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CONSTRUCTS AND METHODS FOR
DELIVERING MOLECULES VIA VIRAL
VECTORS WITH BLUNTED INNATE
IMMUNE RESPONSES

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a Continuation Application of
co-pending U.S. application Ser. No. 14/211,666, filed Mar.
14, 2014, which in turn claims priority from U.S. Provi-
sional Application No. 61/785,368, filed Mar. 14, 2013.
Applicants claim the benefits of 35 U.S.C. § 120 as to the
U.S. application and priority under 35 U.S.C. § 119 as to the
U.S. Provisional application, and the entire disclosure of
each of which applications is incorporated herein by refer-
ence in its entirety.

STATEMENT OF FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

This invention was made with government support under
grant numbers HI.091096, HL007954 and AI007324
awarded by the National Institutes of Health (NIH). The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Adeno-associated virus (AAV) is a small, non-enveloped
human parvovirus that packages a linear strand of single
stranded DNA genome that is 4.7 kb. The capsid of an AAV
contains 60 copies (in total) of three viral proteins (VPs),
VP1, VP2, and VP3, in a predicted ratio of 1:1:10, arranged
with T=1 icosahedral symmetry [H-J Nam, et al., J Virol.,
81(22): 12260-12271 (November 2007)]. The three VPs are
translated from the same mRNA, with VP1 containing a
unique N-terminal domain in addition to the entire VP2
sequence at its C-terminal region [Nam et al., cited above].
VP2 contains an extra N-terminal sequence in addition to
VP3 at its C terminus. In X-ray crystal structures of the
AAV2 [Q. Xie, et al., Proc Natl. Acad. Sci. USA 99:10405-
10410 (2002)] and AAV4 [L. Govindasamy, et al., J. Virol.,
80:11556-11570] capsids and all other structures determined
for parvovirus capsids, only the C-terminal polypeptide
sequence in the AAV capsid proteins (~530 amino acids) is
observed. The N-terminal unique region of VP1, the VP1-
VP2 overlapping region, and the first 14 to 16 N-terminal
residues of VP3 are disordered [L.. Govindasamy, et al., and
Q. Xie et al., cited above].

Productive infection by AAV occurs only in the presence
of a helper virus, either adenovirus or herpes virus. In the
absence of a helper virus, AAV integrates into a specific
point of the host genome (19q 13-qter) at a high frequency,
making AAV the only mammalian DNA virus known to be
capable of site-specific integration. See, Kotin et at., 1990,
PNAS, 87: 2211-2215. However, recombinant AAV, which
does not contain any viral genes and only a therapeutic/
marker expression cassette packaged in an AAV capsid, does
not integrate into the genome. Instead the recombinant viral
genome fuses at its ends via inverted terminal repeats to
form circular, episomal forms characterized by long term
gene expression.

The ability of AAV vectors to achieve long-term expres-
sion of the transgene product has been attributed to their
relatively low immunogenicity. However, in some experi-
mental settings, attendant immune responses have compro-
mised the outcome of AAV-mediated gene therapy. How
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AAV activates the innate immune system remains unknown.
In a study published by J. Zhu et al, J Clin Invest, Vol 119,
No. 8 (August 2009), it is reported that the innate immune
recognition of AAV2 by plasmacytoid dendric cells (DC)
was mediated by TLR9 and dependent on MyD88. Activa-
tion of the TLR9-MyD88 pathway was independent of the
nature of the transgene. Similarly, other serotypes of AAV,
such as AAV1 and AAVY, also activated innate immunity
through the TLR9-MyDS88 pathway. The authors conclude
that their observations suggest that strategies to block the
TLR9-MyD88-type I IFN pathway may improve the clinical
outcome of AAV-mediated gene therapy.

