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Abstract
Phosphorylation of surface-exposed tyrosine residues negatively impacts the transduction
efficiency of recombinant AAV2 vectors. Pre-treatment of cells with specific cellular serine/
threonine kinase inhibitors also significantly increased the transduction efficiency of AAV2
vectors. We reasoned that site-directed mutagenesis of surface-exposed serine residues might
allow the vectors to evade phosphorylation and thus lead to higher transduction efficiency. Each of
the 15 surface-exposed serine (S) residues was substituted with valine (V) residues, and the
transduction efficiency of three of these mutants, S458V, S492Vand S662V, was increased by up
to∼20-fold in different cell types. The S662V mutant was efficient in transducing human
monocyte-derived dendritic cells (moDCs), a cell type not readily amenable to transduction by the
conventional AAV vectors, and did not induce any phenotypic changes in these cells.
Recombinant S662V-AAV2 vectors encoding a truncated human telomerase (hTERT) gene were
generated and used to stimulate cytotoxic T cells (CTLs) against target cells. S662V-AAV2-
hTERT vector-transduced DCs resulted in rapid, specific T-cell clone proliferation and generation
of robust CTLs, which led to specific cell lysis of K562 cells. These studies suggest that high-
efficiency transduction of moDCs by serine-modified AAV2 vectors is feasible, which supports
the potential utility of these vectors for future human DC vaccine studies.
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Introduction
Dendritic cells (DCs) are antigen-presenting cells (APCs), which play a critical role in the
regulation of the adaptive immune response. DCs are unique APCs and have been referred
to as “professional” APCs, since the principal function of DCs is to present antigens, and
because only DCs have the ability to induce a primary immune response in resting naïve T
lymphocytes [1]. Although a naturally occurring anti-tumor immune response is detectable
in patients, this response fails to control tumor growth. On the other hand, monocyte-derived
DCs (moDCs) generated ex vivo in the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin 4 (IL-4) possess the capacity to stimulate
antigen-specific T-cells after endogenous expression of antigens [2, 3]. For this reason,
genetically-modified DCs have been extensively studied and numerous Phase I and II
clinical trials evaluating the efficacy of DCs in patients with cancer have been initiated [4,
5]. However, current methods for DC loading are inadequate in terms of cell viability,
uncertainty regarding the longevity of antigen presentation, and the restriction by the
patient's haplotype [5].

The possibility of manipulating viral genomes by biotechnological techniques, together with
the recent identification of many tumor-associated antigens (TAAs), has sparked an interest
in using recombinant viruses to express TAAs in the hope of inducing a protective antitumor
immune response in patients [6, 7]. Among different methods for gene delivery, vectors
based on a human parvovirus, the adeno-associated virus serotype 2 (AAV2), have attracted
much attention mainly because of the non-pathogenic nature of this virus, and its ability to
mediate long-term, sustained therapeutic gene expression [8-10]. Successful transduction of
different subsets of DCs by different commonly used serotypes of AAV vectors has been
demonstrated and the potential advantage of an AAV-based antitumor vaccine discussed
[11-15]. However, further improvements in gene transfer by recombinant AAV vectors to
DCs in terms of specificity and transduction efficiency are warranted to achieve a significant
impact when used as an anti-tumor vaccine.

We have previously reported that the cellular epidermal growth factor receptor protein
tyrosine kinase (EGFR-PTK) negatively impacts nuclear transport and subsequent transgene
expression by recombinant AAV2 vectors primarily due to phosphorylation of capsids at
surface tyrosine residues [16]. These studies resulted in the development of next generation
recombinant AAV2 vectors containing point mutations in surface exposed tyrosine residues
that transduce various cells and tissues with high-efficiency at lower doses compared to the
wild-type (WT) vector [17]. However, such single or multiple tyrosine-mutant AAV vectors
failed to increase the transduction efficiency of monocyte-derived DCs (moDCs) more than
2-fold, most likely due to lower levels of expression and/or activity of EGFR-PTK
compared with that in HeLa cells or hepatocytes [15].

