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Abstract

We previously reported that self-complementary adeno-associated virus (scAAV) type 2 genomes of up to 3.3 kb
can be successfully encapsidated into AAV2 serotype capsids. Here we report that such oversized AAV2
genomes fail to undergo packaging in other AAV serotype capsids, such as AAV1, AAV3, AAV6, and AAVS, as
determined by Southern blot analyses of the vector genomes, although hybridization signals on quantitative
DNA slot-blots could still be obtained. Recently, it has been reported that quantitative real-time PCR assays may
result in substantial differences in determining titers of scAAV vectors depending on the distance between the
primer sets and the terminal hairpin structure in the scAAV genomes. We also observed that the vector titers
determined by the standard DNA slot-blot assays were highly dependent on the specific probe being used, with
probes hybridizing to the ends of viral genomes being significantly overrepresented compared with the probes
hybridizing close to the middle of the viral genomes. These differences among various probes were not observed
using Southern blot assays. This overestimation of titer is a systemic error during scAAV genome quantification,
regardless of viral genome sequences and capsid serotypes. Furthermore, different serotypes capsid and mod-
ification of capsid sequence may affect the ability of packaging intact, full-length AAV genomes. Although the
discrepancy is modest with wild-type serotype capsid and short viral genomes, the measured titer could be as
much as fivefold different with capsid mutant vectors and large genomes. Thus, based on our data, we suggest
that Southern blot analyses should be performed routinely to more accurately determine the titers of recom-
binant AAV vectors. At the very least, the use of probes/primers hybridizing close to the mutant inverted
terminal repeat in scAAV genomes is recommended to avoid possible overestimation of vector titers.

Introduction

ADENO-ASSOCIATED VIRAL (AAV) VECTORS have begun to
show remarkable efficacy in the potential gene therapy
of human diseases such as Leber’s congenital amaurosis and
hemophilia B (Mingozzi and High, 2011). To date, 12 distinct
human and nonhuman AAYV serotypes (AAV1-12) have been
described, and recombinant AAV (rAAV) vectors have been

developed (Agbandje-McKenna and Kleinschmidt, 2011). In
addition, new technologies have also been developed to
generate capsid gene libraries through error-prone PCR
(Maheshri et al., 2006) and DNA shuffling (Li et al., 2008).
Recently, we substituted surface-exposed tyrosine residues
with phenylalanine residues on AAV2 capsids to achieve
dramatically improved transgene expression (Zhong et al.,
2008). All of these and other strategies involve modification of
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AAV capsid sequence. However, the effect of modified cap-
sids on packaging intact, full-length AAV genomes has not
been studied in detail. A wide variety of methods have been
developed to determine AAV vector genome quantitation
(Samulski et al., 1989; Halbert et al., 1997; Clark et al., 1999;
Sommer et al., 2003), in which dot/slot-blot hybridization and
quantitative real-time PCR (qPCR) are the most frequently
used (Gray et al., 2011). The main drawback of these two as-
says is that they do not provide information about viral ge-
nome integrity. It has been reported that qPCR assays may
result in substantial differences in determining the titers of
self-complementary AAV (scAAV) vectors, depending on the
localization of the primer sets in the scAAV genomes (Fagone
et al., 2012). The discrepancy could be nearly 10-fold (Allay
et al., 2011). The same group subsequently developed alter-
native qPCR protocols that circumvent this issue and enable
more reliable determination of scAAV vector titers. However,
the effects of hybridization probes on dot/slot-blot assays,
another frequently used method for viral titration, have not
been studied.

It is now well accepted that the ubiquitin—-proteasome
pathway plays an essential role in AAV intracellular traf-
ficking (Duan et al., 2000; Douar et al., 2001; Yan et al., 2002;
Cheng et al., 2012). In more recent studies by us and by
others (Zhong et al., 2007; Kauss et al., 2010; Markusic et al.,
2010; Qiao et al., 2010; Petrs-Silva et al., 2011; Cheng et al.,
2012), next generation rAAV vectors have been developed
containing point mutations in surface-exposed tyrosine
residues to avoid phosphorylation of these residues and
subsequent ubiquitination and proteasome-mediated degra-
dation of the viral capsid. In addition to tyrosine residues,
surface-exposed serine residues can also undergo phos-
phorylation (Aslanidi ef al., 2012), and thus trigger ubiquiti-
nation and subsequent proteasome-mediated degradation.
Thus, we hypothesized that mutation on surface-exposed
serine residues may also increase the transduction efficiency
of AAV3 vectors.