There have been attempts to modulate the innate immune
response to AAV vectors, which approaches have involved
various methods of disrupting the TLR9-MyD88-Type I IFN
signaling pathway. One such approach is described by Y.
Yang et al, US Published Patent Application No. 2011/
0070241, published Mar. 24, 2011, which describes co-
administration of an antagonist of this pathway with the viral
vector. Another approach is described in Yew et al, US
Published Patent Application No. 2012/0009222, published
Jan. 12, 2012, which complexes lipidoids with polynucle-
otides such as CpG oligonucleotides, in an attempt to
modulate innate immune responses. See, also, G. L. Rogers,
et al, Frontiers in Microbiology, Vol. 2, Article 194 (Sep-
tember 2011), a review article which describes reducing
vector load may be an alternative to artificially blocking the
immune response with drugs. The authors of this paper also
report on evidence that self-complementary (sc) AAV vec-
tors induce a greater immune response than single-stranded
(ss) AAV, indicating that there is some speculation this is
perhaps due to a lack of stability of the viral capsid in scAAV
vector. Rogers et al, further report that the vector cassette
does not affect the response and that it is unlikely specific
sequences in the DNA are responsible [Rogers et al, cited
above, page 8, spanning columns 1 and 2] for the response.

The approaches taken to date to address the innate
immune responses to AAV have focused on the AAV capsid.
In addition to attempts to modulate Toll-like receptor 9
(TLRY) with short-term immunomodulators, e.g., TLR9
antagonists, attempts have been made to make modifications
to the capsid, e.g., generating tyrosine mutant AAV capsids
for AAV vectors to address these concerns.

What are needed in the art are constructs and methods for
AAV-mediated gene delivery that induce reduced or no
detectable innate immune responses.

SUMMARY OF THE INVENTION

In one aspect, an AAV vector having a CpG-reduced or
CpG-depleted nucleic acid sequence packaged within an
AAV capsid. Because the AAV vector is viral in origin and
contains a capsid composed of proteins, no modification to
the viral capsid is necessary. A CpG-modified AAV vector of
the invention contains AAV inverted terminal repeat (ITR)
sequences and an exogenous gene sequence under the con-
trol of regulatory sequences that control expression of the
gene product. The nucleic acid sequences of one or more,
and preferably all, of these elements are modified to reduce
CpG di-nucleotides such that an immune response toward
the vector and/or transgene is reduced as compared to the
unmodified (aka wild type) AAV vector. Suitably, the AAV
vector contains no other genomic AAV sequences.

In one embodiment, the transgene sequence contains a
reduced number of CpG di-nucleotides as compared to the
native coding sequence for the gene product. In another
embodiment, the regulatory sequences are mutated to reduce
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or eliminate CpG di-nucleotides. In still another embodi-
ment, the 5' and/or 3' terminal repeat sequences are mutated
to reduce or eliminate native CpG di-nucleotides.

In another aspect, the invention provides a composition
comprising a CpG-modified DN A vector as described herein
and a pharmaceutically acceptable carrier.

In a further aspect, the invention provides a method for
improving adeno-associated virus (AAV)-mediated gene
expression by generating an AAV viral particle comprising
a modified packaging insert, wherein said packaging insert
comprises a nucleic acid molecule comprising AAV inverted
terminal repeats (ITRs) sequences or functional equivalents
thereof, e.g., 5' AAV ITR and 3' AAV ITR (which ITRs may
be independently selected from CpG-modified or wild-type
ITRs and optionally CpG-modified self-complementary
ITRs) and an exogenous gene sequence under the control of
regulatory sequences which control expression of the gene
product, wherein said sequences of said nucleic acid mol-
ecule are modified to reduce CpG di-nucleotides such that an
immune response to the vector is reduced as compared to the
unmodified AAV vector without significant reduction in
expression of the gene product; and delivering the AAV to
a subject intramuscularly.

In still another aspect, the invention provides a regimen
for repeat administration of a gene product. The regimen
comprises delivering to a subject an AAV vector having an
AAV capsid having packaged therein a CpG-modified
nucleic acid molecule carrying an exogenous gene sequence
and delivering to the subject a second vector comprising the
exogenous gene sequence.

