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Introduction
Adeno-associated virus serotype 2 (AAV2), a human parvovirus, 

contains a single-stranded DNA genome, and has been studied 
extensively [1,2]. AAV2 causes no known disease even though ~90% 
of the human population is sero-positive against AAV [3]. AAV2 is 
dependent on a helper virus, such as adenovirus [4], herpesvirus 
[5], vaccinia virus [6], or human papillomavirus [7] for its optimal 
replication [1], but in the absence of a helper virus, AAV establishes 
a latent infection where the wild-type (WT) viral genome integrates 
into the human chromosomal DNA site-specifically [8-10]. Indeed, 
the non-pathogenic nature of the virus prompted the development of 
recombinant AAV2 vectors [11-18]. Recombinant AAV2 vectors have 
been successfully used to transduce a variety of genes in a number of 
cell types in vitro, and the ability of these vectors to mediate persistent 
transgene expression has been validated in a number of small and large 
animal models in vivo, including hemophilia [19-24]. Since clotting 
factors are synthesized in the liver, and since AAV vectors target the 
hepatocytes well, the use of AAV vectors in the potential gene therapy 
of hemophilia is well justified [25], and has recently shown clinical 
efficacy [26].  

Although AAV2 vector transduction efficiency varies greatly 
in different cell and tissue types, the molecular basis of the observed 
differential transduction is becoming clearer [24]. All recombinant 
AAV2 vectors utilized in human gene therapy applications thus far are 
devoid of any of the WT AAV coding sequences. Although cytotoxic T 
lymphocyte (CTL) response to AAV2 vectors was not observed in pre-
clinical studies [27-29], in a gene therapy trial for hemophilia B, such a 

response was indeed observed, especially at high vector doses [25]. This 
review briefly summarizes the recent advances that have been made to 
circumvent, in part, some of the obstacles that have been encountered.    

Next generation of recombinant AAV vectors for the potential 
gene therapy of hemophilia B

As stated above, in a clinical trial with AAV2 vectors, two 
patients with severe hemophilia B developed a vector dose-dependent 
transaminitis that limited duration of hepatocyte-derived hF.IX 
expression to <8 weeks [25]. Subsequent analyses demonstrated 
presence of memory CD8+ T cells to AAV2 capsids in one of the 
hemophilia B patients, which mirrored the time course of the 
transaminitis. It was concluded that this CD8+ T cell response to input 
capsid eliminated AAV2-transduced hepatocytes was most likely due 
to the Major Histo-compatibility Class I (MHC-I)-restricted, capsid-
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Abstract
Recombinant vectors based on a non-pathogenic human parvovirus, the adeno-associated virus (AAV), have 

gained attention as a potentially safe and useful alternative to the more commonly used retroviral and adenoviral 
vectors. AAV vectors are currently in use in Phase I/II clinical trials for gene therapy of a number of diseases such 
as cystic fibrosis, α-1 antitrypsin deficiency, muscular dystrophy, Batten’s disease, and Parkinson’s disease, and 
have shown efficacy in patients with Leber’s congenital amaurosis, and hemophilia B. For patients with hemophilia 
B, however, relatively large vector doses are needed to achieve therapeutic benefits. Large vector doses also 
trigger an immune response as a significant fraction of the vectors fails to traffic efficiently to the nucleus, and is 
targeted for degradation by the host cell proteasome machinery. With a better understanding of the various steps in 
the life cycle of AAV vectors, strategies leading to the development of novel AAV vectors that are capable of high-
efficiency transduction at lower doses are needed. In this review, we summarize our strategies to develop novel AAV 
vectors for the potential gene therapy of both hemophilia B and hemophilia A, based on our recent studies on the 
basic molecular biology of AAV. These strategies, including the development of novel AAV vectors by site-directed 
mutagenesis of critical surface-exposed tyrosine residues on AAV2 capsids to circumvent the ubiquitination step 
and the use of different AAV serotypes and self-complementary (sc) AAV2 vectors, and their use as helper vectors 
to circumvent the obstacles of second-strand DNA synthesis of single-stranded (ss) AAV, should dramatically 
accelerate the progress towards the potential gene therapy of both hemophilia A and hemophilia B. 
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specific cytotoxic T lymphocyte (CTL) response following proteasome-
mediated degradation of AAV2 capsids and peptide presentation by 
professional antigen-presenting cells (APCs) [30]. 