Serine/threonine protein kinases are involved in a wide variety of cellular processes such as
differentiation, transcription regulation, and development of many cell types including
immune cells. Such kinases can also negatively regulate the efficiency of recombinant AAV
vector-mediated gene transfer by phosphorylating the surface-exposed serine and/or
threonine residues on the viral capsid and target the vectors for proteasome-mediated
degradation. We hypothesized that prevention of phosphorylation of the surface-exposed
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serine residues might allow vectors to evade phosphorylation and subsequent ubiquitination
and, thus, prevent proteasomal degradation. In the present studies, we document the
following: (i) Site-directed mutagenesis of the 15 surface-exposed serine (S) residues on the
AAV2 capsid to valine (V) residues leads to improved transduction efficiency of S458V,
S492V, and S662V mutant vectors compared with the WT AAV2 vector; (ii) The S662V
mutant vector efficiently transduces human monocyte-derived dendritic cells (moDCs), a
cell type not readily amenable to transduction by the conventional AAV vectors; (iii) High-
efficiency transduction of moDCs by S662V mutant does not induce any phenotypic
changes in these cells; and (iv) Recombinant S662V- vectors encoding a truncated human
telomerase (hTERT) gene, used to transduced DCs result in rapid, specific T-cell clone
proliferation and generation of robust CTLs, which leads to specific cell lysis of K562 cells.
These observations suggest that high-efficiency transduction of moDCs by serine-modified
AAV2 vectors is feasible, which supports the potential utility of these vectors for future
human DC vaccine studies.

Results
Inhibition of specific cellular serine/threonine kinase increases the transduction efficiency
of recombinant AAV2 vectors

In our previous studies, we demonstrated that inhibition of cellular epidermal growth factor
receptor protein tyrosine kinase (EGFR-PTK) activity, and site-directed mutagenesis of the
7 surface-exposed tyrosine residues significantly increases the transduction efficiency of
AAV2 vectors by preventing phosphorylation of these residues, thereby circumventing
ubiquitination and subsequent proteasome-mediated degradation of the vectors [18].
However, AAV2 capsids also contain 15 surface-exposed serine residues, which can
potentially be phosphorylated by cellular serine/threonine kinases widely expressed in
various cell types and tissues. To test our hypothesis that inhibition of such kinase activity
can prevent phosphorylation of surface-exposed serine residues and thus improve
intracellular trafficking and nuclear transport of AAV2 vectors, we used several
commercially available specific inhibitors of cellular serine/threonine kinases, such as
calmodulin-dependent protein kinase II (CamK-II), c-Jun N-terminal kinase (JNK); and
mitogen-activated protein kinase (p38 MAPK). HEK293 cells were pre-treated with specific
inhibitors, such as 2-(2-hydroxyethylamino)-6-aminohexylcarbamic acid tert-butyl ester-9-
isopropylpurine (for CaMK-II), anthra[1,9-cd]pyrazol-6(2H)-one, 1,9-pyrazoloanthrone (for
JNK), and 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole (for
p38 MAPK) for 1 h at various concentrations. Cells were subsequently transduced with
either single-stranded (ss) or self-complementary (sc) AAV2 vectors at 1,000 vector
genomes (vgs) per cell. These results indicated that all inhibitors at an optimal concentration
of 50 uM significantly increased the transduction efficiency of both ssAAV2 and scAAV2
vectors, the p38 MAPK inhibitor being the most effective (Fig. 1a,b). This observation
suggests, albeit does not prove, that the increase in the transduction efficiency was most
likely due to prevention of phosphorylation of vector capsids rather than improved viral
second-strand DNA synthesis.

Site-directed mutagenesis of surface-exposed serine residues on AAV2 capsid improves
AAV2 vector-mediated transgene expression

The AAV2 capsid contains 50 serine (S) residues in the viral protein 3 (VP3) common
region of the three capsid VPs, of which 15 (S261, S264, S267, S276, S384, S458, S468,
S492, S498, S578, S658, S662, S668, S707, S721) are surface-exposed [19]. Each of the 15
S residues was substituted with valine (V) by site-directed mutagenesis as described
previously [17]. Most mutants could be generated at titers similar to the WT AAV2 vectors,
with the exception of S261V, S276V, and S658V, which were produced at ∼10 times lower
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titers, and S267V and S668V, which produced no detectable levels of DNAse I-resistant
vector particles. The titers of S468V and S384V mutants were ∼3-5 times higher than the
WT AAV2 vectors. Each of the S-V mutant vectors was evaluated for transduction
efficiency in HEK293 cells. These results, shown in Fig. 2, indicate that of the 15 mutants,
the S662V mutant transduced HEK293 cells ∼20-fold more efficiently than its WT
counterpart. The transduction efficiency of the S458V and the S492V mutant vectors was
increased by ∼4- and 2-fold, respectively. The positions of these three critical surface
exposed serine residues on the AAV2 capsid are shown in Fig. 3a,b. No further increase in
transduction efficiency was observed with the double-mutants (S458+662V and
S492+662V), or the triple-mutant (S458+492+662V), indicating that unlike some of the
tyrosine-mutants [20], combining multiple mutations in the serine residues was neither
additive nor synergistic. Interestingly, the transduction efficiency of the S468V and the
S384V mutants, which were produced at titers higher than the WT AAV2 vectors, either
remained unchanged (S468V), or was reduced ∼10-fold (S384V) at the same multiplicity of
infection (MOI). These data are summarized in the Table 1.