In the present studies, we document that: (i) Over-
estimation of vector titers by DNA slot-blot hybridization
using probes specific to the ends of viral genomes leads to
systemic errors during scAAV genome quantitation, re-
gardless of viral genome sequences and capsid serotypes;
(ii) A significant extent of this hybridization is due to the
existence of large amounts of fragmented AAV genomes in
the packaged virions; (iii) Different serotype capsids and
modification of capsid sequences affect the ability of pack-
aging intact, full-length scAAV genomes; and (iv) The use of
methods based on agarose gel electrophoresis and Southern
blot assays are the most accurate and reliable ways to de-
termine the titers of scAAV vectors.

Material and Methods
Cell lines and cultures

Human cervical cancer (HeLa) and hepatocellular carci-
noma (Huh?) cell lines were purchased from American Type
Culture Collection (Manassas, VA), and maintained in
complete Dulbecco’s modified Eagle’s medium (DMEM,
Mediatech Inc., Manassas, VA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich,
St. Louis, MO), 1% penicillin and streptomycin (Lonza,
Walkersville, MD). A newly established human hepato-
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blastoma (Hep293TT) cell line (Chen et al., 2009) was gen-
erously provided by Dr. Gail E. Tomlinson, University of
Texas Health Science Center at San Antonio, and was
maintained in complete RPMI medium 1640 (Invitrogen,
Camarillo, CA) supplemented with 15% heat-inactivated FBS
and 1% penicillin and streptomycin. Cells were grown as
adherent cultures in a humidified atmosphere at 37°C in 5%
CO, and were subcultured after treatment with trypsin-
versene mixture (Lonza, Walkersville, MD) for 2-5min at
room temperature, washed, and resuspended in complete
medium. A human breast cancer cell line, T47D, stably
transfected with a hHGFR expression plasmid (T47D+
hHGFR), were maintained in complete DMEM (Mediatech
Inc.) with 600 ug/ml of G418, supplemented with 10% heat-
inactivated FBS (Sigma-Aldrich) and 1% penicillin and
streptomycin (Lonza).

Construction of surface-exposed serine residue
mutant AAV3 capsid plasmids

Recombinant plasmid pACG2c3 was generously provided
by Dr. R. Jude Samulski, University of North Carolina at
Chapel Hill. A two-stage procedure, based on QuikChange II
site-directed mutagenesis (Stratagene, Santa Clara, CA) was
performed as described previously (Zhong et al., 2008; Cheng
et al., 2012). Briefly, in stage 1, two PCR extension reactions
were performed in separate tubes for each mutant. One tube
contained the forward PCR primer and the other contained
the reverse primer (Supplementary Table S1). In stage 2, the
two reactions were mixed and a standard PCR mutagenesis
assay was carried out according to the manufacturer’s in-
structions. PCR primers were designed to introduce changes
from serine or threonine to valine residues (Supplementary
Table S1; Supplementary Data are available online at
www liebertpub.com/hgtb). All mutants were sequenced
before use.

rAAV vectors

HEK293 cells were transfected using polyethelenimine
(PEL linear, MW 25,000, Polysciences, Inc., Warrington, PA),
as described (Reed et al., 2006; Lock et al., 2010). Seventy-two
hours post transfection, cells were harvested and vectors
were purified by iodixanol (Sigma, St. Louis, MO) gradient
centrifugation and ion exchange column chromatography
(HiTrap Sp Hp 5ml, GE Healthcare, Piscataway, NJ). Virus
was then concentrated and the buffer was exchanged in three
cycles to lactated Ringer’s using centrifugal spin concentra-
tors (Apollo, 150-kDa cut-off, 20-ml capacity, Orbital Bio-
sciences, Topsfield, MA).