Circumvention of ubiquitination, and proteasome-mediated 
degradation of AAV2 vectors 

Based on our previous studies, in which we observed that AAV2 
capsids become phosphorylated at tyrosine residues by the cellular 
epidermal growth factor receptor-protein tyrosine kinase (EGFR-
PTK) activity [31,32], we hypothesized that tyrosine-phosphorylation 
of capsid proteins is a pre-requisite for ubiquitination, followed by 
proteasome-mediated degradation of intact AAV2 capsids, leading 
to inefficient intracellular trafficking, and thus, unfavorable to viral 
transduction [31,32]. We reasoned, therefore, that substitution of 
surface-exposed tyrosine residues on AAV2 capsids might allow the 
vectors to escape ubiquitination as well as proteasome-mediated 
degradation. We tested our hypothesis by modifying each of the 7 
surface-exposed tyrosine residues (Y252, Y272, Y444, Y500, Y700, 
Y704, and Y730) on AAV2 capsids (Figure 1A) by site-directed 
mutagenesis, which were conservatively substituted with phenylalanine 
residues (tyrosine-phenylalanine, Y-F) [33]. The transduction 
efficiency of each of the surface-exposed tyrosine-mutant vectors was 
analyzed and compared with the WT scAAV2-EGFP vector in HeLa 

cells in vitro under identical conditions [33]. From the results shown 
in (Figure 1B), it is evident that the transduction efficiency of each of 
the tyrosine-mutant vectors was significantly higher compared with 
the WT scAAV2-EGFP vector at 2,000 viral particles/cell. Specifically, 
the transduction efficiency of Y444F, Y500F, Y730F vectors was ~8-11-
fold higher than the WT vector (Figure 1C). The efficacy of WT and 
tyrosine-mutant scAAV2-EGFP vectors was also evaluated in a mouse 
model in vivo. Approximately 1x1010 particles of these vectors were 
injected via the tail vein of normal C57BL/6 mice. Two weeks post-
injection, liver tissues were harvested and analyzed for EGFP gene 
expression using fluorescence microscopy. From the results shown in 
(Figure 1D), it is evident that the transduction efficiency of each of the 
tyrosine-mutant vectors was significantly higher compared with the 
WT scAAV2-EGFP vectors. Specifically, the transduction efficiency 
of Y444F and Y730F vectors was ~13-29-fold higher than the WT 
vector (Figure 1E). In subsequent studies, we also documented that 
tyrosine-mutations prevent ubiquitination of AAV2 capsids, leading 
to decreased proteasome-mediated degradation and improved nuclear 
transport of AAV2 vectors. When other tissues, such as heart, lung, 
kidney, spleen, pancreas, GI tract (jejunum, colon), testis, skeletal 
muscle, and brain were harvested from mice injected with 1x1010 
particles of the tyrosine-mutant vectors and analyzed, no evidence of 
EGFP gene expression was seen (data not shown). Thus, mutations in 
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Figure 1: Novel tyrosine-mutant AAV2 vectors. (A) The position of the 7 surface-exposed tyrosine residues on the AAV2 capsid surface, Y252, Y272, Y444, Y500, 
Y700, Y704, and Y730, are indicated by the arrows. Site-directed mutations of these tyrosine residues to phenylalanine residues (tyrosine-phenylalanine, Y-F) were 
performed and tyrosine-mutant capsid scAAV2-EGFP vectors were generated. (B) AAV2-mediated transgene expression in HeLa cells following transduction with 
tyrosine-mutant scAAV2-EGFP vectors. (C) Quantitative analyses of the transduction efficiency. *P<0.01 vs. WT scAAV2-EGFP.  (D) AAV2-mediated transduction 
of hepatocytes from normal C57BL/6 mice injected via tail vein with tyrosine-mutant capsid scAAV2-EGFP vectors. (E) Quantitative analyses of AAV2 transduction 
efficiency. *P<0.01 vs. WT scAAV2-EGFP. (F) Comparative analyses of the WT or Y730F ssAAV2-ApoE/hAAT-hF.IX vector-mediated transduction efficiency in 
hepatocytes in mice in vivo. Human F.IX (hF.IX) expression in plasma as a function of time after injection of 1×1011 viral particles/animal in BALB/c and C3H/HeJ 
mice via tail vein (tv), and 1×1010 viral particles/animal in C57BL/6 mice via tail vein (tv) or portal vein (pv). Fold-increase of hF.IX peak levels of Y730F vectors 
compared to the WT capsid vectors is indicated for each panel [Proc. Natl. Acad. Sci., USA, 105: 7827-7832, 2008]. 
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the surface-exposed tyrosine residues did not alter the liver-tropism of 
these vectors in vivo. The use of single-stranded AAV2-Y730F vectors 
also led to production of therapeutic levels of human Factor IX (F.IX) 
at an ~10-fold reduced vector dose (Panel F). 