Substitution of the serine residue at position 662 with different amino acids has diverse
effects on AAV2 capsid assembly as well as AAV2 vector-mediated transgene expression

In addition to S-to-V substitution at position 662, we also generated the following 7 mutants
with different amino acids: S662→Alanine (A), S662→Asparagine (N), S662→Aspartic
acid (D), S662→Histidine (H), S662→Isoleucine (I), S662→Leucine (L), and
S662→Phenylalanine (F), and evaluated their transduction efficiency in 293 cells. These
results, shown in Fig. 4 and summarized in Table 2, demonstrate that the substitution of S
with V led to the production of the most efficient mutant without any change in vector titers.
Replacement of S with N, I, L, or F decreased the packaging efficiency ∼10-fold with no
significant effect on the transduction efficiency, whereas substitution with D or H increased
the transduction efficiency ∼8-fold and ∼4-fold, respectively, with no effect on vector titers.
Interestingly, substitution of S to A increased the viral titer up to ∼5-fold, and enhanced the
transgene expression ∼3-fold compared with the WT AAV2 vector. The observed variability
in titers and infectivity of the serine-mutants at position 662 suggests the critical role each of
the amino acids plays in modulating both AAV2 packaging efficiency and biological
activity.

Transduction efficiency of S662V vectors correlates with p38 MAPK activity in various cell
types

Since all of the S662V vector-mediated transgene expression data thus far were derived
using 293 cells, we extended these studies to include the following cells types: (i) NIH3T3
(mouse embryonic fibroblasts), (ii) H2.35 (mouse fetal hepatocytes), (iii) HeLa (human
cervical cancer cells), and (iv) primary human monocyte-derived dendritic cells (moDCs).
These cell types were transduced with WT scAAV2-EGFP or S662V scAAV2-EGFP
vectors at an MOI of 2,000 vgs per cell under identical conditions. EGFP gene expression
was evaluated 48 hrs post-infection (p.i.) for HeLa, 293 and moDCs, and 5 days p.i. for
H2.35 and NIH3T3 cells. These results are shown in Fig. 5a. As can be seen, although the
absolute differences in the transduction efficiency between WT and S662V mutant vectors
ranged from ∼3-fold (in H2.35 cells) to ∼20-fold (in 293 cells) the mutant vector was
consistently more efficient in each cell type tested. Since pre-treatment of cells with an
inhibitor of cellular p38 MAPK was the most effective in increasing the transduction
efficiency (Fig. 1a,b), we wished to examine whether or not the observed differences in the
transduction efficiency of the WT and the mutant vectors was due to variations in the levels
of expression and/or activity of the cellular p38 MAPK. Cell lysates prepared from each cell
type were analyzed on Western blots probed with specific antibodies to detect both total p38
MAPK and phospho-p38 MAPK levels. GAPDH was used as a loading control. These
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results, shown in Fig. 5b, indicate that whereas the p38 MAPK protein levels were similar,
the kinase activity, as determined by the level of phosphorylation, varied significantly
among different cell types, and the transduction efficiency of the S662V mutant vector
correlated roughly with the p38 MAPK activity. These approximate correlations between
p38 MAPK activity and the efficiency of the S662V mutant vector can probably be
explained by different cell susceptibilites for AAV infection, the overall number of viral
particles entered cell after primary infection. It remains unclear as to which precise steps in
the life cycle of AAV are modulated by p38 MAPK-mediated phosphorylation. It is also
possible that other serine/threonine kinases contributing to the difference in efficiency of
transduction by S662V and WT vectors. Interestingly, however, transduction by the WT-
AAV2 vectors did not lead to up regulation of phosphorylation of p38 MAPK in 293 cells or
in moDC (data not shown), further supporting a previous report that AAV does not induce
robust phenotypic changes in moDCs [21].

S662V mutant vector-mediated transduction of primary human monocyte-derived dendritic
cells (moDCs) does not lead to phenotypic alterations

MAPK family members play important roles in the development and maturation of APCs.
moDCs, isolated from healthy donor leukapheresis, were treated with 50 uM selective
kinase inhibitors as described above and then transduced with WT scAAV2-EGFP vectors.
Two hrs p.i., cells were treated with supplements (TNF-α, IL-1β, 11-6, PGE2) to induce
maturation. EGFP transgene expression was evaluated 48 hrs p.i. by fluorescence
microscopy. Pre-treatment of moDCs with specific inhibitors of JNK and p38 MAPK
increased EGFP expression levels ∼2-fold and ∼3-fold, respectively, and the transduction
efficiency was enhanced by ∼5-fold with the S662V mutant vectors (Fig. 6). Since
inhibition of these kinases has previously been reported to prevent maturation of dendritic
cells [22-24], we also evaluated the capability of S662V mutant to induce phenotypic
changes in DCs. moDC were infected with an increasingly higher MOI up to 50,000 vgs per
cell, harvested at 48 hrs p.i., and analyzed by fluorescence-activated cell sorting (FACS) for
up regulation of surface co-stimulatory molecules. Flow cytometric analyses of DC
maturation markers such as CD80, CD83 and CD86 indicated that, similar to WT AAV2
vectors, the S662V mutant vectors also did not induce the maturation of moDCs (Fig. 6c).
This observation supports the previously described low immunogenicity of AAV vectors
[14, 21].