Quantitative DNA slot blot analyses

The physical particle titers of highly purified of scAAV
vector stocks were determined by quantitative DNA slot-blot
analyses described previously (Kube and Srivastava, 1997).
Briefly, 10 ul of vector stocks was digested with Benzonase
(Novagen, Darmstadt, Germany) at 37°C for 1hr. An equal
volume of 100 mM NaOH was added followed by incubation
at 65°C for 30 min. A known quantity of plasmid DNA was
also denatured in a similar manner for use as a standard
reference during quantitation. The denatured DNA was
loaded in twofold serial dilutions onto Immobilon-NY +TM
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membranes (Millipore, Bedford, MA). After cross-linkage,
the membranes were then prehybridized for 6 hr at 68°C in
25ml hybridization solution containing 6 xSSC, 100 ug/ml
freshly boiled herring sperm DNA, 0.5% sodium dodecyl
sulfate (SDS), and 5xDenhardt’s reagent. Subsequently, the
membranes were hybridized with freshly boiled **P-labled
DNA probe in a total volume of 25 ml of hybridization solution
at 68°C for 18-20hr. Membranes were then washed once in
50 ml of wash solution 1 (2xSSC, 0.1% SDS) at room temper-
ature for 15min, twice in 50 ml of wash solution 2 (0.1 xSSC,
0.1% SDS) at 68°C for 30 min, and then exposed to BIOMAX
MRTM X-ray films (Kodak, Rochester, NY) at —70°C.

Southern blot analyses of AAV vector genomes
and vector titer determination

Ten microliters vector stocks were digested with Benzo-
nase (Novagen) at 37°C for 1hr, then for an additional 2 hr
with proteinase K (Invitrogen, Grand Island, NY) at 56°C.
The reaction mixture was purified by phenol/chloroform,
followed by chloroform treatment. DNA was precipitated by
ethanol in the presence of 20 ug of glycogen (Invitrogen) and
then was dissolved in 100 ul of double-distilled H,O and
electrophoresed on 1.2% native agarose gels. DNA was
transferred to nylon membranes that were analyzed using
the method described by Southern (1975). Briefly, the gel was
equilibrated with solution I (0.25 M HCI) for 20 minutes at
room temperature in solution II (1 M NaCl, 0.5 M NaOH) for
40 min at room temperature in solution III (1 M NaCl, 0.5 M
Tris-HCl) for 40min. The DNA was transferred to Im-
mobilon-NY +TM membranes (Millipore, Billerica, MA) in
20xSSC. Membranes were prehybridized as before for 6 hr
and hybridized overnight with **P-labled DNA probes at
68°C as already described. Membranes were washed as be-
fore and subjected to autoradiography. Twofold serial dilu-
tions of linearized, full-length double-stranded AAV DNA
genomes were also electrophoresed as reference standards,
and the vector titers were determined using the following
equations:

- 5305 ol XBOORED /i:ff E;(;ﬁ) —— x6.02x10% molecules/mol

tter = 0.01 ml W
330/5121&% % 6.02 % 10% molecules /mol

Titer = =8 @)

0.01ml

A=M, of double-stranded, circular plasmid DNA; B=M., of
Xmal-linearized double-stranded AAV DNA; 330g/mol
represents the average molecular weight of a single deoxy-
ribonucleotide monophosphate; 8000nt and 2000nt repre-
sent the number of nucleotides in a single-strand of plasmid
and Xmal-linearized DNA, respectively; 0.01ml represents
the loading volume for each viral stock; and 6.02 x 10?3 rep-
resents the Avogadro constant. The final unit of titer is vector
genomes (vg) per milliliter.

AAV vector transduction assays

Cells were seeded in 96-well plates at a concentration of
10,000 cells per well in complete medium and were trans-
duced with AAV vectors at 2000vg/cell for 2hr. After
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transduction, cells were incubated for additional 72 hr and
then the expression of enhanced green fluorescent protein
(EGFP) was analyzed by direct fluorescence imaging or by
flow cytometry.

Statistical analysis

Results are presented as mean+standard deviation (SD).
Differences between groups were identified using a grouped-
unpaired two-tailed distribution of Student’s t test, and
p values <0.05 were considered statistically significant.

