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Recombinant adeno-associated virus serotype 3B 
(rAAV3B) can transduce cultured human liver cancer 
cells and primary human hepatocytes efficiently. Serine 
(S)- and threonine (T)-directed capsid modifications fur-
ther augment its transduction efficiency. Systemically 
delivered capsid-optimized rAAV3B vectors can specifi-
cally target cancer cells in a human liver cancer xeno-
graft model, suggesting their potential use for human 
liver-directed gene therapy. Here, we compared trans-
duction efficiencies of AAV3B and AAV8 vectors in cul-
tured primary human hepatocytes and cancer cells as 
well as in human and mouse hepatocytes in a human 
liver xenograft NSG-PiZ mouse model. We also examined 
the safety and transduction efficacy of wild-type (WT) 
and capsid-optimized rAAV3B in the livers of nonhuman 
primates (NHPs). Intravenously delivered S663V+T492V 
(ST)-modified self-complementary (sc) AAV3B-EGFP vec-
tors led to liver-targeted robust enhanced green fluo-
rescence protein (EGFP) expression in NHPs without 
apparent hepatotoxicity. Intravenous injections of both 
WT and ST-modified rAAV3B.ST-rhCG vectors also gen-
erated stable super-physiological levels of rhesus chori-
onic gonadotropin (rhCG) in NHPs. The vector genome 
predominantly targeted the liver. Clinical chemistry and 
histopathology examinations showed no apparent vec-
tor-related toxicity. Our studies should be important and 
informative for clinical development of optimized AAV3B 
vectors for human liver-directed gene therapy.
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publication 27 October 2015. doi:10.1038/mt.2015.174

INTRODUCTION
Adeno-associated virus (AAV) is a small single-stranded DNA-
containing nonpathogenic human parvovirus, which has gained 
attention as an efficient and safe gene transfer vehicle. Systemic 
delivery of some AAV serotypes has shown a liver tropism, 
which makes them ideal choices for liver-directed gene therapy.1 
Recombinant AAV (rAAV), mainly AAV2, has been used in a 
number of liver-directed gene therapy clinical trials, including 
treatment of hemophilia.2,3 Recently, a systemically delivered self-
complementary (sc) AAV serotype 8 vector led to clinical efficacy 
in a hemophilia B gene therapy trial.3 However, the presence of 
neutralizing antibodies,4,5 and CD8+ T-cell responses2,3,6 against 
those AAV capsids in humans may limit the possible applica-
tion of rAAVs for liver gene therapy. To overcome this dose- and 
serotype of AAV capsid-dependent adaptive immune responses 
in humans, the development of alternative serotypes of highly 
human liver-tropic AAV vector is critical to achieving effective, 
sustained, and safe liver-directed gene therapy.

In our recent studies,7,8 we have documented that rAAV3B 
vectors transduce cultured human liver cancer cell lines and pri-
mary human hepatocytes efficiently because AAV3B uses human 
hepatocyte growth factor receptor (huHGFR) as a cellular core-
ceptor. We have also reported that the next generation of rAAV2 
vectors containing mutations in the surface-exposed tyrosine 
(Y),9,10 serine (S),11 and/or threonine (T)12 residues transduce 
murine hepatocytes exceedingly well at lower doses. Additionally, 
we have generated tyrosine-mutant rAAV3B serotype vectors, 
and identified an optimized vector that efficiently transduces 
human liver tumors in a murine xenograft model in vivo.13 In an 
attempt to further enhance the transduction efficiency of rAAV3B 
vector, we evaluated AAV3B vectors containing various combi-
nations of mutations in the surface-exposed Y, S, and T residues 
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and identified an S633V+T492V mutant (AAV3B.ST) with the 
best capacity to transduce human liver tumor cells and primary 
human hepatocytes in vitro.14,15 Moreover, the use of the rAAV3B-
ST vectors not only led to targeted delivery and suppression of 
human liver tumorigenesis in a murine xenograft model, in our 
preliminary studies, it also resulted in efficient transduction of 
humanized murine livers in vivo.14 In a more recent attempt to 
evolve novel AAV capsids that can target human hepatocytes for 
gene delivery, Lisowski et al.16 isolated a novel capsid variant of 
AAV3B, designated LK03, through several rounds of selection of a 
shuffled capsid library in a human liver xenograft mouse model.16 
LK03, a close relative of AAV3B with eight amino acids that are 
different from AAV3B, showed strong tropism in human hepato-
cytes in vivo in humanized mouse liver, suggesting that AAV3B-
based vectors could be a safe and effective alternative to AAV8 
vectors for liver-targeted gene therapy in humans. Importantly, 
the presumably low levels of pre-existing antibodies to AAV3B in 
the human population could also make rAAV3B highly attractive 
for its clinical applications.17–20