Next, we generated various permutations and combinations of 
tyrosine-mutations as follows: 7 Double (Y730+252F; Y730+272F; 
Y730+444F; Y730+500F; Y730+700F; Y730+704F; Y444+500F); 1 
Triple (Y730+500+444F); 1 Quadruple (Y730+500+444+272F); 2 
Pentuple (Y730+ 704+500+444+272F; Y730+700+500+444+272F); 
2 Sextuple (Y730+704+500+444+272+252F; Y730+ 
700+500+444+272+252F); and 1 Septuple (Y730+704+700+500+444
+272+252F), each of which was capable of encapsidation of the viral 
genome to similar titers, and each mutant was biologically active in 
HeLa cells in vitro, and in murine hepatocytes in vivo. The triple-
mutant (Y730+500+500F) was ~3-fold more efficient than the single-
mutant (Y730F), but the transduction efficiency of the septuple-mutant 
(Y730+704+700+500+444+272+252F) was not significantly higher than 
the single-mutant in HeLa cells in vitro. Similarly, the triple-mutant 
was ~3-fold more efficient than the single-mutant, and the transduction 
efficiency of the septuple-mutant was not significantly higher than 
the single-mutant in murine hepatocytes in vivo, following tail-vein 
injections. These Y-F mutant vectors were also evaluated for efficacy 
in hemophilia B mice. In C3H/HeJ F9-/- mice [34,35], hepatic AAV2-F.
IX gene transfer resulted in stable systemic expression of ~200 ng/ml 
(4% of normal) using Y730F capsid and in 3-times higher levels (~600 
ng/ml or 12% of normal) with triple-mutant capsid (Y730+500+444F). 

Expression data correlated with shortened coagulation times. F.IX-/- 
C3H/HeJ mice (n=4, targeted F.IX gene deletion) were injected into 
the tail vein using 2x1011 vgs of AAV2-ApoE/hAAT-hF.IX vectors 
(WT, Y730F, or Y730+500+444F triple-mutant capsid). This dose of 
WT AAV2 ApoE/hAAT-hF.IX vector results in only sub-therapeutic 
expression of hF.IX in C3H/HeJ mice [36]. Furthermore, mice of 
this strain mount CD8+ T cell and inhibitor responses against hF.IX 
after hepatic gene transfer with AAV2 vector [37-39]. Consistent with 
our prior data, WT AAV2 capsid vector yielded transient low-level 
expression with partial thrombloplastin time (aPTT) values of ~60 sec 
(~1% of normal) at 1 month, which subsequently increased to >70 sec 
(i.e. no correction; Figure 2A). In contrast, Y730F and Y730+500+444F 
vectors gave sustained expression of ~4% and ~12% of normal human 
levels, respectively, and, accordingly, had more robust correction of 
aPTTs for the duration of the experiment (5-7 months; Figure 2A and 
Figure 2B). These mice failed to form inhibitors even after challenge 
with exogenous hF.IX protein. The levels of expression of hF.IX in 
murine hepatocytes 3-7 months after gene transfer with WT (Figure 
2C), Y730F (Figure 2D), and Y730+500+444F (Figure 2E) capsid 
vectors were also evaluated and quantitated by immuno-staining.