Results

Mutations in AAV3 capsids lead to significant
differences in vector titers determined by DNA
slot-blot and Southern blot assays

We have reported that Huh? cells, a well-known human
hepatocellular carcinoma cell line (Nakabayashi et al., 1982),
can be efficiently transduced by AAV3 vectors (Glushakova
et al., 2009; Ling et al., 2010, 2011; Cheng et al., 2012), and that
the transduction efficiency of these vectors can be further
augmented by site-directed mutagenesis of surface-exposed
tyrosine residues (Cheng et al., 2012). To further examine
whether phosphorylation of surface-exposed serine and/or
threonine residues also affects the transduction efficiency of
AAV3 vectors, Huh? cells were either mock-treated or trea-
ted with two different serine/threonine kinase inhibitors,
c-Jun N-terminal kinase (JNK) inhibitor or p38 mitogen-
activated protein kinase (MAPK) inhibitor (SB), followed by
infection with scAAV3-CBAp-EGFP vectors, depicted sche-
matically in Fig. 1A, at 2000 vg/cell. Both drug treatments
led to a significant increase in AAV3-mediated transgene
expression (Supplementary Fig. S1A and SI1B), which is
consistent with our recent observations with AAV2 vectors
(Aslanidi et al., 2012). However, two additional serine/thre-
onine kinase inhibitors, CaMKII and Mek inhibitors had no
significant effect (data not shown). To examine whether the
treatment with JNK inhibitor II or p38 MAPK inhibitor
modulates the Ub/proteasome pathway, cells were also co-
treated with MG132, a proteasome inhibitor (Zhong et al.,
2007). All treated cells and appropriate controls were in-
fected with scAAV3-CBAp-EGFP vectors. Consistent with
our previously published studies (Cheng et al., 2012), treat-
ment with MG132 led to a significant increase in AAV3-
mediated transgene expression (Supplementary Fig. S1C).
However, co-treatment with either JNK or p38 MAPK in-
hibitor had no additive effect, which suggests that inhibition
of these serine/threonine kinases overlaps with the Ub/
proteasome pathway.

We performed site-directed mutagenesis of two surface-
exposed serine (S) residues on AAV3 capsids (5459 and
S663), which were substituted with valine (V) residues
(Supplementary Table S1). Neither mutations led to any se-
quence change within the potential AAP gene (Sonntag et al.,
2010, 2011). Titers of the recombinant scAAV-CBAp-EGFP
vector genomes encapsidated in the wild-type (WT) and the
mutant capsids, were determined by quantitative DNA slot-
blot assays using a **P-labeled DNA probe specific to the
full-length viral genome, as described previously (Kube and
Srivastava, 1997). The results indicated that mutant capsids
lead to packaging of the vectors with similar titers (Fig. 1B).
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Surprisingly, however, analysis of the purified vector DNA
by neutral agarose gel electrophoresis and Southern blots
using the same DNA probes revealed a substantial difference
between the levels of full-length, intact viral genomes in the
WT vs. the S459V mutant capsids (Fig. 1C). Thus, it became
evident that a specific mutation in AAV3 capsids signifi-
cantly affects the vector titers depending upon the method-
ology employed (DNA slot-blots vs. Southern blots).

DNA slot-blot assays using probes representing
the middle of the viral genome result in more
accurate vector titers

A key drawback of DNA slot-blot assays is that they do
not provide information on the viral genome integrity. We
hypothesized that the process of viral encapsidation may
produce a number of viral particles containing fragments of
viral genomes, and that a capsid mutation may affect the
frequency of packaging of fragmented viral genomes. It
should be noted that in scAAV-CBAp-EGFP genomes, fol-
lowing denaturation, the simian virus 40 (SV40) Poly (A)
signal sequences would be present at both 5- and 3’-ends.
On the other hand, DNA sequences involving the CBAp
promoter would always be located in the middle of the lin-
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FIG. 1. Characterization of scAAV3-
CBAp-EGFP vectors. (A) Schematic
structure of the vector genome. The
size of the entire viral genome is 2.1 kb.
(B) A representative DNA slot-blot
hybridization of the purified vector
genomes to determine the vector titers.
The indicated amounts of the recom-
binant plasmids DNA (top two rows)
were used as appropriate controls. (C)
A representative neutral agarose gel
electrophoresis and Southern blot ex-
amination of the isolated AAV ge-
nomes from the WT and the S549V
mutant AAV3 capsids. Both DNA slot-
blot and Southern blot membranes
were hybridized with **P-labeled DNA
probe specific to the full-length AAV
vector genome. Results in each panel
are representative of two independent
experiments. sc, self-complementary;
AAV, adeno-associated viral; EGFP,
enhanced green fluorescent protein;
WT, wild type. Color images available
online at www .liebertpub.com/hgtb