Although murine xenograft and humanized mouse models pro-
vide a useful model system to test the efficacy of optimized rAAV3B 
vectors in human hepatocyte transduction, the safety of these vec-
tors cannot be evaluated in such models since rAAV3B vectors do 
not transduce any tissues or organs in mice.8,21 On the other hand, a 
translational study of those vectors in nonhuman primates (NHPs) 
may at least provide some corroborating evidence with reference 
to these aspects of the vector biology because of the closeness of 
phylogenetic and physiology between NHPs and humans.22–25 To 
evaluate the safety and efficacy of the systemically delivered opti-
mized rAAV3B vectors prior to their potential use in human gene 
therapy, we pursued the current studies to evaluate transduction 
efficiency of AAV3B in human hepatocytes in vitro and in vivo; we 
also evaluated the transduction efficacy as well as biodistribution 
and safety profiles of optimized rAAV3B in NHPs after systemic 
administration. To this end, we first compared transduction effi-
ciencies of AAV3B and AAV8 vectors in primary human hepato-
cytes and human cancer cell lines in vitro as well as in human and 
mouse hepatocytes in vivo using a human liver xenograft mouse 
model. We next investigated sero-epidemiology of AAV3B in a 
rhesus monkey colony and found that the pre-existing neutral-
ized antibodies (NAb) against AAV3B are relatively lower (48% of 
animals with detectable NAb) as compared with AAV8 (≥75% of 
animals positive for AAV8 NAb) in rhesus macaques. We first used 
EGFP reporter gene vector to assess liver-tropism of scAAV3B.ST 
in NHPs; the results indicated that optimized AAV3B.ST vector 
produced robust and specific EGFP expression in the liver, but not 
in any other tissues analyzed, with no apparent hepatotoxicity. To 
quantitatively assess transduction efficiency of WT scAAV3B and 
the scAAV3B.ST vectors in NHP liver, we intravenously dosed 
rhesus macaques (n = 3 per vector group) with both WT- and 
ST-modified scAAV3B vectors expressing a secreted reporter gene, 
rhesus chorionic gonadotropin (rhCG). The results revealed that 
both vectors led to efficient and sustained rhCG expression up to 
3 months (the duration of the study), but ST-modified scAAV3B 
led to fivefold (at early stage) and twofold (at late stage) enhanced 
rhCG expression compared with its WT counterpart. This was con-
firmed with quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) analysis of liver rhCG mRNA levels at the day 
91 end-point, showing again a twofold increased rhCG transcripts 
in hepatocytes transduced by the ST-modified AAV3B vectors. The 
biodistribution analysis of the persisting vector genomes displayed 
a liver predominant pattern. Clinical chemistry and histopathol-
ogy studies also showed no apparent vector-related toxicity for 
both vectors in the study animals.

RESULTS
Transduction efficiency of scAAV3B vectors in primary 
human hepatocytes in vitro and in vivo
We first compared the in vitro transduction efficiency of self-com-
plementary (sc) AAV2, scAAV3B, and scAAV8 vectors in three 
different human cell types, HeLa (cervical cancer cell), Huh7 
(liver cancer cell), and primary human hepatocytes (Figure  1). 
All vectors expressed the Gaussia Luciferase (GLuc) reporter 
gene under the control of the cytomegalovirus (CMV) enhancer/
chicken β-actin hybrid promoter (CB). Consistent with previous 
reports,26,27 scAAV8 vector inefficiently transduces any cell types 
in vitro. In comparison to scAAV2, which efficiently transduced 
HeLa cells, rAAV3B preferentially transduced both human liver 
cancer cells (threefold versus scAAV2) and normal hepatocytes 
(10-fold versus scAAV2), further corroborating the human liver 
cell-restricted specificity of AAV3B vectors.

To compare AAV3B and AAV8 vectors for transduction effi-
ciencies in human and mouse hepatocytes in vivo, we utilized a 
newly created NSG-PiZ mouse model (see methods). NSG-PiZ 
mouse livers were repopulated with primary human hepato-
cytes. The human liver xenograft was monitored prospectively by 
sampling mouse sera and measuring human albumin levels. As 
shown in Figure 2a, the chimeric livers resulted in stable serum 
levels of human albumin between 0.4 and 2.8 mg/ml. Engrafted 
and nonengrafted NSG-PiZ mice were intravenously injected 
with rAAV3B or rAAV8-CB-FFLuc vectors at a dose of 1 × 1011 
viral genomes (vgs)/mouse. Whole body Firefly Luciferase 

Figure 1  Transduction efficiency of scAAV vectors in vitro. Cultured 
HeLa, Huh7, and primary human hepatocytes were transduced with 
wild-type (WT) scAAV2, scAAV3B, or scAAV8-CB-GLuc vectors. The Gluc 
expression in the medium was determined 72 hours postinfection.
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(FFLuc)-based bioluminescence images taken at 2-week post-
vector infusion are shown in Figure 2a. In vivo FFLuc biolumi-
nescence was quantified for the abdominal region of interest as 
presented for each serotype (Figure 2b). The data demonstrates 
that rAAV8-treated animals had ~3 logs higher FFLuc biolumi-
nescence as compared with rAAV3B-injected mice, regardless of 
engraftment status of the mice (Figure 2a,b). However, human 
hepatocyte engraftment did seem to reduce FFLuc luminescence 
by half in the rAAV8 group while the luminescence was doubled 
in the rAAV3B mice that were engrafted with human hepato-
cytes (Figure 2a,b). To differentiate the contributions of human 
and mouse hepatocytes to luciferase activity in the human liver 
xenografts, we performed immunofluorescence analysis of liver 
tissue sections. Engrafted human hepatocytes were identified by 
staining with a human albumin (huAlb) specific antibody (red), 
while an FFLuc specific antibody (green) was used for detecting 
rAAV transduction. To determine the ability of each serotype 
to transduce human hepatocytes, we quantified double-positive 
hepatocytes (huAlb+FFLuc+) with the merged (orange) fluo-
rescence by using the ImarisColoc program. The double-posi-
tive hepatocytes (huAlb+FFLuc+) in the engrafted livers were 
50.3 ± 7% for rAAV8 and 27.7 ± 3.7% for rAAV3B group. In addi-
tion, a quantitative analysis for the hepatocytes that were positive 
only for FFLuc staining revealed that 47.1 ± 4.7% of mouse hepa-
tocytes were transduced by rAAV8, whereas only 2.51 ± 2.3% of 
the cells were positive for rAAV3B transduction (Figure 3). Our 

data indicate that in vivo rAAV8 transduces mouse hepatocytes 
much more (~20-fold) efficiently than rAAV3B, which is con-
sistent with the published data by Lisowski et al.16 However, our 
data also suggests that both rAAV8 and rAAV3B can transduce 
engrafted human hepatocytes at similar efficiencies. Despite this 
discrepancy from what was reported by Lisowski et al., these 
results nonetheless suggest that scAAV3B vectors selectively 
transduce human hepatocytes in vivo.