Human telomerase (hTERT) specific cytotoxic T-lymphocyte (CTL) generation by moDC
transduced with AAV2-S662V vectors

Since the serine-mutant AAV2 vector-mediated transgene expression in moDC was
significantly improved compared with the WT-AAV2 vectors, we evaluated the ability of
S662V-loaded moDCs to stimulate the generation of cytotoxic T-lymphocytes and effective
specific killing of the target cell. Given that human telomerase is recognized as a unique
anti-cancer target [25, 26] commonly expressed in most cancer cells, we cloned a truncated
human telomerase (hTERT) gene under the control of the chicken β-actin promoter and
packaged the DNA into the AAV2 S662V mutant. Non-adherent peripheral blood
mononuclear cells (PBMC) containing up to 25% of CD8 positive cells were stimulated
once with moDC/hTERT delivered by the S662V vector. An immortalized myelogenous
leukemia cell line, K562, was used for a two-color fluorescence assay of cell-mediated
cytotoxicity to generate a killing curve with subsequently reduced effector to target cell
ratio. Result of these experiments, shown in Fig. 7, suggest that moDC loaded with hTERT
can effectively stimulate specific T cell clone proliferation and killing activity compared
with moDC expressing GFP. Thus, since immunization strategies that generate rapid and
potent effector responses are essential for effective immunotherapy, our results support the
efficacy of AAV-based delivery methods for vaccination studies.
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Discussion
Although the possibility of genetically-modified dendritic cells stimulating a specific anti-
tumor cytotoxic T cell response has been proven in a number of clinical trials, a reliable
method for therapeutic antigen loading, control of expression, and antigen presentation has
not yet been developed [27, 28]. Since the first attempts to transduce dendritic cells with
conventional ssAAV vectors nearly a decade ago [11], significant progress has been made in
increasing the transduction efficiency of these vectors. For example, the development of
self-complementary AAV (scAAV) vectors has circumvented a major rate-limiting step of
viral second-strand DNA synthesis which dramatically increases transgene expression levels
in different subsets of dendritic cells [14, 29, 30]. AAV vector-based antigen delivery to
dendritic cells has successfully been utilized for several cancer models [13, 31, 32].

The natural flexibility of AAV structural and regulatory viral components promotes rapid
molecular evolution and formation of numerous serologically distinct serotypes [33-35].
Several studies have shown that one can take advantage of such plasticity of AAV to
generate new vectors with different cell and tissue tropism [36, 37]. Other studies revealed
that substitution of a single amino acid on the viral capsid can strongly affect viral titer,
interaction with cellular receptor, tissue-tropism and trafficking from endosome to the
nucleolus [18, 38]. Wu et al., have reported that replacement of lysine to glutamine at
position 531 (K531E) on AAV6 capsid reduces gene transfer to mouse hepatocytes in vivo
and affinity for heparin. The reverse mutation (E531K) on AAV1 capsid increased liver
transduction and imparted heparin binding [38]. Our recent data with AAV2 serotype
vectors indicate that a single substitution of tyrosine to phenylalanine (Y→F) dramatically
improves viral trafficking from endosome to the nucleolus by preventing capsid
phosphorylation, subsequent ubiquitination and degradation via proteasome [17]. These
studies have led to the generation of a number of vectors with increased transduction
efficiency in different cell types and tissues. Such vectors were used to improve F.IX gene
transfer to murine hepatocytes for the phenotypic correction of hemophilia B [20]. These
tyrosine-mutant AAV vectors also led to high efficiency transduction of mouse retina for the
potential treatment of ocular diseases [39]. Although AAV6 serotype has shown higher
transduction efficiency than AAV2 in dendritic cells [12, 15], we have focused these studies
on AAV2 because these vectors have been studied more extensively in both basic research
and clinical settings, however in the future we plan to develop AAV6 vectors with similar
strategy.

It has become abundantly clear that phosphorylation of surface-exposed tyrosine-residues on
AAV2 capsids negatively impacts the transduction efficiency of these vectors, which can be
dramatically augmented by the use of specific inhibitors of cellular EGFR-PTK, known to
phosphorylate these residues [16]. In the present studies, we focused our efforts on
delineating the role of phosphorylation of serine residues in the life cycle of AAV2 vectors.