We hypothesize that transduction efficiency could be further 
improved by other combinatorial mutants that are currently being 
evaluated and by analogous experiments with other serotypes. The 
availability of such a vast repertoire of novel tyrosine-mutant AAV 
serotype vectors should allow us to gain a better understanding of the 
role of tyrosine-phosphorylation of AAV capsids in various steps in 
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Figure 2: F.IX -/- C3H/HeJ mice (n=4/vector) were injected into the tail vein with 2x1011 vgs of AAV-ApoE/hAAT-hF.IX packaged into WT AAV-2 (dashed line), or 
AAV2-Y730F (solid line) or AAV2-Y730+500+444F (dotted line) capsids. Resulting systemic hF.IX expression (A) and coagulation times (aPTT) (B) are shown. 
Each line represents average  SD. Horizontal lines in A mark the range of aPTTs for normal mouse plasma (25-35 sec) or untreated hemophilia B mouse plasma 
(>60 sec). Y-F vector-treated mice were challenged with subcutaneous hF.IX/CFA (arrow) or weekly intravenous hF.IX (arrow + line). C-E. Immunostain for 
hF.IX expressing hepatocytes 3-7 months after gene transfer with WT (C), Y730F (D), or Y730+500+444F (E) capsid vectors. Average percent of hF.IX positive 
hepatocytes are indicated [Mol. Ther., 18: 2048-2056, 2010].
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the virus life cycle, which is likely to have important implications in the 
optimal use of recombinant AAV serotype tyrosine-mutant vectors in 
the potential gene therapy of hemophilia B.

The use of serotype vectors other than AAV2

In addition to the CTL response to AAV2 vectors described above, 
neutralizing antibodies can and do affect the efficacy of repeat dosing 
of AAV2 vectors [36,40,41]. An increasing number of investigators 
are now focusing on the other naturally occurring serotypes of AAV 
(AAV-1, 3-12, and over 100 variants have also been isolated), which 
are structurally and functionally different from AAV2 [42-45]. Several 
strategies have been devised to cross-package an AAV2 vector genome 
into the capsids of the other AAV serotypes, resulting in a new 
generation of “pseudotyped” AAV vectors [46]. A number of studies 
have reported various tissue-tropism of different AAV serotype vectors 
[47-59]. 