Assessment of pre-existing and postinjection 
NAb and IgGs against AAV3B in rhesus macaque 
population
Considering the relatively low prevalence of pre-existing anti-
AAV3B capsid antibodies in the human population,17–20 AAV3B 
could be an ideal vector for liver-target gene therapy in humans. 
To test the prevalence of pre-existing antibodies against AAV3B 
in NHPs and to prevent any NAb-related transduction suppres-
sion, the animals were screened and selected prior to initiating 
the in vivo studies based on the assumption that AAV3B and 
AAV3B.ST behave serologically similarly.19 Fifty-two percent 
of rhesus macaques displayed no detectable NAb at a detec-
tion limit of NAb = 1:5, which was the selection criterion for 
the animals enrolled in the study (Supplementary Tables S1 
and S2). To monitor the humoral immune response against the 
AAV capsid after i.v. administration of viral vectors, the animals 
were tested for NAb at different time points postinjection of 

Figure 2 In vivo detection of Firefly Luciferase (FFLuc) transduction of naive and humanized mouse liver by intravenously delivered AAV8 and 
AAV3B vectors. Adult male NSG-PiZ mice were repopulated with primary human hepatocytes. Four weeks later, mice were intravenously injected 
with either scAAV3B or scAAV8-CB-FFLuc vectors at a dose of 1 × 1011 GCs/mouse. Nonengrafted NSG-PiZ mice were used as appropriate controls. (a) 
Mice whole body in vivo imaging was taken at 2-week after vector infusion. (b) Quantitative comparison of in vivo FFLuc activities in mouse livers that 
were engrafted and nonengrafted with primary human hepatocytes and treated with different serotypes of AAV vectors.
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both WT AAV3B and AAV3B.ST vectors (Table 1). From −14 
days to the injection day, the animals were all Nab-negative for 
AAV3B. As previously reported,28–30 at the day 7 postinjection, 
the titers of NAb were significantly increased in all animals as 
expected. After 3 months, the NAb titers were either stable or 
declined slightly. The humoral response against the capsids of 
WT AAV3B and AAV3B.ST vectors in the study macaques was 
further characterized by measuring capsid specific total IgG and 
its subtypes IgG1, IgG2, and IgG4 in the serum samples. As what 
was observed for the NAb titers, the IgG analysis also revealed 
a trend of remarkable increases in capsid specific total IgG and 

IgG2 subtypes but not IgG1 and IgG4, starting at as early as day 
7 postvector infusions (Supplementary Table S3).

Noticeably, the monkey #133–2012 generated the highest NAb 
titer (1/1,280) of all animals at day 7 postinjection. Interestingly, 
this monkey also displayed a declined rhCG expression as well as 
moderately elevated alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels at day 7 postvector infusion 
(Supplementary Table S4). Thus, the immune response against 
AAV3B vectors following vector delivery seemed to be highly vari-
able among individual animals, which might have contributed to the 
variable levels of transgene expression observed in different animals.

Figure 3 Comparison of FFLuc transduction efficiencies in human and mouse hepatocytes in a human liver xenograft NSG-PiZ mouse model 
by AAV3B and AAV8 vectors using immunofluorescent staining. Four weeks after vector administration, the livers were harvested, sectioned, 
stained for firefly luciferase (green) and human albumin (red), and analyzed using Leica DM-5500 microscope. The merged images (orange) show 
human hepatocytes transduced by rAAV serotype vectors. Representative images of stained liver sections were presented. For quantitative compari-
son, the percentages of FFLuc transduced human and mouse hepatocytes were estimated by ImarisColoc (Imaris, Bitplane). Scale bar = 100 µm.
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Table 1 The titer of the neutralized antibodies against AAV3B in rhesus macaques before and after vector injections

Animal ID Treatment

Time (days)

−14 −7 0 7 21 35 49 63 77 91

22–2012 WT scAAV3B-
rhCG

<1/5 <1/5 <1/5 1/160–1/320 >1/20 1/80–1/160 >1/20 >1/20 >1/20 1/80–1/160

106–2012 WT scAAV3B-
rhCG

<1/5 <1/5 <1/5 1/80–1/160 >1/20 1/40–1/80 >1/20 1/10–1/20 1/10–1/20 1/10–1/20

110–2012 WT scAAV3B-
rhCG

<1/5 <1/5 <1/5 1/80–1/160 >1/20 1/40–1/80 >1/20 >1/20 >1/20 1/160–1/320

133–2012 scAAV3B.ST-rhCG <1/5 <1/5 <1/5 1/640–1/1280 >1/20 1/320–1/640 >1/20 >1/20 >1/20 1/160–1/320

136–2012 scAAV3B.ST-rhCG <1/5 <1/5 <1/5 1/40–1/80 >1/20 1/40–1/80 >1/20 >1/20 >1/20 1/20–1/40

