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Abstract

Pompe disease can be treated effectively, if immune tolerance to enzyme replacement therapy (ERT) with acid
a-glucosidase (GAA) is present. An adeno-associated viral (AAV) vector carrying a liver-specific regulatory
cassette to drive GAA expression (AAV-LSPhGAA) established immune tolerance in GAA knockout (KO) mice,
whereas ubiquitous expression with AAV-CBhGAA provoked immune responses. Therefore, we investigated
the hypothesis that immune tolerance induced by hepatic-restricted expression was dominant. AAV-LSPhGAA
and AAV-CBhGAA were administered singly or in combination to groups of adult GAA-KO mice, and AAV-
LSPhGAA induced immune tolerance even in combination with AAV-CBhGAA. The dual vector approach to
GAA expression improved biochemical correction of GAA deficiency and glycogen accumulations at 18 weeks,
and improved motor function testing including wire-hang and grip-strength testing. The greatest efficacy was
demonstrated by dual vector administration, when both vectors were pseudotyped as AAV8. T cells from mice
injected with AAV-LSPhGAA failed to proliferate at all after an immune challenge with GAA and adjuvant,
whereas mock-treated GAA-KO mice mounted vigorous T cell proliferation. Unlike AAV-LSPhGAA, AAV-
CBhGAA induced selective cytokine and chemokine expression in liver and spleen after the immune challenge.
AAV-CBhGAA transduced dendritic cells and expressed high-level GAA, whereas AAV-LSPhGAA failed to
express GAA in dendritic cells. The level of transduction in liver was much higher after dual AAV8 vector
administration at 18 weeks, in comparison with either vector alone. Dual vector administration failed to provoke
antibody formation in response to GAA expression with AAV-CBhGAA; however, hepatic-restricted expression
from dual vector expression did not prevent antibody formation after a strong immune challenge with GAA and
adjuvant. The relevance of immune tolerance to gene therapy in Pompe disease indicates that hepatic expression
might best be combined with nonhepatic expression, achieving the benefits of ubiquitous expression in addition
to evading deleterious immune responses.

Introduction

If untreated by enzyme replacement therapy (ERT),
infantile-onset Pompe disease (glycogen storage disease

type II; MIM 232300) causes death early in childhood from
cardiorespiratory failure related to an underlying hypertro-
phic cardiomyopathy (Hirschhorn and Reuser, 2001; Kishnani
et al., 2006). The deficiency of acid a-glucosidase (GAA; acid
maltase; EC 3.2.1.20) in Pompe disease affects the heart and

skeletal muscle primarily, and infants with Pompe disease
develop profound weakness and hypotonia. Late-onset forms
of Pompe disease feature progressive weakness without sig-
nificant cardiomyopathy, and patients with juvenile-onset
Pompe disease typically become ventilator-dependent due to
respiratory and/or cardiac muscle involvement. The histo-
pathology of Pompe disease includes marked lysosomal ac-
cumulation of glycogen in cardiac and skeletal muscle, which
culminates with the leakage/rupture of lysosomes and
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cytoplasmic pooling of glycogen. GAA is normally widely
expressed from a promoter with resemblance to a ‘‘house-
keeping’’ gene (Martiniuk et al., 1990; Ponce et al., 1999), and
GAA deficiency causes lysosomal glycogen accumulation in
virtually all tissues.

The presence of immune tolerance to a therapeutic pro-
tein, such as recombinant human (rh) GAA in Pompe dis-
ease, correlated with efficacy in several animal models for
genetic disease. In contrast, antibody formation has often
reduced the efficacy of protein replacement therapy or ERT.
Animal and human studies have suggested that the devel-
opment of humoral immunity against the infused enzyme
presents an obstacle to successful ERT in Pompe disease. For
instance, formation of anti-GAA antibodies and associated
infusion reactions prevented continuation of ERT beyond 3
weeks in GAA-knockout (KO) mice. Long-term ERT could be
tested in a Pompe disease mouse model only by the gener-
ation of liver-expressing transgenic Pompe disease mice that
were immune tolerant to GAA (Raben et al., 2003).

Patients with Pompe disease who lack any residual GAA
protein are deemed cross-reacting immune material negative
(CRIM-negative). CRIM-negative subjects with Pompe disease
produced high anti-hGAA antibodies and demonstrated
markedly reduced efficacy from ERT (Amalfitano et al., 2001).
In the first pilot study of ERT in Pompe disease using Chinese
hamster ovary cell-derived rhGAA, the two patients who
were CRIM-negative produced higher titers of anti-hGAA
antibodies than the third patient, who was CRIM-positive.
This corresponded with a markedly reduced efficacy of the
treatment in the CRIM-negative patients (Amalfitano et al.,
2001). Tolerization therapy, including administration of
high-dose rhGAA with immune suppressant drugs, failed to
improve the clinical response to ERT in those CRIM-negative
subjects. Indeed, high-dose rhGAA therapy precipitated ne-
phrotic syndrome in one of the CRIM-negative subjects,
possibly related to effects of antibody complexes on the
glomerular basement membrane (Hunley et al., 2004). The
similarity of the antibody response between GAA-KO mice
and CRIM-negative patients with Pompe disease can be ex-
plained by the presence by two underlying null mutations in
the GAA gene, because in the complete absence of GAA
expression the immune system will recognize rhGAA as a
foreign protein.