Still other aspects and advantages of the invention will be
apparent from the following detailed description of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides representative sections of X-gal histo-
chemical stain of muscle from wild-type (WT) and TLR9
knock-out (KO) mice injected intramuscularly (IM) with
1x10"" genome copies (GC) of AAVrh32.33nLacZ (nuclear
LacZ). 4 mice/group.

FIG. 2A is a bar chart comparing nl.acZ reactive CD8+ T
cells in WT and TLR9KO mice on days 7, day 14, day 21,
day 35, day 42 and day 60 following intramuscular injection
with 1x10"! GC of AAVth32.33nLacZ. Results represent the
mean+/-SEM of tetramer positive or cytokine-producing
cells from at least n=3 per group.

FIG. 2B is a bar chart showing gamma interferon (IFNy)
levels for both wild-type and TLR9 knock out mice on days
35 and 60 following intramuscular injection with 1x10** GC
of AAVrh32.33nl.acZ. Results represent the mean+/-SEM
of cytokine-producing cells that are reactive toward trans-
gene (nLacZ) and AAVrh32.33 capsid antigen from at least
n=3 per group.

FIG. 3 provides photographs of representative muscle
sections (4 mice per group) recovered from WT and
TLRIKO mice that received I.M. injection of 1x10** GC of
AAVrh32.33nlacZ. Sections were stained with anti-CD4
and anti-CDS8 antibody (Ab) and examined by fluorescent
miscroscopy. 4 mice per group.

FIG. 4 shows photographs of X-gal histochemical stains
of muscle from WT and TLRIKO mice injected intramus-
cularly with 1x10'* GC of AAVrh32.33nLacZ. Representa-
tive sections are from 35 and 60 days post-injection. 4 mice
per group.

FIG. 5 provides photographs of muscle section that was
recovered from WT and TLRIKO mice that received 1.M.
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4
injection of either 1x10'" GC of AAVrh32.33 or AAVS
expressing nl.acZ. Sections recovered on days 35 and 60
were stained with anti-MHC II Ab and examined by fluo-
rescent miscroscopy. Representative sections are shown. 4
mice per group.

FIG. 6 provides a series of bar charts providing transcript
levels of various cytokines assessed by quantitative reverse
transcriptase (RT) polymerase chain reaction (PCR) follow-
ing isolation of RNA from the gastric muscle of WT and
TLRKO mice administered 1x10"" GC AAVrh32.33nLacZ
or AAV8nlacZ at kinetic time points (2, 6, 12, 24 hours).
Transcript levels of MIP-1a, MIP-18, IL-1p, 1L-6, MIP-2
and MCP-1 were assessed by quantitative RT-PCR. Results
depict the mean of RNA expression. n=4 mice per group.

FIG. 7A illustrates the structure and sequence of the
wild-type AAV2 inverted terminal repeat showing AAV2
Rep binding site (RBS), spacer sequence, terminal resolu-
tion site (trs), and rep binding element [SEQ ID NO:4]. FIG.
7B illustrates the AAV2 inverted terminal repeat with CpG
dinucleotides outside of the RBS deleted [SEQ ID NO:5].

FIG. 8 provides photographs of representative sections of
X-gal histochemical stains of muscle from WT mice injected
IM. with 1x10" GC of AAVrh32.33LacZCpG+ or of
AAVrh32.33LacZCpG- vectors. Muscle was harvested at
day 35 or day 60 post-injection. 4 mice per group.

FIG. 9A is a bar chart illustrating the percentage of LacZ
reactive CD8+ T cells in wild-type mice that were injected
ILM. with 1x10'* GC of AAVrh32.33LacZCpG+ or CpG-
vectors. Lymphocytes from the mice were isolated from
whole blood at various time points post-injection, i.e., days
14, 21, 28, 42 and 60. Lymphocytes were subsequently
stained using the PE-conjugated H-2K?-ICPMYARV
tetramer together with a FITC-conjugated anti-CD8 Ab to
determine the percentage of LacZ-specific CD8+ T cells in
the total CD8+ T cell population. Results represent the
mean+/-SEM of tetramer positive cells from at least n=3
recipients per group.