Indeed, the transduction efficiency of both ssAAV and scAAV vectors could be augmented
by pre-treatment of cells with specific inhibitors of JNK and p38 MAPK, implying that one
or more surface-exposed serine and/threonine residues on the AAV2 capsid becomes
phosphorylated inside the host cell and that this modification is detrimental to capsid
trafficking to the nucleus.

Next, each of 15 surface-exposed serine residues was mutated individually, but only three of
these mutations led to an increase in transduction efficiency in different cell types, which
ranged from ∼2-fold to ∼20-fold. However, unlike the tyrosine-mutants [20], combining
multiple mutations did not augment the transduction efficiency of either the double-mutants
(S458+662V and S492+662V), or the triple-mutant (S458+492+662V) AAV2 vectors in
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vitro. In this context, it is noteworthy that in a report by DiPrimio et al., [40], in which the
HI loop located between the H and I strands of the conserved core β-barrel and contains
residue S662 was characterized, both site-directed mutagenesis and peptide substitutions
showed that this capsid region plays a crucial role in AAV capsid assembly and viral
genome packaging (Fig. 3a,b) [19]. Although the S662 residue was not specifically targeted
in those studies, the transduction efficiency of most of these mutants was either unchanged,
or was reduced by up to 27-fold. The HI loop, which forms interactions between icosahedral
five-fold symmetry related VPs and lies on the floor of the depression surrounding this axis,
was also proposed to undergo a conformational re-arrangement that opens up the channel
located at the icosahedral fivefold axis following heparin binding by AAV2 [41]. Residues
S458 and 492 are located adjacent to each other (contributed from symmetry related VPs) on
the outer surface of the protrusions (surrounding the icosahedral three-fold axes) facing the
depression at the two-fold axes (Fig. 3). Previous mutation of residues adjacent to S458A,
S492A and S492T had no effect on capsid assembly and resulted in no effect on
transduction efficiency [42], that is confirms our observation of the critical role which
particular amino acids plays in packaging efficiency and biological activity of AAV.
Additional structural analyses of our data for the observed low or no yield of some of the
mutants revealed the following: For the three mutants with low yields, the side-chain of the
residues interact with main-chain atoms from the same VP monomer, and S267V with a low
titer, has an interaction with D269 from the same monomer. For another capsid mutant,
S668V, which is located in the HI loop and shown to play a role in capsid assembly [40], no
obvious disruption of interaction was observed with the substitution. Interestingly, all of
these residues, regardless of assembly phenotype, are at interface positions but only 458 and
492 involved in inter-VP interactions. The other residues are only involved in intra-VP
interactions, if any. Thus it is possible that the changes in the no capsid or low capsid yield
mutants result in misfolding for their VPs or the abrogation of formation of multimers
formation required for assembly when changed to alanine. These observation indicate that
additional studies are warranted to gain a better understanding of the precise molecular
mechanisms underlying the observed effects serine mutations on capsid assembly, and also
in particular the increased transduction by the S458V, S492V, and S662V mutants.

In the setting of tumor immunotherapy, the time of T cell activation and the potency and
longevity of CD8 T cell responses are crucial factors in determining therapeutic outcome.
Thus, we also evaluated whether increased transduction efficiency of moDC by the serine-
mutant AAV2 vectors correlated with superior priming of T cells. Human telomerase was
used as a specific target since it has been shown in numerous studies and clinical trials to be
an attractive candidate for a broadly expressed rejection antigen for many cancer patients
[25, 26]. Our results suggest that modification of the AAV2 capsid might be beneficial in
terms of producing more specific and effective vectors for gene delivery. It is also important
that one of the main obstacles, the induction of immuno-competition in cellular immune
responses against vector-derived and transgene-derived epitopes, can probably be overcome
not only by the replication-deficiency and lack of viral proteins expressed by recombinant
AAV2, but also the fact that less capsid of modified viral particles will be degraded by host
proteosomes and thus, provide less material for presentation.

We were unable to unambiguously document whether the S662 residue, or any other
surface-exposed S residue, was directly phosphorylated by the cellular JNK and/or p38
MAPK. However, the transduction efficiency of the S662V mutant vector was further
augmented by pre-treatment of cells with specific inhibitors of JNK and p38 MAPK (data
not shown), suggesting that one or more surface-exposed threonine (T) residues on AAV2
capsids are most likely phosphorylated by these kinases. The AAV2 capsid contains 17
surface-exposed threonine residues [19], and in our currently ongoing studies, we have
begun to systematically mutate each of these T residues. We anticipate that the successful
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completion of these studies will not only yield a much clearer overall picture of the role that
capsid phosphorylation plays in the AAV life cycle, but the specific combination of
tyrosine-, serine-, and threonine-mutations will lead to the generation of optimal AAV2
vectors for cell and gene therapy.