176–2012 scAAV3B.ST-rhCG <1/5 <1/5 <1/5 1/80–1/160 >1/20 1/160–1/320 >1/20 >1/20 >1/20 1/160–1/320
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Liver-targeted robust transgene expression in rhesus 
macaques after systemic administration of optimized 
scAAV3B.ST-EGFP vector
As the optimized scAAV3B.ST transduces cultured human pri-
mary hepatocytes and humanized mouse liver efficiently, 
we hypothesized that scAAV3B.ST might also be highly  
tropic  for NHP liver. To test this hypothesis, we infused 
adult male rhesus  macaques (n = 3) with scAAV3B.ST-EGFP  
vector via cephalic vein at the dosage of 1 × 1013 GC/kg and  
collected tissues at the day 7 postinjection for analysis. As 
shown in Figure 4a, robust EGFP expression was detected in all 
four liver lobes of all study animals. Quantitative analyses con-
firmed that, in average, approximately 36% of total areas in each 
visual field of liver sections from different lobes of different ani-
mals were EGFP positive (Figure 4b). However, little evidence 
of EGFP gene expression was observed in any other 11 tissues 
analyzed (i.e., heart, skeletal muscle, pancreas, testis, lung, 
kidney, spleen, pancreas, GI tract (jejunum and colon), and 
brain); data from four of which is presented in Supplementary 
Figure S1. These data clearly reveal liver-restricted transgene 
expression in rhesus macaques following systemic delivery of 
scAAV3B.ST vectors.

Quantitative assessment of transduction efficiency 
and biodistribution of WT and optimized ST-modified 
scAAV3B vectors in rhesus macaques
To quantitatively assess the transduction efficiency of systemi-
cally delivered WT AAV3B and optimized AAV3B.ST vectors, we 
generated the vectors expressing a secreted self-antigen, rhCG, as 
a quantitative reporter gene in rhesus macaques. Both WT and 
ST-modified AAV3B vectors displayed similar onset and kinet-
ics of rhCG expression with peak levels around 104–105 rU/ml 
and gradual decline to 2 × 104 rU/ml in average by the end point 
(day 91). However, average rhCG expression from AAV3B.ST 
was fivefold higher at peak (P < 0.01) and twofold higher at day 
91 (P > 0.05) as compared with WT AAV3B vector (Figure 5a). 
The rhCG mRNA expression level in the liver from AAV3B.ST 
was also twofold higher at day 91 as compared with WT AAV3B 
vector, although there was no statistical significance (Figure 5b). 
As would be expected for outbred animals, substantial animal-
to-animal variations were observed in the three monkeys that 
received the AAV3B.ST vector; one animal (#133–2012) displayed 
the sharpest decline in transgene expression immediately after the 
1-week time point, from 5.5 × 104 rU/ml at week 1 to 1.9 × 104 rU/
ml at week 3, a 66% reduction for #133–2012 as compared with no 
decline in the second animal, and 40% reduction in the third ani-
mal in the same AAV3B.ST vector group. The rhCG levels of ani-
mal #133–2012 continued to decline to 7% of the peak level (week 
1) by the end of the study (day 91), while the serum rhCG levels 
in the other two animals were 48 and 21% of the week 1 levels, 
respectively. Furthermore, at the time of necropsy, the liver rhCG 
mRNA in this monkey was also the lowest (Figure 5b) in the same 
group (0.36-fold compared with 4.9- and 1.2-fold, respectively, for 
the other two monkeys).

The AAV vector genome biodistribution profiles in all study 
animals were also assessed by quantitative polymerase chain reac-
tion (qPCR). The vector genomes of both WT and AAV3B.ST 
vectors were predominantly enriched in the liver, up to 25 GC/
cell for AAV3B.ST vector, as expected, followed by spleen, kidney, 
heart, adrenal gland, and pancreas (Figure 6a). Although not sta-
tistically significant (P = 0.12), it was noticeable that fewer vector 
genomes were detected in the hearts of the animals that received 
the AAV3B.ST vector (Figure 6a). We further analyzed six organs 
(liver, spleen, heart, kidney, adrenal gland, and skeletal muscle) 
with relative higher AAV genome copies for rhCG mRNA expres-
sion. Despite high vector genome copy number in the spleen, no 
transgene expression was detected, and the levels of rhCG mRNA 
also correlated well with vector genome abundance with highest 
levels in the liver in both WT- and AAV3B.ST vector-injected 
groups (Figure 6b).

Lack of apparent vector-related toxicity in rhesus 
macaques following systemic delivery of WT and 
AAV3B.ST vectors
To evaluate the safety of both WT AAV3B and rAAV3B.ST 
vectors, we monitored the animals for clinical abnormality, 
clinical chemistries and hematology throughout the 3 months 
duration of the study. Overall, there was no noticeable abnormal-
ity in any of clinical parameters observed in all nine study ani-
mals (Supplementary Table S4). The blood chemical parameters, 

Figure 4 Efficient enhanced green fluorescence protein (EGFP) 
liver transduction by scAAV3B.ST-EGFP vector in rhesus macaques. 
(a) Rhesus monkeys were i.v. injected with scAAV3B.ST-EGFP vectors 
(1 × 1013 GC/kg) via cephalic vein infusion. The liver sections were fixed 
and transgene expression was detected by fluorescence microscopy at 
day 7 postinjection. Original magnification ×100, scale bar = 100 µm. 
(b) Quantitative analyses of scAAV3B.ST-EGFP transduction efficiency. 
Images from one visual field of each liver lobe were analyzed quantita-
tively using ImageJ analysis software. Transgene expression was assessed 
as total area of green fluorescence (pixel2) (left y-axis) and area fraction 
per visual field (right y-axis) (mean ± SEM).
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including ALT (Figure 7a) and AST (Figure 7b), were in normal 
range during the study for both WT AAV3B and rAAV3B.ST  
vector-injected groups. However, it is noteworthy that at the day 7 

postinjection of scAAV3B.ST-rhCG vector, both the ALT and 
AST levels in the monkey #133–2012 increased moderately, up to 
two- and threefold, respectively, as compared with the levels at 
day −7 (Figure 7c,d). Such a moderate transaminitis in this ani-
mal around day 7 most likely was the underlying cause for the 
observed decline in rhCG expression at later time points.