FIGS. 9B-9D are scattergrams illustrating the results of
the same experiment as described in FIG. 9A. FIGS. 9B-9D
provide a scattergram which illustrates the results of the
study in the mice injected with the AAVrh32.33LacZCpG+
vectors (FIG. 9B), AAVrh32.33LacZCpG- vectors (FIG.
9C) as compared to naive animals (FIG. 9D), and which
charts the concentration of the fgal tetramer (PE-conjugated
H-2K’-ICPMYARV tetramer) versus the concentration
CD8+ cells. FIG. 9E is a bar chart showing gamma inter-
feron (IFNy) levels for wild-type mice on days 35 and 60
following intramuscular injection with 1x10'* GC of
AAVrh32.33LacZCpG+ or AAVrh32.33LacZCpG- vectors.
Results represent the mean+/—-SEM of cytokine-producing
cells that are reactive toward transgene (nlacZ) and
AAVrh32.33 capsid antigen from at least n=3 per group.

FIG. 10 provides photographs of representative muscle
sections harvested from WT mice that received 1.M. injec-
tion of 1x10" GC of AAVrh32.33nLacZCpG+ or CpG-
vector. Sections from days 35 and 60 following vector
administration were stained with anti-CD4 and anti-CD8 Ab
and examined by fluorescent microscopy.

FIGS. 11A-11E provide the sequences of the wild-type
(+CpG) [SEQ ID NO: 6] and CpG-depleted (-CpG) [SEQ
ID NO: 7] LacZ coding sequence in an alignment which
further provides a consensus sequence.

FIGS. 12A-12G provide the sequences of a CpG-modified
human TnT intron with S1001exons (-CpG) [SEQ ID NO:
8] in an alignment with the wild-type sequence (+CpG)
[SEQ ID NO: 8] and a consensus sequence.
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FIGS. 13A-13C provide the sequences of the wild-type
(+CpG) [SEQ ID NO: 10] and CpG-depleted (-CpG) firefly
Iuciferase [SEQ ID NO: 11] coding sequence in an align-
ment which further provides a consensus sequence.

FIGS. 14A-14Q provide an alignment containing a CpG
modified vector (pTJU28-ssCMV-S100A1+intron-CpG)
with CpG depleted ITRs CMV-EF1-alpha enhancer/pro-
moter S100A1 therapeutic transgene interrupted by a human
troponin T intron 9 modified to be CpG (-) followed by an
atrial natriuretic factor (ANF) 3'UTR and poly A+ modified
to be CpG (=) [SEQ ID NO: 12] compared to the synthesized
DNA fragment containing the SI100Al+intron+ANF
sequence [SEQ ID NO:13] then compared to the human
troponin T intron 9 sequence [SEQ ID NO: 14].

FIGS. 15A-15C provides diagrams of three pTJU vectors
containing CpG depleted ITRs, CpG (-) transgenes (LacZ,
firefly luciferase and human S100A1) and CpG (-) control
elements.

FIG. 16 is a chart showing comparable LacZ plasmid
expression for CpG+ and CpG-AAV vector constructs.
HelLa cells were transfected with CpG+ and CpG- AAV
expression plasmids. Four days post transfection cells were
assayed for f-galactosidase activity using the mammalian
[-galactosidase assay kit as instructed for adherent cells.
Absorbance was measured at 405 nm on a TECAN® Infinite
M1000 PRO plate reader.