Materials and Methods
Cells and Antibodies

HEK293, HeLa and NIH3T3 cells were obtained from the American Type Culture
Collection and maintained as monolayer cultures in DMEM (Invitrogen) supplemented with
10% FBS (Sigma) and antibiotics (Lonza). Leukapheresis-derived peripheral blood
mononuclear cells (PBMCs) (AllCells) were purified on Ficoll-Paque (GEHeathCare),
resuspended in serum-free AIM-V medium (Lonza), and semi-adherent cell fractions were
incubated for 7 days with recombinant human IL-4 (500 U/mL) and GM-CSF (800 U/mL)
(R&D Systems). Cell maturation was initiated with a cytokine mixture including 10 ng/mL
TNF-α, 10 ng/mL IL-1, 10 ng/mL IL-6, and 1 mg/mL PGE2 (R&D Systems) for 48 hrs.
Prior to EGFP expression cells were characterized for co-stimulatory molecules expression
to ensure that they met the typical phenotype of mature dendritic cells (mDC) (CD80, RPE,
murine IgG1; CD83, RPE, murine IgG1; CD86, FITC, murine IgG1; Invitrogen) [21].

Site-directed mutagenesis
A two-stage PCR was performed with plasmid pACG2 as described previously [43] using
Turbo Pfu Polymerase (Stratagen). Briefly, in stage one, two PCR extension reactions were
performed in separate tubes for the forward and reverse PCR primer for 3 cycles. In stage
two, the two reactions were mixed and a PCR reaction was performed for an additional 15
cycles, followed by Dpn I digestion for 1 hr. Primers were designed to introduce changes
from serine (TCA or AGC) to valine (GTA or GTC) for each of the residues mutated.

Production of recombinant AAV vectors
Recombinant AAV2 vectors containing the EGFP gene driven by the chicken β-actin
promoter were generated as described previously [44]. Briefly, HEK293 cells were
transfected using Polyethelenimine (PEI, linear, MW 25,000, Polyscinces, Inc.). Seventy-
two hrs post transfection, cells were harvested and vectors were purified by iodixanol
(Sigma) gradient centrifugation and ion exchange column chromatography (HiTrap Sp Hp 5
ml, GE Healthcare). Virus was then concentrated and the buffer exchanged in three cycles to
lactated Ringer's using centrifugal spin concentrators (Apollo, 150-kDa cut-off, 20-ml
capacity, CLP) [45]. Ten ul of purified virus was treated with DNAse I (Invitrogen) for 2 hrs
at 37°C, then an additional 2 hrs with proteinase K (Invitrogen) at 56°C. The reaction
mixture was purified by phenol/chloroform, followed by chloroform treatment. Packaged
DNA was precipitated with ethanol in the presence of 20 ug glycogen (Invitrogen). DNAse
I-resistant AAV particle titers were determined by RT-PCR with the following primer-pair,
specific for the CBA promoter: forward 5′-TCCCATAGTAACGCCAATAGG-3′, reverse
5′-CTTGGCATATGATACACTTGATG-3′ and SYBR Green PCR Master Mix
(Invitrogen) [46].

Recombinant AAV Vector Transduction Assays In Vitro
HEK293 or monocyte-derived dendritic cells (moDCs), were transduced with AAV2 vectors
with 1,000 vgs/cell or 2,000 vgs/cell respectively, and incubated for 48 hrs. Alternatively,
cells were pretreated with 50 μM of selective serine/threonine kinase inhibitors 2-(2-
hydroxyethylamino)-6-aminohexylcarbamic acid tert-butyl ester-9-isopropylpurine (for
CaMK-II), anthra[1,9-cd]pyrazol-6(2H)-one, 1,9-pyrazoloanthrone (for JNK), and 4-(4-
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fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole (for MAPK) (CK59,
JNK inhibitor 2, PD 98059, Calbiochem), 1 hr before transduction. Transgene expression
was assessed as the total area of green fluorescence (pixel2) per visual field (mean ± SD) as
described previously [20, 21]. Analysis of variance was used to compare test results and the
control, which were determined to be statistically significant.