Histopathological analysis of tissues and organs of all animals 
necropsied at day 91 was performed as described under Materials 
and Methods. All treated monkeys were grossly and clinically 
normal. There were no signs of irritation at the injection site and 
no evidence of intercurrent bacterial or viral infections or malfor-
mations. Hematoxylin and Eosin stained liver and spleen tissue 
sections also showed no apparent abnormality (Supplementary 
Figure S2a,b). The same analysis performed in nine other organs, 
including brain, bone marrow, colon, heart, kidney, lung, lymph 
node, small bowel, and testes, provided no evidence of pathologi-
cal lesions (data not shown).

DISCUSSION
Liver has long been considered among the ideal targets for the 
potential gene therapy of a wide variety of human diseases using 
recombinant AAV vectors ever since we and others first described 
the hepatotropic nature of AAV2 vectors, albeit for the murine 
liver.31,32 Indeed, the first generation of AAV2 vectors were used in 
a phase 1 clinical trial for hemophilia B.2 Unfortunately, however, 
despite highly encouraging preclinical studies performed using 
murine and canine models of hemophilia B,33 the correspond-
ing ssAAV2 vector dose failed to express therapeutic levels of the 
clotting factor IX (F.IX) in a patient, and although the use of a 
10-fold higher vector dose did lead to clinical efficacy in a second 
patient, it was short-lived due to complications involving a CD8+ 
cell-mediated cytotoxic T-cell response against AAV2 capsid pro-
teins. A subsequent clinical trial with scAAV8 vectors3 proved to 
be a significant step forward, but a similar immune response was 
also observed in the high-dose cohort of patients.34 Although the 
choice of AAV8 vector was undoubtedly based on its superior per-
formance over AAV2 vectors in transducing murine hepatocytes, 
it was not readily apparent whether AAV8 vectors would be ideal 

Figure 5 rhCG expression from wild-type (WT)- and ST-modified rAAV3B.rhCG vectors at different time points in rhesus macaques. (a) 
Monkey sera were collected at different time points after i.v. injection of rAAV3B WT-rhCG and rAAV3B.ST-rhCG (1 × 1013 GC/kg). The serum rhCG lev-
els were detected by enzyme-linked immunosorbent assay. rhCG standard was generated by transfecting rhCG expression plasmids into Huh7.5 cells 
and collecting the supernatant. Undiluted supernatant was arbitrarily assigned a concentration of 6,400 rU/ml (where rU = relative units). (b) Relative 
liver rhCG mRNA expression of animal groups received rAAV3B WT-rhCG and rAAV3B.ST-rhCG at day 91 postinjection were detected by reverse tran-
scription followed by Taqman qPCR. β-actin was used as internal control for qPCR. Student t-test was used for comparing the experimental results 
from the groups of rAAV3B WT-rhCG and rAAV3B.ST-rhCG, and the differences were determined to be statistically significant. **P < 0.01; *P < 0.05.
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Figure 6 Biodistribution of vector genomes and rhCG mRNA expres-
sion in rhesus macaques after systemic administration of WT- and 
ST-modified rAAV3B.rhCG. Monkey tissues were collected at day 91 
postinjection of rAAV3B WT-rhCG and rAAV3B.ST-rhCG (1 × 1013 GC/
kg). (a) Tissue DNA was isolated as described in the Methods. qPCR 
was performed to measure the AAV genome copies per diploid cell. (b) 
Tissue mRNA was isolated from six selected organs as described in the 
Methods. RT-qPCR was performed to measure the rhCG mRNA expres-
sion level. **P < 0.01; *P < 0.05. No significant difference among all 
groups was observed.
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for transducing human hepatocytes. This question proved to be 
particularly difficult to address since AAV8 failed to transduce 
any cell type, including hepatocytes in vitro (Figure 1).

In our quest to identify an alternative AAV serotype for effi-
cient transduction of human hepatocytes, we made an unexpected 
observation nearly a decade ago that AAV3B vectors could trans-
duce human liver cancer cells in vitro and human liver tumors in a 
xenograft mouse model in vivo remarkably well.8,13,35 Although we 
also documented efficient transduction of primary human hepato-
cytes by AAV3B vector,7 we did not directly compare its transduc-
tion efficiency with AAV2 or AAV8, which was performed in our 
current studies, to further corroborate the hepatotropic nature of 
AAV3B for human hepatocytes in vitro. However, since hepatocyte 
cultures in vitro do not truly represent their in vivo characteristics, 
we also attempted to evaluate the transduction efficiency of AAV3 
vectors in a newly developed humanized murine model in vivo. 
In our studies, the transduction efficiency of AAV3 vector was 
comparable to AAV8. In this context, it is important to note that 
while our studies were in progress, Lisowski et al.16 reported that 
a shuffled rAAV vector, designated LK03, which shares 97.7 and 
98.9% homology with rAAV3B at the DNA and amino acids level, 
respectively, transduced human primary hepatocytes in a different 
humanized mouse model in vivo, but it was ~20-fold more effi-
cient than AAV8. In our other studies with a different humanized 
liver xenograft mouse model,36 we observed that AAV3B is ~12-
fold more efficient than AAV8 in transducing human hepatocytes 
in vivo.14 One of the caveats of using humanized murine models 
beyond serving as surrogates for initial human tropism screening 

is that they are generally immune-deficient in nature and thus do 
not account for the effect of humoral and cell mediated responses 
on transduction profile. In addition, such models are also limited 
by the absence of other human cells, tissues, organs, and com-
ponents that invariably influence the ultimate transduction effi-
ciency of AAV vectors in general. The transduction efficiency of 
AAV vectors in such xenograft murine models is also affected by 
possible donor-to-donor variations of human hepatocytes, as was 
reported recently.37