It is noteworthy that with a few exceptions (Y444 positioned 
equivalent to a lysine in AAV4 and arginine in AAV5; Y700 positioned 
equivalent to phenylalanine in AAV4 and AAV5; and Y704 positioned 
equivalent to a phenylalanine in AAV7), these tyrosine residues are 
highly conserved in AAV serotypes 1 through 10. Y-F mutants of each 
of these serotypes have been generated. Petrs-Silva and colleagues 
have tested the efficacy of two tyrosine-mutants of AAV8 and AAV9 
serotype vectors in the mouse retina [60]. Approximately 1x109 vgs 
of the WT and Y-F mutant vectors were injected intravitreally, and 
10-days post-injections, retinas were harvested and examined under 
a fluorescent microscope. These results documented a dramatic 
increase in the transduction efficiency by both mutant serotype vectors 
compared with their respective WT counterparts. Similar results were 
also recently reported by Pang et al. [61], and Dalkara et. al. [62] with 
tyrosine-mutant AAV8 and AAV9 vectors, respectively, and Ussher 
and Taylor have reported optimized transduction of human monocyte-
derived dendritic cells by tyrosine-mutant AAV6 vectors [63]. Dr. 
Xiao Xiao at the University of North Carolina at Chapel Hill, and Dr. 
Dongsheng Duan at the University of Missouri at Columbia, evaluated 
the transduction efficiencies of tyrosine-mutants of AAV6, AAV8 and 
AAV9 serotypes, respectively, in the murine muscles [64,65]. The results 
documented that mutants AAV6-Y445F and -Y731F vectors were 
more potent in muscle tissue than WT AAV6 vector. The expression 
level from 10-fold lower mutant AAV9-Y731F at MOI of 1x1011 vgs/
mouse matched that of WT AAV9 vector at MOI of 1x1011 vgs/mouse 
[66].  Jayandharan and colleagues generated point-mutations in each of 
the six tyrosine residues (Y252F, Y273F, Y445F, Y701F, Y705F, Y731F) 
in AAV6 capsid [67]. scAAV6-CBAp-EGFP vectors containing the 
wild-type (WT) and each one of the six tyrosine-mutant vectors were 
evaluated for their transduction potential in primary human CD34+ 
cells at 5x103 vgs/cell. These results have shown that the transduction 
efficiency of two of the tyrosine-mutant vectors (Y705F>Y731F) was 
significantly higher than that of the WT AAV6 vectors. Glushakova 
and colleagues generated a point-mutation in tyrosine residue of 731 in 
AAV3 (Y731F), and packaged Y731F AAV3-AFPp-EGFP vectors [68]. 
These data indicate that the transduction efficiency of each Y-F mutant 
vector is tissue-specific, and establish that these conserved residues 
are a crucial determinant of transduction efficiency of AAV serotype 
vectors. Thus, vectors based on serotypes other than AAV2 might 
be able to circumvent problems associated with AAV2, and some of 
these serotypes vectors are beginning to prove efficacious in clinical 
trials in humans [69,70]. However, the search for an ideal serotype of 
hepatocyte-specific transduction is still on, and in our recent studies, 
we have identified AAV3 as a potential candidate, and generated 

optimized AAV3 serotype vectors for high-efficiency transduction of 
hepatocytes [71-74].

A novel strategy for the potential gene therapy of hemophilia 
A

With the exception of the currently ongoing clinical trial for 
hemophilia B with AAV8 serotype vectors, all other trials reported thus 
far have been conducted using the single-stranded (ss) AAV vectors 
[75-80]. However, others and we have demonstrated that viral second-
strand synthesis is the major rate-limiting step in ssAAV vector-
mediated transgene expression due to the transcriptionally inactive 
nature of single-stranded AAV genome [81-87]. The use of self-
complementary AAV (scAAV) vectors that bypass the requirement 
for viral second-strand DNA synthesis can circumvent this problem 
[88,89], but  their widespread use is limited by their limited packaging 
capacity (~3.3 kb vs ~6 kb for ssAAV) [90,91]. This case is illustrated in 
the gene therapy for hemophilia A, where single-stranded vectors alone 
are used for delivery of the coagulation Factor VIII gene [92,93], as they 
exceed the packaging capacity of scAAV vectors. Therefore, strategies 
to improve the transduction efficiency of conventional ssAAV vectors 
in vivo are needed.  

We have previously reported that phosphorylated forms of a 52-
kDa cellular chaperone protein, FKBP52, interacts specifically with 
the D-sequence within the inverted terminal repeat (ITR) of the AAV 
genome [94,95]. Phosphorylation of FKBP52 at serine/threonine 
(Ser/Thr) and tyrosine (Tyr) residues inhibits viral second-strand 
DNA synthesis by ~40% and ~90%, respectively, leading to inefficient 
transgene expression [96-99]. However, de-phosphorylation of FKBP52 
at Tyr residues by the cellular T-cell protein tyrosine phosphatase (TC-
PTP), and at Ser/Thr residues by protein phosphatase 5 (PP5) prevents 
FKBP52 binding to the D-sequence, leading to efficient viral second-
strand DNA synthesis [84,85]. Augmented transgene expression 
from ssAAV2 vectors also occurs in transgenic mice over-expressing 
TC-PTP [84-86], and in mice deficient in FKBP52. Subsequently, 
we also developed scAAV-TC-PTP and scAAV-PP5 vectors 
[31,32,86,87,95,96,98-100]. We reasoned that if scAAV-TC-PTP and 
scAAV-PP5 vectors were admixed with a conventional ssAAV vector 
prior to transduction, the rapid and simultaneous expression of TC-
PTP and PP5 from scAAV vectors, which do not require viral second-
strand DNA synthesis, would completely de-phosphorylate FKBP52 at 
both Tyr and Ser/Thr residues, respectively. This would lead to a more 
efficient second-strand DNA synthesis of the ssAAV vector resulting 
in high-efficiency transgene expression. Indeed, this co-administration 
strategy led to ~16-fold increase in the transduction efficiency of 
ssAAV2 vectors in primary murine hepatocytes in vivo [100]. 

