV capsid. Therefore, the capability of both YB1
and AAV capsids for binding to the [TR D sequence region may impose competition between YBL and

AAV capsids and comprormise encapsidation of AAV genome,

Analysis of the genome of AAV serotype 2 {AAV2) by the present inventors has shown that
this GGGG{TT) motif is present within the inverted terminal repeat {ITR) region from positions 137 to
142 of the AAVZ genome (NCBI sequence NC_001401, version NC_001401.2 Gi:110645916}. This
indicates a potential binding site for YB1 to the AAV2 genome. The present inventors have
generated chimeric forms of the AAVS and AAVS serotypes comprising the AAV2 ITR {(but with the
AAVS and AAVS capsid proteins respectively). Therefore, if the GGGG(TT) motif was the sole binding
site for YB1, it would be expected that YB1 would have a similar effect on virus particle production
for AAV2 and the chimeric forms of AAVS and AAVE. Howaever, the present inventors have
demonstrated there was a significant difference in the AAV vector titres relative to the scramble
controls among the AAV2, AAVS and AAVE vectors produced in YBL knockdown cells. In particular,
the present inventors found that there was a 50-fold increase in AAV2 vector titre in producer cells
with YB1 knockdown, compared with a 10-fold increase in AAVS titre and no significant increase in
AAVSE titra, This suggests that there may also be some AAV capsid protein-specific element to the

effect of YBI knockdown on AAY vector production, as well as the DNA sequence-specific effect.

There are three YB1 domains, namaly A/P, C5D and CTD, which are involved in protein-
protein interaction. In particular, YB1 protein is known to interact with important regulatory
proteins, such as p53, Akt kinase, hnRNP K and TATA-binding protein. YB1 is also known to play an
important role in the replication of a number of viruses by binding to viral proteins, such as HIV TAT,
the large T antigen of polymavirus, Hepatitis C Virus [HCV) protein NS3/4A and influenza
ribonucleoprotein (RNP). Indeed, shRNA knockdown of YB1 has been shown to result in a reduction

of HCV titres of up to 80%. In that study, it was found that knockdown of YB1 did not influence the
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expression of viral proteins, nor the production and stability of viral RNA, indicating that the
knockdown of YB1 disrupted the formation of the YB1-NS3/4A vRNA interactome required for

recruiting core proteins for virus assembly.

The role of YB1 in adenovirus replication is particularly relevant to the understanding of the
inventors’ findings that down-regulation of YB1 significantly improved AAY production by as much as
50-fold. The interaction of adenoviral protein E1B with YB1 in adenovirus-infected cells has been
shown to result in the accumulation of YB1 in nuclei, YB1 activation of the E2A gene, and
subsequently the initiation of adenoviral DNA replication. Overexpression of YB1-regulated
adenoviral E2 promoter in an El-independent manner led not only to adenoviral DNA replication but
also a 2-3-log increase in the production of infectious particles from El-deleted adenovirus vectors.
As aresult, overexpression of YB1 has been further exploited in adenovirus-based vector

development and virotherapy.

So far there has been no direct association of YB1 reported with AAY virus; however the role
of adenovirus in the AAV life cycle has been well documented and this may facilitate understanding
the mechanism behind the enhancement of YB1 knockdown on AAY vector production. The AAY
production systern used in the present Examples provide four Adenoviral elements, i.e. E1, E2A, E4
and VA genes that were expressed either stably in the producer cells or transiently from a plasmid
with helper function for AAV. Open-reading frame 6 of the E4 region is important for the conversion
of the single-stranded AAV genome into a double-strandead form which is the substrate for
subsequent steps in DNA replication. Protein E2A plays a key role in viral DNA replication via binding
to AAV viral DNA, promoting DNA elongation and displacement of the elongating strand from its
template. Both YB1 and E2A are DNA hinding proteins (DBP) but differ from each other by their
cellular and viral origins respectively, YB1 and E2A share a comparable binding preference for single
stranded DNA. It is possible that adenoviral E2A has a prime regulation property over cellular DBP in
the AAV life cycle; therefore, down-regulation of YBI would reduce the competition of YBI binding
to AAY DNA, resulting in the enhancement of E2A-AAYV DNA interaction, the efficiency of AAV DNA
replication and ultimately increase in AAY vector genome titres. This speculation could be supported
by the observation that cells lacking AAV helper components including E2A could still produce smali
amount of AAV particles, indicating a low level of cellular helper function from abundant but less

efficient cellular DBPs, e.g. YB1 in the AAV life cycle,

On the other hand, adenoviral proteins E1A-E1B and E2A play an important role in activating
AAV?2 p5 promoter, resulting in the transcription and expression of the AAVZ2 rep gene. It has

previously been demonstrated that binding of YB1 to the vascular endothelial growth factor
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promoter prevented the binding of other transcription factors and resulted in the inhibition of
transcription and translation. It has also been shown that YB1 binding to the ssDNA region of a
promoter resulted in the stabilization of ssDNA that also inhibited gene transeription and translation.
Therefore, it is possible that down-regulation of YB1 promoted E2A binding to the AAV2pS promoter
that synergistically contributed to the significant increase in AAV Rep gene expression and vector