FIG. 17 is a chart showing significantly reduced Thl
responses in mice that receive RhCpG- vector on day 14
post administration. Splenocytes were harvested 7 and 14
days intramuscular injection of RhCpG+ or RhCpG- vector.
ELISPOT was performed to quantity spots of IFN-gamma
per million cells. Transgene reactive Thl responses are
similar between RhCpG+ and RhCpG- injected mice on day
7 but significantly reduced in RhCpG- gene transferred
mice on day 14.

DETAILED DESCRIPTION OF THE
INVENTION

The present inventors have found that there is a reduction
in immune response to a product expressed from a nucleic
acid molecule expression cassette carried by an AAV vector
in which the expression cassette has been CpG-modified to
contain fewer CpG di-nucleotides. This contrasts with pre-
vious reports in the literature that AAV expression cassette
sequences do not affect innate immune responses and this
invention provides constructs and an approach which differs
from that previously taken with AAV which involve a focus
on the capsid involvement in the immune response.

A CpG-modified adeno-associated viral (AAV) vector is
described herein. As used herein, a cytosine monophosphate
(C) followed by a guanine monophosphate (G) in a nucleo-
tide sequence is referred to as a CpG dinucleotide. In
eukaryotes, the cytosine residues of CpG dinucleotides are
often methylated to 5-methyl-cytosine ("CpG). In bacterial
genomes, CpG dinucleotides are typically unmethylated. As
used throughout this specification, both methylated and
unmethylated CpG are encompassed by the use of the term
“CpG” or “CpG dinucleotide), unless methylated on unm-
ethylated CpG is specified.

In one embodiment, an AAV vector is a viral particle
having an AAV capsid in which a nucleic acid molecule is
packaged. In one embodiment, the AAV vector lacks any
functional AAV coding sequences, e.g., is deleted in AAV
rep and cap coding sequences. Preferably, the rep and cap
coding regions are entirely deleted. Alternatively, these
regions are at least functionally deleted (i.e., incapable of
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producing rep or cap proteins). To the extent any portion of
the coding sequences are retained in the AAV vector, they
are CpG-depleted and, preferably, CpG-free. Suitably, the
nucleic acid molecule contains sequences exogenous to the
AAV capsid source, including a nucleic acid sequence which
encodes a desired product for delivery to a selected host cell
and regulatory sequences which direct expression thereof.
The nucleic acid molecule also contains two AAV ITRs,
located 5' and 3' to the coding sequences, or functional
equivalents to these AAV ITRs. These AAV ITRs may be
from the same source as the capsid, or may be from a
different AAV from the capsid which permits replication of
the expression cassette and packaging into the viral particle.
Two AAV ITRs in a single vector may also be from different
sources from each other. Where the AAV ITRs are from a
different source than the AAV capsid, the resulting viral
vector particle is termed a pseudotyped AAV.

As previously described, the present invention does not
require any modifications to the AAV capsid or to the capsid
coding sequence in the plasmid utilized for production of the
AAV viral vector particle. Rather, it is the sequence carried
within the AAV capsid which is modified to reduce CpG
di-nucleotides such that the immune response is reduced
following delivery of the vector as compared to the response
generated by the unmodified AAV vector.

As used herein, the phrase “CpG- reduced” or “CpG-
depleted” refers to a nucleic acid sequence which is gener-
ated, either synthetically or by mutation of a nucleic acid
sequence, such that a majority of the CpG di-nucleotides are
removed from the nucleic acid sequence. In some instances,
all CpG motifs are removed to provide what is termed herein
modified CpG-free sequences. The CpG motifs are suitably
reduced or eliminated not just in a coding sequence (e.g., a
transgene), but also in the non-coding sequences, including,
e.g., 5' and 3' untranslated regions (UTRs), promoter,
enhancer, polyA, ITRs, introns, and any other sequences
present in the nucleic acid molecule. For the coding
sequence, the DNA (5' to 3' direction) and codon triplets
must be modified as well as the interface between triplets.

For example, CpG di-nucleotides may be located within
a codon triplet for a selected amino acid. In one embodi-
ment, the CpG di-nucleotides allocated within a codon
triplet for a selected amino acid is changed to a codon triplet
for the same amino acid lacking a CpG di-nucleotide.