In an effort to augment the transduction efficiency of ssAAV 
vectors in liver-directed gene therapy, subsequent studies were 
designed to enhance the helper-functions of scAAV-TC-PTP and/or 
scAAV-PP5 vectors by optimizing various parameters including the 
promoter, the AAV packaging serotype, and the helper-virus dosage. 
In addition, the scAAV2 vector carrying the tyrosine to phenylalanine 
mutation in codon 730 of VP3 region of AAV2 capsid (AAV2-Y730F), 
shown to facilitate high-efficiency transduction of hepatocytes in vivo 
[100] was also tested to examine whether the optimized helper-virus 
was capable of allowing expression of a therapeutic gene (human F.IX) 
in the mouse liver at reduced vector doses.

Based on our previous studies in which we reported that co-
injection of scAAV2-TC-PTP and scAAV2-PP5 vectors resulted in 
~16-fold increase in the transduction efficiency of ssAAV2-EGFP 
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vectors in murine hepatocytes in vivo [100], we extended these studies 
to include the AAV8 serotype vectors, which are known to transduce 
mouse hepatocytes efficiently [43]. We evaluated whether the use of 
scAAV8-TC-PTP and scAAV8-PP5 helper-viruses would lead to 
a further increase in the transduction efficiency of ssAAV2-EGFP 
vectors. When normal C57BL/6J mice were injected with 5x1010 vgs 
each of ssAAV2-EGFP vectors alone, or together with scAAV8-RSV-
TC-PTP and/or scAAV8-RSV-PP5 vectors via the tail-vein, consistent 
with previously published studies, whereas little green fluorescence 
was detected in hepatocytes two-weeks post-injection of conventional 
ssAAV2-EGFP vectors alone, co-injection with scAAV8-TC-PTP 
helper-virus led to ~6-fold increase in the transduction efficiency of 
ssAAV2-EGFP vectors. Interestingly, scAAV8-PP5 vectors alone 
led to ~24-fold increase in EGFP expression, which was significantly 
higher than ~11-fold increase when scAAV8-TC-PTP+scAAV8-PP5 
were co-injected. Thus, it became clear from these experiments that 
co-administration of scAAV-PP5 vectors alone could achieve superior 
helper function, and therefore, optimization of scAAV-PP5 helper-
viruses was envisaged.

We also reasoned that the transduction efficiency mediated by the 
scAAV2-PP5 helper vector could be further augmented by optimizing 
either the expression cassette or modifications in the AAV2 capsid, 
or both. We evaluated the trans-thyretin (TTR) promoter, which is 
hepatocyte-specific, compared with the RSV promoter, expression from 
which is known to be ubiquitous. Second, we compared the efficiency 
of scAAV2-PP5 helper-virus with or without capsid modifications 
in AAV2, since we have shown recently that an Y730F mutation in 
AAV2 capsid significantly enhances transgene expression by bypassing 
the proteasome-mediated degradation. This was evaluated in murine 
hepatocytes in vivo, at a dose of 5x1010 vgs each of these optimized 
helper-viruses. These results showed that the RSV-promoter-driven 
PP5 helper-virus increased the transduction efficiency of ssAAV2-
EGFP vectors by ~9-fold, which is similar to the increase reported 
previously [98]. Interestingly, co-injection of the RSV promoter-
driven PP5 vector packaged into an Y730F-AAV2 capsid enhanced 
the transgene expression by ~17-fold, which was further augmented 
to ~22-fold by replacing the RSV promoter with the TTR promoter. 
These data correlate well with our previous studies that showed the 
transduction efficiency of Y730F-AAV2 vectors to be ~29-fold higher 
than the wild-type (WT) AAV2 vectors in murine hepatocytes in 
vivo [98]. These results demonstrate that scAAV2-PP5 helper-viruses 
under the control of TTR promoter and the Y730F capsid mutation 
can additively augment PP5 expression, which in turn, significantly 
enhances the transduction efficiency of ssAAV2-EGFP vectors. 
Furthermore, the use of AAV8 serotype and a liver-specific TTR 
promoter was shown to further enhance transgene expression from 
ssAAV2-EGFP vectors [100].