Western Blot Analysis
Western blot analysis was performed as described previously [47]. Cells were harvested by
centrifugation, washed with PBS, and resuspended in lysis buffer containing 50 mM
Tris_HCl, pH 7.5, 120 mM NaCl, 1% Nonidet P-40, 10% glycerol, 10 mM Na4P2O7, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA, and 1 mM EGTA supplemented with
protease and phosphotase inhibitors mixture (Set 2 and 3, Calbiochem). The suspension was
incubated on ice for 1 hr and clarified by centrifugation for 30 min at 14,000 rpm at 4°C.
Following normalization for protein concentration, samples were separated using 12%
polyacrylamide/SDS electrophoresis, transferred to a nitrocellulose membrane, and probed
with primary antibodies, anti p-p38 MAPK (Thr180/Tyr182) rabbit mAb, total p38 MAPK
rabbit mAb and GAPDH rabbit mAb (1:1000, CellSignaling), followed by secondary
horseradish peroxidase-linked linked antibodies (1:1000, CellSignaling).

Specific cytotoxic T-lymphocytes generation and cytotoxicity assay
Monocyte-derived dendritic cells (moDCs) were generated as described above. Immature
DCs were infected with AAV2-S662V vectors encoding human telomerase cDNA (a
generous gift from Dr. Karina Krotova, University of Florida), separated into two
overlapping ORF – hTERT838-2229 and hTERT2042-3454 at MOI 2,000 vgs/cell of each. Cells
were then allowed to undergo stimulation with supplements to induce maturation. After 48
hrs, the mature DCs expressing hTERT were harvested and mixed with the PBMCs at a ratio
of 20:1. CTLs were cultured in AIM-V medium containing recombinant human IL-15 (20
IU/ml) and IL-7 (20 ng/ml) at 20×106 cells in 25 cm2 flasks. Fresh cytokines were added
every 2 days. After 7 days post-priming, the cells were harvested and used for killing assays
[48]. A killing curve was generated and specific cell lysis was determined by FACS analysis
of live/dead cell ratios as described previously [49]. Human immortalized myelogenous
leukemia cell line, K562, was used as a target.

Statistical analysis
Results are presented as mean ± S.D. Differences between groups were identified using a
grouped-unpaired two-tailed distribution of Student's T-test. P-values <0.05 were considered
statistically significant.
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Highlights

• Inhibition of p38 MAPK increases transduction efficiency of moDC by AAV2
vectors

• Mutagenesis of serine residues increases transduction efficiency of moDC by
AAV2

• Transduction of moDC by mutant AAV2 does not induce phenotypic changes in
these cells