titres observed in this experiments reported herain,

The present Examples show a serotype-specific role of YBI in AAV production; in particular,
knockdown of YB1 improved AAV2 and AAVE production by 50 and 10 fold respectively but had no
significant effect on AAVS production. The three serotypes of AAV vectors investigated, i.e. AAVZ,
AAVS and AAVE, have an identical ITR sequence that shares the potential YB1 binding motif
GGGG{TT) and were produced in the presence of the same helper elements from Adenovirus. AAV2
and chimeric AAVS vectors further share the same AAV2 rep gene sequence in the Rep/Cap
packaging plasmids. in terms of differences among the three serotypes of AAV2, AAVE and AAVE
vectors, the serotypa-specific cap gene sequences contribute to one of them. AAV2and AAVE capsid
proteins share more than 82% homology in their primary sequence and a much similar overall
topology in the structure of capsid proteins. The notable structural differences between AAV2 and
AAVE capsid proteins are located on the capsid surface and are known to be associated with the
binding property of AAY2 and AAVE to target cells rather than being involved in capsid assembly and
genome packaging , further demonstrating the similarity hetween AAV2 and AAVS in terms of capsid
assembly. In contrast, AAVS is one of the most divergent AAV serotypes, sharing only ~55%
sequence homology to other serotypes, including AAVZ and AAVE. Unigue structural features of
AAVSE capsid proteins, including a smaller Hl and VR-IV loop and larger VR-VII, are located in the VP
region that controls the specificity of capsid assembly, genome packaging, and antigenic
deterrminants, and may explain the observed difference in AAV2 and AAVSE vector production. The
results disclosed herein also show that YB1 gene knockdown resulted in up to 12- and 13-fold
increases in rep gene expression and vector DNA production, respectively, and a ~7-fold decrease in
cap gene expression, underlying the molecular mechanism of YB1 influence on AAY vector

production.

Another significant difference is that the AAVS has rep gene shares only 58% homology with
AAVZ rep gene in AAV2 and AAVE vectors. Further seguence analysis showed that AAVZ and AAVS
use different promoters, i.e. p5 and p7 for rep transcription and translation of AAVZ and AAVS,
respectively. It has been shown that due to the efficiency of p7 in rep gene expression, the AAVS p7

promoter is less dependent in 293 cells on Adb elermnents when compared to the AAV2 p5. On the
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other hand, Adenoviral proteins ELA-ELB and E2A play an important role in activating AAV2 p5
promoter, resulting in the transcription and expression of AAVZ rep gene. There have been a
significant number of reports on the mechanism of YB1 regulation on celiular and viral promoters.
For example, binding of YB1 to the VEGF promoter prevents the binding of other transcription
factors and results in the inhibition of transcription and translation. It has also been shown that YB1
binding to the ssDNA region of a promoter rasulted in the stabilisation of ssDNA that also inhibited
gene transcription and translation. Therefore, it is possible that down regulation of YB1 promoted
E2A binding to the AAV2pE promoter that synergistically contributed to the significant increase in
AAV2 and AAVS titres which we observed.

Taking into account the potential roles of YB1 in DNA replication, AAV transcription and
translation, it is possible that deregulation of YBL resulted in not only the increase in AAV DNA
replication via reducing YB1 competition with E2A for AAV2 5sDNA e.g. the ITR sequence, but also
the increase in Rep and Cap expression under the control of the AAVZp5 promoter, In addition, the
native AAVZpS promoter in AAV2/2 vectors may perform more effectively compared to the chimeric
AAV2/8 Rep/Cap in the expression of Rep and Cap proteins, caused the ohserved 50 and 10 fold
increase in AAV2 and AAVE production, respectively. In the case of AAVS vectors, vector DNA
replication may likewise be increased via a similar competition-based mechanism as for AAV2 and
AAVE; however, the low level of AAVS Rep/Cap expression under the control of the AAVSp7Y
promoter that is less dependent on combined YR1 and Adenoviral helper function, may have limited
the excess AAV vector genome to be packaged into full RAAVS vectors, resulting in the accurmulation

of AAV vector DNA in producer cells.

In summary, the present inventors have identified using LC-MS/MS and validated using
immunoblotting the association of YB1 with AAV vectors and, revealed for the first time the
significant enhancement of YB1 gene knockdown on AAV vector production. The significant increase
in AAVZ vector titres may be due to a significant increase in rep gene expression and vector DNA
production in YB1 knockdown cells compared to scramble cells.  Although there has been no direct
involvement of YB1 in the AAV life cycle has been reported, it is speculated that YB1 exerts negative
effects on AAV production, including the blockage of AAV vector DNA replication. This may be
mediated by competition with E2A for binding to the ITR sequence and AAV2pS promoter, inhibiting
the transcription and expression of AAV viral proteins {such as AAV rep proteins) by binding to the
AAV2pS promoter and by preventing the binding of activating proteins, e.g. E2A. It is possible that

effects of YB1 on AAV are adenoviral helper virus dependent.
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CLAIMS

A transgenic producer cell line in which the expression of at least ane of YB1, NPM1 and

NCL is modulated compared with a control producer cell line.