Finally, it was important to examine whether scAAV-PP5 helper-
viruses were capable of allowing expression of a therapeutic gene 
efficiently at a reduced vector dose in vivo. To this end, 1x1010 vgs of 
a ssAAV2-hF.IX vector alone or co-administered with 1x1010 vgs of 
the most efficient helper-virus (scAAV8-TTR-PP5) were evaluated 
in C57BL/6J mice. Over a period of 8-weeks, the PP5 helper-virus 
led to expression of ~6-7-fold higher levels of circulating hF.IX 
compared with ssAAV2-F.IX vectors alone (Figure 3A). At this dose 
of ssAAV2-F.IX vector (1x1010 vgs/mouse), expression was augmented 
from sub-therapeutic to therapeutic levels (216±30 ng/ml vs. 30±11 
ng/ml, 4-5% vs. <1% of normal human F.IX levels). This enhancement 
was also observed when 1x109 vgs/animal of helper virus was used 
confirming our findings with EGFP that scAAV8-TTR-PP5 augments 

transgene expression even at reduced doses. A 5-fold higher dose of 
ssAAV2-F.IX vector alone was required to achieve similar therapeutic 
levels (Figure 3A). When combined with the high-dose ssAAV2-F.
IX vector, the helper-virus only marginally increased F.IX levels. To 
investigate if this enhancement was caused by an increase in hF.IX-
producing hepatocytes, liver tissues were collected at 10-weeks from 
mice receiving a high- or low-dose of ssAAV2-hAAT-F.IX, with or 
without 1x1010 vgs of scAAV8-TTR-F.IX helper-virus, and immuno-
fluorescence staining for hF.IX was performed. Percent hF.IX-positive 
hepatocytes were estimated in each group and results are shown in 
(Figure 3B) along with representative images from each group. The 
results of fluorescence staining correlated well with the ELISA data 
in that the helper-virus had the greatest effect in mice receiving the 
lower dose of ssAAV2-F.IX vectors, augmenting the percent positive 
hepatocytes from <1% without the helper-virus to 3-5% with the helper-
virus, and up to 14% in mice receiving a higher dose of ssAAV2-F.IX 
vectors (Figure 3B) [100]. 

One of the advantages of this helper-virus system is that this 
approach is applicable to any ssAAV transgene cassette, and can be 
adapted to any of the current clinical protocols without modifications 
to the therapeutic vector. This could be achieved by a choice of either 
a scAAV2 tyrosine-mutant or scAAV8 capsids, with or without cell-
specific promoters for the desired cell-tropism. The use of a scAAV8-

500

400

300

200

100

    0

-PP5 +PP5

Week

  5x1010ssAAV2-F.IX
  5x1010ssAAV2-F.IX
 1010scAAVB-TTR-PP5

 1010scAAVB-TTR-PP5

 1010scAAVB-TTR-PP5

 1010ssAAV2-F.IX
 1010ssAAV2-F.IX

 1010ssAAV2-F.IX
+

+

+

0                 2                  4                  6                  8                 10

5x
10

10
 A

AV
2-

F.
IX

10
10

 A
AV

2-
F.