Our study also revealed a remarkable difference between 
AAV3B and AAV8 vectors in their capabilities to transduce 
murine liver (Figure 3). We have previously reported that AAV3B 
transduces human liver cells efficiently (confirmed by an average 
27.7 ± 3.7% transduction of the engrafted human liver in our cur-
rent study), because it utilizes human hepatocyte growth factor 
receptor (huHGFR) as a coreceptor,8 and that even though murine 
HGFR (muHGFR) shares 88% identity with huHGFR,38 AAV3B 
fails to bind to muHGFR because of the location of amino acid 
differences along the interaction interface, including amino resi-
dues that make contact with hepatocyte growth factor (HGF).8 
This could be a possible cause for poor transduction of murine 
liver (ranging from 1.4 ± 0.3 to 2.5 ± 2.3%) by AAV3B vector 
(Figure 3). AAV8, on the other hand, has previously been shown 
to utilize laminin receptor (LamR),39 and it is possible that simi-
lar expression levels of LamR on murine and human liver cells 
account for the similar transductions of human (50.3 ± 7.0%) and 
murine (ranging from 33.5 ± 5.2 to 47.1 ± 4.7%) livers by AAV8 
vector (Figure 3).

Figure 7 Lack apparent transaminitis in rhesus macaques by systemic delivery of WT and ST-modified rAAV3B vectors. Monkey sera were 
collected at different time points after vector infusion. The serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were 
detected in New England Primate Research Center. The time courses of the ALT (a) and AST (b) levels as well as comparison of ALT (c) and AST (d) 
levels of different study groups at 7 days postinjection of vectors are presented. Analysis of variance was used for comparing the experimental results 
from the groups with WT rAAV3B and ST modified rAAV3B and they were determined to be statistically significant. *P < 0.05, **P < 0.01 versus WT 
rAAV3B-rhCG. No significant difference among all groups was observed.
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Given the limitations of hepatocyte cultures in vitro, and 
humanized mouse models in vivo outlined above, we next evalu-
ated the safety and efficacy of AAV3B vectors in a NHP model in 
vivo. These studies were also prompted by the fact that, whereas 
huHGFR, a coreceptor for AAV3B,8 shares only 88% identity with 
murine HGFR,38 human and NHP HGFRs are 99% identical.40 Our 
findings revealed the efficient liver-targeted gene transfer by WT 
AAV3B and optimized AAV3B.ST vectors following systematic 
administration. Remarkably, the vector-mediated EGFP expres-
sion and vector genome accumulation were largely restricted to 
the NHP liver. Although additional studies are warranted, based 
on our previously published data on AAV-mediated liver EGFP 
expression in other NHPs under the same exposure conditions 
(data not shown), we were able to conclude, with rough approxi-
mation, that scAAV3B vectors mediate comparable GFP expres-
sion in rhesus macaques as compared with scAAV9 in marmoset 
at a sixfold lower dose since 36% of hepatocytes on average were 
transduced by scAAV3B vectors 7 days postinjection, and as com-
pared with 4–25% achieved by ssAAV7 in NHP liver following 
intraportal delivery at a threefold lower dose.22,24

Although the use of the EGFP reporter gene allowed us to 
address both vector tropism and gene transfer efficiency simulta-
neously, it was less quantitative and likely immunogenic leading 
to transient expression.41 The use of a secreted self-antigen, rhCG, 
allowed us to study not only the efficiency, but also the onset and 
kinetics of transgene expression and long-term stability. In addi-
tion, since the rhCG used in this study can limit the potential host 
humoral and cellular immune responses to the transgene product, 
we were also able to evaluate the potential host immune responses 
against the vector capsid proteins for up to 3 months. The vector 
genome biodistribution study clearly revealed that the persisting 
vector genomes of AAV3B vectors were predominantly harbored 
in the monkey liver. Furthermore, the rhCG mRNA expression 
pattern in six selected organs displayed that the transgene expres-
sion was largely restricted to the liver, which also did not lead 
to any overt cytotoxicity. In addition, no obvious vector-related 
pathological changes in the liver, spleen and other organs were 
observed in any of the treated animals. Our studies are the first 
to document the remarkable specificity, efficacy, and safety of 
rAAV3B vectors in NHP livers following systemic administra-
tion. However, at least two frequent challenges encountered in 
performing such studies, which include the animal-to-animal 
variation due to their outbred nature, and the availability of only 
a limited number of animals largely due to the associated costs, 
warrant further investigations.

One of the major obstacles that limit the transduction effi-
ciency of AAV vectors in general is ubiquitination, followed by 
proteasomal-mediated degradation,42 which is triggered by phos-
phorylation of specific surface-exposed tyrosine (Y),9,10 serine (S),11 
and/or threonine (T)12 residues. Although we identified a specific 
combination of mutations (S663V+T492V) in the AAV3B capsid 
that significantly augmented the transduction efficiency of these 
vectors in liver cancer cells in a xenograft mouse model in vivo15 
in primary human hepatocytes in vitro; and in humanized mouse 
and NHP models in vivo, it should be noted that this most efficient 
mutant was identified from among 10 different permutations and 
combinations using a single human cancer cell line, Huh7, in vitro. 