DNA Triplets DNA Triplets
Amino Acid Containing CpG Lacking CpG
Serine (Ser or S) TCG TCT, TCC, TCA,
AGT, AGC
Proline (Pro or P) CCG CCT, CCC, CCA,
Threonine (Thr or T) ACG ACA, ACT, ACC
Alanine (Ala or A) GCG GCT, GCC, GCA
Arginine (Arg or R) CGT, CGC, AGA, AGG
CGA, CGG
Asparagine (Asn, N) AAT, AAC
Aspartic acid (Asp, GAT, GAC
D)
Cysteine (Cys, C) TGT, TGC
Glutamic acid (Glu, GAA, GAG
E)
Glutamine (Gln, Q) CAA, CAG
Glycine (Gly, G) GGT, GGC, GGA,
GGG
Histidine (His, H) CAT, CAC
Isoleucine (Ile, I) ATT, ATC, ATA
Leucine (Leu, L) CTT, CTC, CTA,
CTG, TTA, TTG
Lysine (Lys, K) AAA, AAG
Methionine (Met, M) ATG
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DNA Triplets DNA Triplets
Amino Acid Containing CpG Lacking CpG
Phenylalanine (Phe, TTT, TTC
F)
stop TAA, TAG, TGA
Tryptophan (Trp, W) TGG
Tyrosine (Tyr, Y) TAT, TAC
Valine (Val, V) GTT, GTC, GTA,

GTG

In addition, within the coding region, the interface
between triplets must be taken into consideration. For
example, if an amino acid triplet ends in a C-nucleotide
which is then followed by an amino acid triplet which can
start only with a G-nucleotide (e.g., Valine, Glycine, Glu-
tamic Acid, Alanine, Aspartic Acid), then the triplet for the
first amino acid triplet is changed to one which does not end
in a C-nucleotide. Illustrative CpG-depleted coding
sequences are illustrated in FIG. 12 for LacZ and FIG. 13 for
luciferase.

Similarly, non-coding sequences carried within the AAV
capsid are also altered to be CpG-depleted and/or CpG-free.

Unless otherwise specified, the source of parental termi-
nal repeats, AAV ITRs, and other selected AAV components
described herein, may be readily selected from among any
AAV, including, without limitation, AAV2, AAV7, AAV9 or
another AAV sequences [e.g., US Published Patent Appli-
cation No. 2011-0263027 Al; US Published Patent Appli-
cation No. US-2011-0236353A1, U.S. Pat. No. 7,282,
199B1; WO 03/042397 Al; WO 2005/033321; WO 2006/
110689]. These parental ITRs or other AAV components
may be readily isolated from an AAV sequence using
techniques available to those of skill in the art of vector
genome generation. Such parental AAV may be isolated or
obtained from academic, commercial, or public sources
(e.g., the American Type Culture Collection, Manassas, Va.).
Alternatively, the AAV sequences may be obtained through
synthetic or other suitable means by reference to published
sequences such as are available in the literature or in
databases such as, e.g., GenBank®, PubMed®, or the like.
These parental AAV sequences are the AAV nucleic acid
sequences prior to CpG-depletion via synthetic methods or
by site directed mutagenesis.