S459v
DNA
Control

earized viral genomes. We performed a series of DNA slot-
blot assays using different probes, and the actual measured
titers were normalized to that determined for the plasmid
DNA reference control by the National Institutes of Health
Image] software. The following two conclusions could be
drawn from these results, which are shown in Table 1. First,
in all viral stocks, when analyzed with a probe specific to
CBAp, the hybridization signals were reduced. Although the
discrepancy was modest with the WT serotypes capsid, the
measured titer could be as much as fivefold different with
one of the capsid-mutant vectors. The higher titer measure-
ments obtained using probes close to the ends of the ge-
nomes suggested that they hybridize to fragmented viral
genomes. Second, in DNA slot-blot assays, the ratio between
viral stocks using the CBAp probe was much closer to the
ratio determined by Southern blots, which suggests that only
the results using probes located in the middle of the viral
genomes more accurately represent the intact, full-length
viral genomes. In addition, qPCR assays using primer-pairs
specific for the CBAp region also revealed an approximately
sixfold difference between WT and S459V vectors (data not
shown), which is close to the results obtained from DNA
slot-blots using the CBAp probe. This discrepancy between
the two different DNA probes, when used in Southern blot

TaBLE 1. TITERS OF THE WILD-TYPE AND MUTANT scAAV3-CBAp-EGFP, scAAV2- AND scAAVS8-CBAp-SyN
VECTORS DETERMINED BY DIFFERENT SETS OF PROBES

Probes
Vectors CBAp EGFP Poly (A) Full-length
WT scAAV3-EGFP 2.5x10" |5 3.2x10™ iy 3.6x10" |y 32x10" |1 g
S459V-scAAV3-EGFP 05x10" )7 16x10" 77 18x10" J© 7 18x10" ]
S663V-scAAV3-EGFP 3.0x10" 4.8x10" 4.8x10" 4.8x10"
WT scAAV2-Syn 0.7x10" N/A 1.0x 10" N/A
WT scAAV8-Syn 1.5x10" N/A 3.0x10" N/A

N/A, not applicable.
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A

FIG. 2. Neutral agarose gel electro-
phoresis and Southern blot examina-
tion of the isolated vector genomes
from WT and serine-mutant AAV3
vectors. Equivalent amounts of DNA

[3.6x10"vgs/ml]

S663V [4.6x10"vgs/ml)
S$459V [6.8%10"%vgs/ml]
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S663V [4.6x10"vgs/ml]
[3.6x10"vgs/ml]
S459V [6.8X10%vgs/ml]

2x S663V

2-fold Reference DNA

WT

samples from the WT and serine- [
mutant AAV3 vectors (based on DNA
slot-blots in Fig. 1) were isolated and
analyzed on Southern blots. S663V
vector genomes were loaded in
twofold dilutions (left two lanes).
The membranes were analyzed using
*2P-labeled DNA probes specific to (A)
CBAp or (B) SV40 Poly (A) sequences.
The numbers in parentheses represent
vector titers determined by Southern
blot assays.

0.25ng

1

Probe: CBAp

assays, was not observed (Fig. 2). It is evident that the use of
the two sets of probes with similar lengths and GC content
(Supplementary Table S2), which results in different hy-
bridization signals in DNA slot-blot assays, detected full-
length, intact viral genomes in Southern blot assays to nearly
the same extent. Correspondingly, it is also noteworthy that
under identical conditions, the SV40 Poly (A) probe detected
much more fragmented viral genomes (Fig. 2B) compared
with the CBAp probe (Fig. 2A). The effect of mutant capsid
5459V on rAAV3 viral vector assembly and the detection of
fragments by probes close to the ends of the viral genome
were further corroborated by encapsidating a different ex-
pression cassette, scAFPp-EGFP in WT and S459V capsids, in
which the EGFP reporter gene is under the control of a liver
cancer cell-specific promoter, the human «-feto-protein (AFP)
(Fig. 3A). The use of the AFPp and the SV40 Poly (A) probes
also yielded very similar results (Fig. 3B), which further
corroborate our hypothesis.