Thus, it remains possible that one or more of the mutant AAV3B 
vectors will be optimal in transducing primary human hepatocytes 
in humanized mouse and NHP models in vivo. Although the ulti-
mate value of one or more of these capsid-modified vectors will 
only be revealed by phase 1 clinical trials in humans, there is ample 
reason for the optimism that AAV3B vectors will prove to be a safer 
and more efficient alternative to AAV8 vectors for their potential 
use in gene therapy of human liver diseases.

MATERIALS AND METHODS
Production of recombinant AAV vectors. Preparation and purification 
of recombinant scAAV3B WT and ST mutant vectors expressing EGFP 
report gene and secreted β chain of rhesus chorionic gonadotropin (rhCG) 
gene have been described previously.43 The transgenes were driven by a 
chicken β-action (CB) promoter in these constructs. All vector prepa-
rations used for the NHP studies were subjected to quality control tests 
including high-resolution transmission electron microscopy (EM), qPCR, 
and silver-stained sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis as previously described.44 The transgene expression was detected 
in Huh7.5 cells in vitro. All the AAV vectors were produced by the Viral 
Vector Core at University of Massachusetts Medical School Horae Gene 
Therapy Center (Worcester, MA).

AAV in vitro NAb assay, total IgG detection, and IgG subtyping assays. 
Rhesus macaque serum samples were heat inactivated at 56 °C for 30 min-
utes. In vitro NAb assays were performed on Huh7.5 cells as previously 
described,45 and the limit of detection is 1:5 serum dilution. The normal 
mouse serum (Sigma-Aldrich, St. Louis, MO) was used as negative control. 
The AAV3B rabbit anti-serum and AAV3B-CMV-LacZ vectors were made 
by the Viral Vector Core at University of Massachusetts Medical School 
Horae Gene Therapy Center (Worcester, MA). The LacZ expression detec-
tion kit (Galacto-Star β-Galactosidase Reporter Gene Assay System for 
Mammalian Cells) was purchased from Life technologies (Carlsbad, CA).

AAV3B-specific IgG titers were determined by enzyme-linked 
immunosorbent assay (ELISA) as previously described.46 Briefly, the 
AAV3B or AAV3B.ST vector particles were diluted in coating buffer 
(KPL, Gaithersburg, MD) to a final concentration of 2 × 1010 vector 
particles/ml. One hundred microliters of each were added to 96-well 
Nunc Maxisorp Immunoplate (Fisher Scientific, Newark, DE) for 
incubation at 4 °C overnight. Then, the plates were washed with wash 
buffer (0.05% Tween-20 in phosphate-buffered saline (PBS)), followed 
by blocking with blocking buffer (KPL, Gaithersburg, MD) for 2 hours 
at room temperature (RT). After wash, serum samples were diluted 
twofold serially in duplicate with a starting dilution of 1:400 and added 
to the plates for 1 hour incubation at RT. The biotin-conjugated goat anti-
monkey IgG (Rockland Immunochemicals, Gilbertsville, PA) or biotin-
conjugated goat anti-human IgG1, IgG2, IgG4 (Sigma-Aldrich, St Louis, 
MO) were diluted 20,000-folds in blocking buffer and added to the plates. 
After incubation for 1 hour at RT, the plates were washed four times. The 
avidin-Horseradish peroxidase (eBioscience, San Diego, CA) was added 
to plates and incubated for 1 hour at RT. Finally, plates were washed 
four times with wash buffer and developed with TMB in the dark for 15 
minutes. The reaction was stopped with 2N H2SO4 and the OD at 450 nm 
was measured in a plate reader (BioTek, Winooski, VT).

Animal studies. All animal studies were performed in New England 
Primate Research Center at Harvard University (Southborough, MA) and 
under Institutional Animal Care and Use Committee (IACUC) approval by 
Harvard University. Male rhesus macaques (Macaca mulatta) at age of 1–2 
years old were screened and selected for the animals without detectable NAb 
against AAV3B, purchased, treated and cared from New England Primate 
Research Center. Different vector dosing formulations were injected into 
rhesus macaques intravascularly via cephalic vein infusion. Monkey sera 
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were collected at different time points for detection of chemistry param-
eters including ALT and AST levels, which was performed by New England 
Primate Research Center. The serum rhCG expression was measured as 
described as following section. The tissues were collected at termination for 
detection of EGFP expression and pathological examination.

Humanized animals. FVB.Cg-Tg(SERPINA1*E342K)#Slcw mice47 car-
rying the PiZ allele of the serpin peptidase inhibitor, clade A (α-1 anti-
proteinase, antitrypsin), member 1 (Homo sapiens) transgene were 
kindly provided by Dr. David Perlmutter, University of Pittsburgh School 
of Medicine. The PiZ allele of the SERPINA1* transgene was back-
crossed five generations by a marker assisted speed congenic approach 
to the NOD.Cg-PrkdcscidIl2rgtm1wjl/SzJ (NSG) strain background. NSG-
Tg(SERPINA1*E342K)#Slcw/Sz, abbreviated as NSG-PiZ mice, were 
intercrossed to fix the PiZ allele to homozygosity. Nine-week-old NSG-PiZ 
male mice were subjected to partial hepatectomy (2/3), then one million 
primary human hepatocytes (BioreclamationIVT, Westbury, NY; Product 
number: M00995) were injected to the mice via spleen. The mice sera were 
collected biweekly to determine the human albumin level using the ELISA 
kit (Bethyl Labs, Montgomery, TX; catalog no.: E80-129). All animal pro-
cedures were performed according to the guidelines of the IACUC of the 
University of Massachusetts Medical School.