The transgenic producer cell line of claim 1, wherein the expression of: {i) NPM1 and
NCL; (i) YB1 and NPM1; {iil) YBY and NCL; or {iv) YB1, NPM1 and NCL; is modulated

compared with a control producer cell line,

The transgenic producer cell line of claim 1 or 2, wherein the exprassion of at least one

of YBL, NPM1 and NCL is reduced compared with a control producer cell lina.

The transgenic producer cell line of claim 3, wherein the expression of YB1, NPM1
and/or NCL is reduced using CRISPR genome editing, a double stranded RNA (dsRNA), a
small interfering RNA {siRNA), a small hairpin RNA {shRNA)},a micro RNA or an antisense
RNA.

The transgenic producer cell line of claim 4, wherein the expression of YB1, NPM1

and/or NCL is reduced using a shRNA, and preferabily:

{a} YB1 expression isreduced using a shRNA comprising the nuclectide sequence SEQID
NOs: 14 to 18 (Y1 to Y5);

{b) NPM1 expression is reduced using a shRNA comprising the nucleotide sequence SEQ
ID NOs: 4 to 8 (NPM-NG to NPM-N10); and/or

{c) NCL expression is reduced using a shRNA comprising the nucleotide sequence SEQ 1D

NOs: @ to 13 (NCL-N1 to NCL-N5).

The transgenic producer cell line of claim 4, wherein the expression of YB1, NPM1

and/or NCL is reduced using CRISPR genome editing.

The transgenic producer cell line of claim 8, wherein the expression of YB1 is reduced
using a gRNA pair selected from SEQUID NOs: 33 and 34; SEQ D NOs: 35 and 36; SEQID
NOs: 37 and 38; and/or SEQ 1D NOs: 39 and 40.
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The transgenic producer cell line of any one of claims 1 to 7, wherein the expression of
one or more additional genes and/or proteins listed in Table 2 is modulated compared

with a control producer cell line,

The transgenic producer cell line of any one of claims 1 to 8, which is a human

embryonic kidney 2937 cell line.

A method for producing an adenc-associated viral {AAV) vector comprising culturing an
adeno-associated virus in a producer call line in which the expression of at least one of

YB1, NPMI and NCL is modulated.

The method of claim 10, wherein the expression of: (i) NPM1 and NCL; (i} YB1 and
NPMZL; (i) YB1 and NCL; or {iv) YBL, NPM1 and NCL ; in the producer cell line is

madulated.

The method of claim 10 or 11, wherein the modulation of YB1, NPM1 and/or NCL

expression is a reduction in the expression of YB1, NPM1 and/or NCL

The method of claim 12, wherein the expression of YB1, NPM1 and/or NCL is reduced
using CRISPR genome editing, a double stranded RNA {dsRNA), a small interfering RNA
{siRMNA), a small hairpin RNA (shRNA)a micro RNA or an antisense RNA.

The method of claim 13, wherein the expression of YB1, NPM1 and/or NCL is reduced

using a shRNA, and preferably:

{a} YB1 expression is reduced using a shRNA comprising the nucleoctide sequence SEQID
NOs: 14 to 18 (Y1 to Y5);

{b) NPM1 expression is reduced using a shRNA comprising the nuclectide sequence SEQ
ID NOs: 4 to 8 {(NPM-NG to NPM-N10}; and/or

{c) NCL expression is reduced using a shRNA comprising the nucleotide sequence SEQ ID

NOs: 9 to 13{NCL-N1 to NCL-N5).
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The method of claim 13, wherein the expression of YBE, NPM1 and/or NCL is reduced

using CRISPR genome editing.

The method of claim 15, wherein the expression of YBL is reduced using a gRNA pair
selected from SEQ 1D NOs: 33 and 34; SEQ 1D NOs: 35 and 36; SEQ 1D NOs: 37 and 338
and/or SEQID NOs: 39 and 40.

Tha method of any one of claims 10 to 16, wherein the expression of one or more of the

additional genes and/or proteins listed in Table 2 is modulated in the producer cell line.

The method of any one of claims 10 to 17, wherein the titre of AAV vector is increased at

feast 2 fold compared with the titre of AAV vector produced by a control method.

The method of any one of claims 10 to 18, wherein the ratic of complete: empty AAY
vector is increased by at least 20% compared with the ratic of complete: empty AAV

vector produced by a control method.

The method of any one of claims 10 to 19, wherein the producer cell line is 2 human

embryonic kidney 2937 cell line.

The method of any one of claims 10 to 20, whersin the serotype of the AAV vector is

AAVZ, AAVE or AAVSE.

A population of adeno-associated viral {AAV) vectors obtainable from the producer cell

line of any one of claims 1 to 9, or by the method of any one of claims 10 to 21,

The population of claim 22, wherein the ratio of complete: empty AAV vectors in the
population is increased by at least 20% compared the ratio of complete: empty AAY

vector in a population produced by a control method.

The population of claim 22 or 23, wherein the AAV vectors are AAV2, AAVES or AAVE

serotype vectors,
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