0.5ng
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g
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Probes close to the ends of the viral genomes
consistently detect much more fragmented viral
genomes regardless of viral genome sequences and
capsid serotypes

To further corroborate whether the more intense hybrid-
ization signal in DNA slot-blot assays resulting from the use
of the probe that hybridizes to sequences close to the ends of
the viral genomes was a general phenomenon, and not
specific to particular scAAV genomes and capsid serotypes,
we performed DNA slot-blot and Southern blot assays on
additional scAAV genomes encapsidated in AAV2, AAV3,
and AAVS8 serotype capsids. The genome, scAAV-CBAp-
Syn, in which the human Syndecan 1 gene is under the
control of the CBAp, depicted schematically in Fig. 4A, is
2.4 kb, which is close to the maximum packaging capacity of
AAV vectors (Dong et al., 2010; Lai et al., 2010; Wu et al.,
2010), and shares the same CBAp promoter and SV40 Poly

A Mutated ITR ITR
HP-  AFPp EGFP g‘:’:;ﬂ D HP
SCAAV-AFPp-EGFP
FIG. 3. Native agarose gel electro- 1.8 kbp
. B a o
phoresis and Southern blot analyses of L C o-3%
the. isolated genomes from WT and 3% ?‘% 2-fold Reference DNA %“E Iﬁg 2-fold Reference DNA
serine-mutant scAAV3 vectors. (A) i LZ 1 w AFLE i
Schematic structure of the scAAV- LS =X l'e ) ! ;é X e o !
AFPp-EGFP vector genome. The size ES 3= § @2 g 22z :'g £ 3= § » 2 2 2 ¢°
of the entire viral genome is 1.8 kb. (B) 3 ' i
A representative native agarose elec- 3.0
trophoresis and Southern blot exami-
nation of the isolated AAV genome. — -.“ &9 R— -“
The hybridizations were analyzed with -
3?P-labeled DNA probes specific to (B)
the AFPp or (C) the SV40 Poly (A) 10
sequences. Color images available on-
line at www liebertpub.com/hgtb Fragments
05

Probe: AFPp

Probe: SV40 Poly A
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FIG. 4. Characterization of scAAV2-
and scAAV8-CBAp-Syn vector genomes
by Southern blot assays. (A) Schematic

: structure of the scAAV-CBAp-Syn vector
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(A) sequences with scAAV-CBAp-EGFP vectors. As ob-
served above, in Southern blot assays, the Poly (A) probe
consistently detected much more fragmented viral genomes
compared with that with the CBAp probe (Fig. 4B and 4C),
which may account for the modest discrepancy between the
titers of vector stocks determined by different probes in DNA
slot-blot assays (Table 1).

We next carried out experiments with oversized viral ge-
nomes, which are generally inefficient in undergoing en-
capsidation in AAV capsids. scAAV-CBAp-Luc (Fig. 5A) is a
rAAV genome containing a 3.0-kb firefly luciferase expres-
sion cassette, with the promoter CBAp located in the middle
of the linearized viral genome. In contrast, scAAV-HS2-fp-