In vivo bioluminescence imaging and immunohistochemistry. Eight 
weeks after human hepatocytes grafting, NSG-PiZ mice were intravenously 
injected with AAV vectors. Two weeks after vector delivery, all animals 
were intraperitoneally injected with 250 μl D-luciferin at a concentration 
of 15 mg/ml as previously described.48 The luciferase activity was analyzed 
using in vivo imaging system (Xenogen IVIS 100). The total FFluc values 
were calculated using Living Image (PerkinElmer, Waltham, MA) and nor-
malized with background subtraction of the same animal. For immunohis-
tochemistry, mouse livers were harvested 4 weeks after AAV administration 
and frozen in optimal cutting temperature embedding medium. The frozen 
liver sections (8 μm) were fixed and permeablized in cold acetone, blocked 
with 13% (v/v) donkey serum (Sigma-Aldrich) and 8.7% (v/v) fetal bovine 
serum in PBS. For detection of human albumin-positive human hepato-
cypes, the primary goat polyclonal anti-human albumin antibody (1/200 
dilution; Bethyl Labs; catalogue no. A80-129A) and the preadsorbed Alexa 
Fluor-568 donkey anti-goat IgG secondary antibody (1/1,000 dilution; Life 
Technologies, Carlsbad, CA; A-11057) were used. For detection of FFLuc, 
the mouse monoclonal anti-luciferase IgG1 (1/100 dilution; Invitrogen, 
Waltham, MA; Catalog No. 35–6700), the Horseradish peroxidase-conju-
gated goat anti-mouse IgG1 secondary antibody (1/2,000 dilution; Santa 
Cruz, Dallas, TX; Catalog No. sc-2060) and FITC-conjugated tyramide 
(PerkinElmer; FP1168) in Plus Amplification Diluent (PerkinElmer; 
FP1134) were applied. After staining, five images (20× objectives) from 
each xenograft liver section were analyzed using Leica DM-5500 micro-
scope. The percentages of colocalization of human albumin and FFLuc 
signals on xenograft liver sections were estimated by ImarisColoc (Imaris, 
Bitplane, Belfast, UK).

Detection of AAV-mediated EGFP transgene expression in liver in vivo. 
Fixed optimal cutting temperature-embedded liver sections from four 
hepatic lobes (left, middle, right and caudate) collected from the AAV3B.
ST-EGFP vector-injected monkeys 7 days post injection were mounted 
on slides. As described in a previous publication,1 the EGFP transduction 
efficiency was measured directly by GFP imaging in fixed sections using 
a Leica DM 5500B fluorescence microscope made by Leica microsystems 
(Buffalo Grove, IL). Images from one visual field per liver lobe were analyzed 
quantitatively using ImageJ analysis software (National Institutes of Health, 
Bethesda, MD). Transgene expression was assessed as total area of green 
fluorescence (GFP) (pixel2) per visual field (mean ± SEM). The GFP area 
fraction was calculated by ImageJ.

rhCG expression assay. An ELISA-based assay was used to detect 
serum rhCG level as described previously.22 518B7 anti-bovine LH 

coating antibody, primary Rabbit anti-rhCG antibody (Penn #5411), and 
Horseradish peroxidase-conjugated goat anti-rabbit IgG were obtained 
from University of Pennsylvania. rhCG standard was generated by trans-
fecting rhCG expression plasmids into Huh7.5 cells and collecting the 
supernatant. Undiluted supernatant was arbitrarily assigned a concentra-
tion of 6,400 rU/ml (where rU = relative units). Other reagents for ELISA 
assay were purchased from KPL (Gaithersburg, MD). The samples were 
measured for OD at 450 nm in a luminometer (BioTek Instruments, 
Winooski, VT). The OD was used for data analyses, which are based on 
a linear regression comparison and interpolation of unknown samples 
against standard dilutions.

Detection of rhCG mRNA expression by RT-qPCR. The mRNA was isolated 
from the liver tissues collected from rhesus macaques at day 91 postin-
jection of WT- and ST-modified rAAV3B-rhCG vectors using Trizol (Life 
Technologies). Reverse transcription (RT) Taqman real-time qPCR was 
performed by the ViiA 7 real time PCR system (Life Technologies) to 
detect the rhCG mRNA expression level. All reagents, primers and probes 
were purchased from Life Technologies.

Vector biodistribution analysis. The tissue DNA samples were isolated 
using a Qiagen DNEasy kit (Qiagen, Valencia, CA). Detection and quanti-
fication of vector genomes in extracted DNA were performed by real-time 
qPCR as described previously.1

Toxicology studies. The first set of monkeys treated with AAV3B.ST-EGFP 
vectors was sacrificed 4 weeks postinjections, and the second set of animals 
treated with WT- and ST-modified scAAV3B-rhCG vectors was sacrificed 
91 days postinjections. Each monkey was given an external and an internal 
gross examination. Tissues and organs were collected from each set and 
placed in 10% buffered formalin for fixation and processed for microscopic 
examination after Hematoxylin and Eosin staining in the pathology core at 
UMass Medical School.

Statistical analysis. Student t-test or analysis of variance was used to com-
pare the test results among the different groups, and they were determined 
to be statistically significant when P < 0.05.

SUPPLEMENTARY MATERIAL
Table  S1.  Summary of the experimental design for the vector injec-
tion into animals.
Table  S2.  The prevalence of pre-existing NAbs against AAV3B in rhe-
sus macaques.
Table  S3.  The titers of AAV3B-specific total IgG and its subtypes
Table  S4.  The summary of the blood chemical data of the rhesus 
macaques after vector delivery.
Figure  S1.  No EGFP transduction in the major organs other than liver 
by scAAV3B.ST-EGFP vector in rhesus macaques.
Figure  S2.  Histopathological analyses of liver and spleen from rhe-
sus macaques administrated by WT or ST-modified rAAV3B vectors 
systematically.
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