The wild-type ITRs from known AAV serotypes are CpG
rich structures from which CpG dinucleotides are reduced
according to the invention without significantly impairing
the ability of the ITRs to bind rep protein in a packaging host
cell, as required in order to package an expression cassette
into an AAV viral vector. For example, the AAV2-5' and 3'
wild-type ITRs consist of 32 total CpG dinucleotides (16 on
each of the 5' and 3' ITR). As illustrated herein, these ITRs
can each be reduced to 8 CpG dinucleotides and still
generate AAV vectors which transduce mouse tissues. How-
ever, due to the location of the rep binding sequence on the
AAV ITR, it has been found that these AAV2 ITRs may be
difficult to modify due to the CpG-free sequence affecting
the rep-binding function of the ITRs. Optionally, more
CpG-dinucleotides may be reduced on the AAV2-3' ITR or
the AAV2 5' ITRs, or combinations thereof, which do not
affect rep binding and vector packaging. Alternatively, ITRs
from other non-AAV2 sources may be selected which differ
from AAV2 in the amount of CpG di-nucleotides and the
location of these motifs vis-a-vis the rep binding sequence,
such as to permit the 5' AAV ITR, the 3' AAV ITR, or both,
to be rendered CpG-free according to the present invention.
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Similarly, modified ITRs, e.g., self-complementary ITR, or
other sequences (e.g., parvovirus terminal repeats) which are
functionally equivalent to AAV 5' I'TRs and/or AAV 3' ITRs
can also be CpG-depleted and used in the present invention.

In addition to the ITRs, other regulatory sequences are
desirably CpG-depleted or rendered CpG-free according to
the present invention. Such other regulatory sequences
include a variety of elements including, e.g., without limi-
tation, untranslated regions, promoter, enhancer, polyA,
intron sequences, microRNAs and the like.

For example, the product encoded by the exogenous
nucleic acid sequence is typically under the control of a
promoter and/or promoter/enhancer sequence. Desirably, the
CpG modifications to the promoters are made in a manner
which does not affect the functional characteristics of the
promoter and/or enhancer, e.g., without affecting tissue
preference.

In an embodiment, where it may not be possible to
remove all CpGs from a given nucleic molecule without
negatively affecting a desired function, it may be desirable
to concentrate on reducing clusters or concentrations of CpG
di-nucleotides. For example, promoter regions have been
described as natively containing clusters of CpG di-nucleo-
tides and thus have been used in the development of algo-
rithms which can predict whether removal of such CpG
dinucleotides in this region will affect function in an unac-
ceptable manner. Examples of such algorithms include,
without limitation, those described in . . .. Y. A. Medvedeva,
et al, “Algorithms for CpG Islands Search: New Advantages
and Old Problems, in Bioinformatics—Trends and Method-
ologies”, p. 449-472 (2011); M. Hackenburg, et al, “Predic-
tion of CpG-island function: CpG clustering vs. sliding-
window methods”, BMC Genomics, 26 May 2010, 11:327.
Synthetic promoter design strategies can be employed to aid
in reducing CpG without altering tissue preference.

Similar methods and algorithms can be used to predict
which CpG modifications may affect the function of a
non-coding region. For other non-coding sequences, how-
ever, e.g., an intron, this type of prediction is not required.
For example, for an intron, the CpG modifications may be
performed so as to ensure that the altered nucleotides do not
result in an unwanted coding sequence.

Thus, in one embodiment, an AAV vector of the invention
contains within its capsid a nucleic acid sequence which
contains a reduced number of CpG di-nucleotides as com-
pared to the sequences for the native clements. In one
embodiment, the number of CpG di-nucleotides in the
nucleic acid molecule is reduced by at least about 25%, at
least about 30%, at least about 45%, at least about 50%, at
least about 75%, at least about 80%, at least about 85%, at
least about 90%, at least about 95%, or about 95% to 97%
CpG-depleted as compared to a nucleic acid molecule
having the corresponding native sequences. One or more of
the elements of the nucleic acid molecule carried by the
AAV vector, e.g., without limitation, the gene coding
sequence, a promoter, an enhancer, an intron, the 3' and 5'
UTRs, may be CpG-free, i.e., lacking any CpG di-nucleo-
tides.

In one embodiment, the immune response to the vector is
reduced without significant reduction in expression of the
gene product. More particularly, in certain instances, chang-
ing codons to remove CpG di-nucleotides may be result in
less preferential codons being utilized for expression in a
given type of host, resulting in lower expression levels of a
transgene product. Suitably, codon triplets are selected such