A SCAAV-CBAp-Luc D
3.0kb
HP- CBAp  Luciforaso PolyA  HP HP HS2-Bp-

B Probe: CBAp E

BAp-Luc MR SR - - 1ng -
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- o
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SCAAVE-CBAp-Luc
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10ng SCAAVE-HEZ-Bp-Globin s
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~ Fragments
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genome. The size of the entire viral ge-
nome is 2.4kb. (B, C) Representative
native agarose gel electrophoresis and
Southern blot examination of the isolated
genomes from scAAV2 and scAAVS se-
rotype vectors. The membranes were
analyzed using **P-labeled DNA probes
specific to (B) CBAp or (C) SV40 Poly (A)
sequences. Results in each panel are
representative of two independent ex-
periments. The vector titers determined
by Southern blots are indicated in
parentheses. Color images available on-
line at www .liebertpub.com/hgtb
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globin (Fig. 5D) contains a 3.4-kb human f-globin expression
cassette, with its own Poly (A) sequence located in the
middle of viral genome. Both of these genomes exceed the
normal ~2.5-kb packaging capacity of scAAV vectors. Re-
combinant AAV2, AAV3, and AAVS serotype vectors were
generated and analyzed on DNA slot-blots. As can be seen,
regardless of the vectors, probes hybridizing to sequences
close to the ends of viral genomes (SV40 Poly (A), Fig. 5C;
and HS2-fp, Fig. 5E) resulted in approximately fivefold
higher signal compared with probes hybridizing to se-
quences in the middle in the viral genomes (CBAp, Fig. 5B;
and f-Globin Poly (A), Fig. 5F). Again, the fragment lengths
and the GC contents of the two probes were very similar

FIG. 5. Characterization of oversized
scAAV-CBAp-Luc and scAAV-HS2-
pp-globin genomes by DNA slot-blot
assays. Schematic structures of (A) the
scAAV-CBAp-Lug, and (D) the scAAV-
HS2-pp-globin vector genomes. The si-
zes of the entire viral genome are 3.0kb
and 3.4kb, respectively. Representative
DNA slot-blot analysis of the isolated
AAV genomes from scAAV2, scAAV3,
and scAAV8 serotype vectors. The
membranes were hybridized with the
indicated **P-labeled DNA probes spe-
cific to (B, F) the sequences located in the
middle of the vector genomes or to (C, E)
the sequences located at the ends of the
vector genomes. The indicated amounts
of the recombinant plasmids for each
vector genome were used as appropriate
controls. Results in each panel are rep-
resentative of two independent experi-
ments. The vector titers determined by
Southern blots are indicated in paren-
theses. Color images available online at
www liebertpub.com/hgtb

B-Globin PolyA  HP-
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(Supplementary Table S2). When these genomes were ana-
lyzed on Southern blots, no hybridization signal could be
detected for the 3.4-kb scAAV-HS2-fp-globin vectors, as ex-
pected (data not shown). However, when the 3.0-kb scAAV-
CBAp-Luc vector genomes purified from three different se-
rotypes were analyzed on Southern blots, DNA bands re-
presenting intact, full-length vector genomes could be
detected only in AAV2 vectors, but not the other two sero-
types, AAV3 and AAVS (Supplementary Fig. S2A and Fig.
2B). These results further corroborate that only AAV2 sero-
type capsids allow the encapsidation of oversized genomes of
scAAV vectors (Wu et al., 2007), and that DNA slot-blot as-
says alone can lead to overestimation of vector titers, which is
largely due to encapsidation of fragmented AAV genomes.

Discussion

Self-complementary AAV vectors encoding a codon-
optimized human factor IX gene under the control of a liver-
specific promoter have shown efficacy in preclinical models
of hemophilia B gene therapy (Nathwani et al., 2011) and
have also yielded exciting results in a recent phase I clinical
trial (Mingozzi and High, 2011; Ponder, 2011). During the
course of this trial, however, it became apparent that the
qPCR method used to determine the vector titers led to an
underestimate by a factor of ~10 due to the presence of
covalently closed hairpins at one end of the scAAV vector
DNA and rapid self-annealing of the viral genomes (Fagone
et al., 2012). Consequently, the use of primers close to the
intact inverted terminal repeats (ITRs) during qPCR assays is
recommended, when titering regular scAAV genomes
(<2.4kb) encapsidated in WT AAV serotype capsids. It is
generally accepted that DNA dot or slot-blot assays over-
come the problem of self-annealing. However, in this report,
we document that the standard DNA slot-blot assays fre-
quently used to determine the titers of scAAV vectors can
also lead to erroneous results and are also highly dependent
on the specific probes used, with probes located at the ends
of viral genome being significantly overrepresented com-
pared to the probes close to the middle of viral genome, even
though these probes (CBAp, Poly (A), full-length) result in
no difference in hybridization signals in Southern blot assays
(Figs. 1 and 2). Although the discrepancy was modest with
WT serotypes capsid and short viral genomes, which is
consistent with the observation by Fagone et al. (2012), the
measured titer could be as much as fivefold different with
capsid-mutant vectors and larger genomes. One of our initial
concerns was the different denaturing conditions for vector
genomes prior to DNA slot-blot and Southern blot assays. The
viral genomes were denatured by treatment with 100 mM
NaOH at 65°C for 30 min in DNA slot-blot assays, whereas in
Southern blot assays, the genomes were denatured by shaking
agarose gels in solution II (1 M NaCl, 0.5 M NaOH) for 40 min.
Under both conditions, double-stranded viral genome would
be expected to be denatured into single-stranded forms.