IX

P
la

sm
a 

F.
IX

(n
g/

m
l)

A

B

Figure 3: Comparative analyses of the ssAAV2-ApoE/hAAT-hF.IX vector-
mediated transduction efficiency in hepatocytes with and without co-
administration of scAAV8-PP5 helper-viruses in C57BL/6 mice in vivo. (A) 
Human F.IX (hF.IX) expression in plasma was determined as a function of 
time after injection of 1x1010 or 5x1010 vgs of each vector/animal. Data are 
mean ± SEM (n=4 per experimental group). (B) Representative liver sections 
obtained 10 weeks following injection of ssAAV2-hAAT-hF.IX vectors 
(AAV2-F.IX) with or without scAAV8-TTR-PP5 helper-virus (PP5). Sections 
were immuno-fluorescently stained for hF.IX and the ranges of percent 
positive hepatocytes for each group are shown in each panel. Original 
magnification: 200x [Hum. Gene Ther., 21: 271-283, 2010].
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TTR-PP5 helper-virus was the most efficient in enhancing transgene 
expression from a ssAAV-F.IX vector in the mouse liver. At least ~6-
7-fold higher circulating hF.IX levels in a therapeutic range (>200 ng 
/ml) were detected in helper-virus-administered mice compared with 
those injected with the ssAAV2-F.IX vectors alone. This should enable 
one to attain the same therapeutic level of expression of a therapeutic 
gene at a log lower dose, thus minimizing immunological responses 
against the transgene and the viral capsid. Furthermore, enhancement 
was possible at a dose of 1x109 vgs/mouse of scAAV8-TTR-PP5 helper-
virus, implicating that such a low-dose of the helper-virus was sufficient 
to achieve therapeutic levels of expression. This is important in light 
of recent evidence suggesting that the level of neutralizing antibody 
is proportional to the vector dose administered for AAV1 [69], and 
the loss of hepatic h.FIX expression in the hemophilia B clinical trial 
was due to the CD8+ T cell response to input capsids in patients who 
received high vector doses [25,30,69]. 

The additional optimization steps with the PP5 transgene cassette 
yielded a further 3-fold increase in transgene expression compared 
with our previously reported co-administration strategy with scAAV2-
TC-PTP and scAAV2-PP5 vectors (36-fold vs 11-fold) [98]. Only 
low-levels of PP5 are required for complete dephosphorylation of 
hepatocytes FKBP52, and this in turn pushes transduction through the 
bottle-neck of second-strand synthesis, thereby yielding a substantial 
effect on expression from the therapeutic vector, while additional 
expression has limited effects. Furthermore, PP5 is known to be anti-
apoptotic, and the recent development of a viable PP5-deficient mouse 
model suggests that PP5 is a modulatory, rather than an essential 
factor, in phosphorylation pathways [101]. This bodes well for the 
potential use of this strategy in a liver-directed gene therapy application 
to minimize any vector dose-associated liver toxicity. This is further 
supported by the fact that toxicological studies performed with 
FKBP52-dephosphorylating enzymes in normal C57BL/6J mice with 
a scAAV-PP5 vector showed no evidence of toxicity up to 12-weeks 
[98], and over-expression of PP5 did not affect cellular growth [87], or 
hepatocyte characteristics in vivo in C57BL/6 mice [98,100]. Additional 
studies are warranted to evaluate the safety and efficacy of scAAV-PP5 
vector-mediated enhanced transduction by ssAAV-h.FVIII vectors for 
the potential gene therapy of hemophilia A.

Conclusions
The non-pathogenic nature of AAV, persistence of the proviral 

genome, and sustained transgene expression make these extremely 
attractive vectors for the potential gene therapy of hemophilia. With 
a more complete understanding of the virus life cycle and virus–host 
cell interactions as well as the development of new techniques, a vast 
repertoire of novel AAV vectors will most certainly be generated, 
which promises to lead to further improvements in the production 
of therapeutic levels of coagulation factors at reduced vector doses. 
Once all safety and efficacy issues have been dealt with in canine and 
non-human primate models, the remarkable stability and versatility of 
AAV vectors are likely to be utilized for their eventual application in 
the potential gene therapy of both hemophilia A and hemophilia B in 
humans.
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