• DC transduced with mutant AAV2 encoding a human telomerase stimulates
specific CTLs
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Fig. 1.
Effect of various kinase inhibitors on ssAAV and scAAV mediated EGFP expression in
HEK293 cells. Cells were pretreated with inhibitors for 1 hr before infection then transduced
with 1x103 vgs/cell. (a) Transgene expression was detected by fluorescence microscopy 48
hrs post infection. (b) Images from three visual fields were analyzed as described in
Materials and Methods. *P<0.005, **P<0.001 vs. WT AAV2.
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Fig. 2.
Analysis of EGFP expression after transduction of HEK293 cells with individual site-
directed scAAV2 capsid mutants. Each of the 15 surface-exposed serines (S) in AAV2
capsid was substituted with valine (V) and evaluated for its efficiency to mediate transgene
expression. (a) EGFP expression analysis at 48 hrs post-infection at an MOI of 1×103 vgs/
cell. (b) Quantitation of transduction efficiency of each of the serine-mutant AAV2 vectors.
*P<0.005, **P<0.001 vs. WT AAV2.
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Fig. 3.
The AAV2 structure. (A) A trimer of the AAV2 VP3 shown in ribbon representation and
viewed down the icosahedral threefold axis (left) and rotated 90° (right) with VP monomers
colored in blue, purple and light blue showing the location of serine residues 458, 492, and
662 in the yellow, green, and red spheres, respectively. The approximate positions of the
icosahedral two-, three-, and five-fold axes are depicted by the filled oval, triangle, and
pentagon, respectively. (B) The capsid surface of AAV2 shown in blue with serine residues
458, 492, and 662 highlighted in the same colors as in (A). S458 and 492 are located
adjacent to each other on the outer surface of the protrusions facing the depression
surrounding the two-fold axes. S662 is located on the HI loop (colored white) (between the
β-H and β-I strands of the core eight-stranded beta-barrel) which lie on the floor of the
depression surrounding the icosahedral five-fold axes. The five-fold symmetry related DE
loops (between the β-D and β-E strands), which form the channel at the icosahedral 5-fold
axes, are colored in brown. The approximate positions of an icosahedral two-fold (2F),
three-fold (3F), and five-fold (5F) axes are indicated by the open arrows.
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Fig. 4.
Evaluation of the effect of serine substitution at position 662 in the scAAV2 capsid with
different amino acids in mediating transgene expression. The following 8 serine mutants
were generated with different amino acids: S662→Valine (V), S662→Alanine (A),
S662→Asparagine (N), S662→Aspartic acid (D), S662→Histidine (H), S662→Isoleucine
(I), S662→Leucine (L), and S662→Phenylalanine (F), and their transduction efficiency in
293 cells was analyzed. (a) EGFP expression analysis at 48 h after infection of 293 cells at
an MOI of 1×103 vgs/cell. (b) Quantitation of the transduction efficiency of each of the
serine-mutant AAV2 vectors. *P<0.005, **P<0.001 vs. WT AAV2.
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Fig. 5.
Analysis of correlation of transduction efficiency of scAAV2-S662V vectors with p38
MAPK activity in various cell types. (a) Quantitation of the transduction efficiency of WT-
and S662V-AAV2 vectors in HEK293, HeLa, NIH3T3, H2.35 and moDCs. (b) Western blot
analysis of lysates from different cell lines for p-p38 MAPK expression levels. Total p38
MAPK and GAPDH levels were measured and used as loading controls. *P<0.005,
**P<0.001 vs. WT AAV2.
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Fig. 6.
scAAV vector-mediated transgene expression in monocyte-derived dendritic cells (moDCs).
(a) Effect of JNK and p38 MAPK inhibitors, and site-directed substitution of the serine
residue at position 662 on EGFP expression. (b) Quantitation of the data in (a) at 48 hrs
after infection and initiation of maturation. (c) Analysis of expression of co-stimulatory
markers such as CD80, CD83, CD86 in moDCs infected with scAAV2-S662V vectors at an
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MOI of 5×104 vgs/cell. iDCs – immature dendritic cells, and mDCs – mature dendritic cells,
stimulated with cytokines, generated as described in Materials and Methods, were used as
negative and positive controls, respectively. A representative example is shown. *P<0.005,
**P<0.001 vs. WT AAV2.
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Fig. 7.
Analysis of hTERT-specific cytotoxic T-lymphocytes (CTLs) killing activity on K562 cells.
CTLs were generated after transduction of moDCs by scAAV2-S662V vectors encoding the
truncated human telomerase (hTERT). scAAV2-S662V-EGFP vector-traduced moDCs were
used to generate non-specific CTLs. Pre-stained with 3,3-dioctadecyloxacarbocyanine
(DiOC18(3)), a green fluorescent membrane stain, 1×105 target K562 cells were co-cultured
overnight with different ratios of CTLs (80:1, 50:1, 20:1, 10:1, 5:1). Membrane-permeable
nucleic acid counter-stain, propidium iodide, was added to label the cells with compromised
plasma membranes. Percentages of killed, double stain-positive cells were analyzed by flow
cytometry.
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Table 1
Packaging and transduction efficiencies of various serine-valine mutant AAV2 vectors
relative to WT AAV2 vectors

Mutant Packaging Efficiency Transduction Efficiency

AAV2-S261V ∼10-fold lower -*

AAV2-S264V No change -*

AAV2-S267V No DNAse I- resistant particles -*

AAV2-S276V ∼10-fold lower -*

AAV2-S384V ∼3-fold higher ∼10-fold lower

AAV2-S458V No change ∼4-fold higher

AAV2-S468V ∼5-fold higher No change

AAV2-S492V No change ∼2-fold higher

AAV2-S498V No change ∼10-fold lower

AAV2-S578V No change ∼10-fold lower

AAV2-S658V ∼10-fold lower -*

AAV2-S662V No change ∼20-fold higher

AAV2-S668V No DNAse I-resistant particles -*

AAV2-S707V No change ∼10-fold lower

AAV2-S721V No change No change

Vector packaging and infectivity assays were performed at least twice for each of the mutant-AAV vectors. The packaging efficiency was
determined by quantitative PCR analyses. The transduction efficiency was estimated by fluorescence intensity of HEK293 cells infected with an
MOI of 1000 vgs/cell.

*
No fluorescence was detected at the MOI tested.
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Table 2
Packaging and transduction efficiencies of serine-mutant vectors replaced with various
amino acids relative to WT AAV2 vectors

Mutant Packaging Efficiency Transduction Efficiency

AAV2-S662V No change ∼20-fold higher

AAV2-S662A ∼5-fold higher ∼3-fold higher

AAV2-S662D No change ∼8-fold higher

AAV2-S662F ∼10-fold lower No change

AAV2-S662H No change ∼4-fold higher

AAV2-S662N ∼10-fold lower No change

AAV2-S662L ∼10-fold lower No change

AAV2-S662I ∼10-fold lower No change

The packaging and infectivity assays were performed as described under the legend to Table 1.

V = Valine; A = Alanine; D = Aspartic acid; F = Phenylalanine H = Histidine; N = Asparagine; L = Leucine; and I = Isoleucine.
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