Although AAV vectors carrying larger genomes (up to
and exceeding 6.0kb) have been produced and tested in
preclinical disease models (Sarkar et al., 2004; Grieger and
Samulski, 2005; Monahan et al., 2010), it is unclear to what
extent these genomes were in fact encapsidated. Recently,
using a single-molecule sequencing method, Kapranov et al.
(2012) determined the formation of particles that have
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smaller genomes, referred to as defective-interfering (DI)
particles. Given that they further observed large amounts of
DI particles containing only the sequence close to ITRs, we
hypothesized that the discrepancy observed in our studies
was due to the packaging of fragmented viral genomes. The
observation in Southern blot assays that probes specific to
the ends of self-complementary viral genomes consistently
detect a smear of DNA bands smaller than the unit-length
viral genome, which are undetectable using probes specific
to the middle of viral genome, corroborates our hypothesis.
However, due to the nature of the smear observed in
Southern blot assays, it is difficult to document the increased
amounts of fragmented viral genomes packaged in mutant
capsids compared with the WT capsids. In addition, since we
and others have hypothesized that the majority of fragmental
DNA is relatively short, close to the size of an ITR, we were
unable to detect these fragments in Southern blot assays.

The observation that intact scAAV genomes of up to 3.0kb
could be successfully encapsidated into AAV2 capsids is
consistent with our previous studies (Wu et al., 2007). Such
oversized scAAV genomes failed to undergo encapsidation
in several other serotype capsids, such as AAV1, AAVS3,
AAV6, and AAVS. This is, perhaps, not surprising since the
ITRs in the AAV genomes and the Rep proteins involved in
the packaging procedures are of the AAV2 origin, which
interact optimally with the AAV2 capsids. Curiously, however,
despite the lack of encapsidation of full-length oversized AAV
genomes in these serotype capsids, as determined by Southern
blot assays, unambiguously similar levels of hybridization
signals in all three serotypes vectors, despite prior exhaustive
digestion with Benzonase, could be readily detected on DNA
slot-blots (Fig. 5). Although we did not examine the exact na-
ture of these signals, it is reasonable to propose that they em-
anate from encapsidation of fragmented AAV genomes,
representing the DI particles (Kapranov et al., 2012).

Although we did not include the conventional single-
stranded AAV vectors in our current studies, based on our
data, and those of others (Kapranov ef al., 2012), we suggest
that in standard DNA slot-blot assays, the use of hybrid-
ization probes located at the middle of viral genome is the
most accurate and reliable way to determine the titers of both
single-stranded AAV and scAAV vectors. A universal real-
time PCR assay involving the AAV ITR sequences for de-
termining the vector titers has been reported (Aurnhammer
et al., 2012), but as stated above, one must exercise caution to
rely solely on this method in view of the observation made
by Kapranov et al. (2012) that large amounts of DNA se-
quences close to the ends of viral genomes are encapsidated
in AAV vectors. Recently, gel titration assays based on DNA-
staining methodology have also been described to provide
robust and reliable quantitation (Fagone et al., 2012). How-
ever, the method requires large amounts of purified vectors
and thus is more suitable for clinical-grade vector prepara-
tions. We suggest that the Southern blot hybridization
method be used routinely instead. Although it is a little more
complex, it requires much lower vector stocks and yields
more accurate titers, as demonstrated here.
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