ERT has encountered antibody and hypersensitivity re-
actions in GAA-KO mice, which demonstrated immunity to
repeat administration of the therapeutic protein. Fortunately,
vector-mediated hGAA expression has avoided hypersensi-
tivity reactions; however, the efficacy of gene therapy in
these experiments was inversely related to the presence of
antibody responses (Koeberl and Kishnani, 2009). The ap-
pearance of anti-GAA antibodies correlated with the disap-
pearance of secreted hGAA precursor from the plasma and a
lack of efficacy from viral vectors (Ding et al., 2001; Franco
et al., 2005). An adeno-associated viral (AAV) vector con-
taining a unique liver-specific promoter (LSP) to drive GAA
expression did not provoke antibody formation in response
to GAA expression (Franco et al., 2005; Sun et al., 2007);
moreover, the LSP-containing vector induced immune tol-
erance to GAA and ameliorated hypersensitivity reactions
and mortality in response to an immune challenge with
rhGAA (Sun et al., 2007, 2010). An AAV vector containing the
LSP to drive coagulation factor IX (FIX) expression similarly

prevented an antibody response against FIX in mice and
dogs with hemophilia B (Wang et al., 1999, 2000). Several
factors determine the ability to avoid antibody responses
against foreign protein through liver-specific expression.
Higher circulating levels of infused FIX were associated with
the induction of tolerance to liver-specific FIX expression
(Mingozzi et al., 2003). Acquisition of tolerance to FIX re-
quired induction of regulatory CD4 + T cells, most likely
CD4 + CD25 + regulatory T (Treg) cells, which suppressed
neutralizing antibody formation (Mingozzi et al., 2003). The
role of CD4 + CD25 + Treg cells in immune tolerance has been
evaluated in other genetic disease models. Adoptive transfer
of CD4 + CD25 + cells to naive recipient mice, after adminis-
tration of an AAV vector to donor mice, prevented antibody
formation in response to an immune challenge with human
FIX in hemophilia B mice (Cao et al., 2007). An AAV2/8
vector containing a liver-specific regulatory cassette to drive
a-galactosidase expression induced immune tolerance to a-
galactosidase in Fabry disease mice, and the transfer of
splenocytes from vector-treated mice prevented the antibody
response against an a-galactosidase challenge in recipient
Fabry mice (Ziegler et al., 2007). Finally, anti-CD25 admin-
istration prevented the induction of immune tolerance with
the LSP-containing vector in GAA-KO mice, presumably be
depleting Treg cells (Sun et al., 2010). Taken together, these
data strongly support the ability of an AAV vector contain-
ing a liver-specific regulatory cassette to induce immune
tolerance to an introduced foreign protein, which comprises
immunomodulatory gene therapy.

We have investigated the mechanism for immunomodu-
latory gene therapy by evaluating two AAV vectors encod-
ing hGAA, including both a tolerogenic vector containing
the LSP and an immunogenic vector containing the ubiqui-
tously active cytomegalovirus enhancer and chicken b-actin
promoter (CB) regulatory cassette. The each vector was an-
alyzed, first singly and then in combination, with regard to
ability to transduce dendritic cells, associated T cell and
antibody responses, and efficacy as reflected by functional
testing. These experiments established the immunodomin-
ance of liver-specific expression with regard to inducing
immune tolerance, thereby enhancing the efficacy from AAV
vectors in mice with Pompe disease.

Materials and Methods

Preparation AAV 2/8 vectors

Briefly, 293 cells were transfected with the pAAV-
LSPhGAA vector or pAAV-CBhGAA vector plasmid (Franco
et al., 2005), the AAV8 or AAV9 packaging plasmid (Gao
et al., 2002) (courtesy of J.M. Wilson, University of Pennsyl-
vania, Philadelphia, PA), and pAdHelper (Stratagene, La
Jolla, CA). The LSP regulatory cassette (subcloned from
pAV-LSP-cFIX, courtesy of I. Verma [Salk Institute, La Jolla,
CA]; sequence available on request) contains a thyroid hor-
mone-binding globulin promoter sequence downstream
from two copies of a a1-microglobulin/bikunin enhancer
sequence, and previously achieved long-term efficacy in
hemophilia B mice within an AAV vector encoding coagu-
lation factor IX (Wang et al., 1999). Cell lysate was harvested
48 hr after infection and freeze–thawed three times, and
isolated by sucrose cushion pelleting followed by two cesium
chloride gradient centrifugation steps. AAV stocks were
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dialyzed against three changes of Hanks’ buffer with 5%
sorbitol added to the third dialysis, and aliquots were stored
at - 80�C. The number of vector DNA containing-particles
was determined by DNase I digestion, DNA extraction, and
Southern blot analysis. All viral vector stocks were handled
according to Biohazard Safety Level 2 guidelines published
by the National Institutes of Health (Bethesda, MD).

In vivo analysis of AAV vector

The AAV vector stocks were administered intravenously
(via the retroorbital sinus) in 3-month-old GAA-KO mice. At
the indicated time points postinjection, plasma or tissue sam-
ples were obtained and processed as described below. GAA
activity and glycogen content were analyzed as described
(Amalfitano et al., 1999). All animal procedures were done in
accordance with Duke University (Durham, NC) Institutional
Animal Care and Use Committee-approved guidelines.

Flow cytometry

Splenocytes were isolated from individual spleens by
mashing them through a cell strainer, and red blood cells
were lysed with red blood cell lysing buffer (Sigma-Aldrich,
St. Louis, MO). After washing with phosphate-buffered sa-
line (PBS) twice, cells were resuspended in 1% bovine serum
albumin (BSA)–PBS. Cells were surface-stained with fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse CD4
(RM4-5) and allophycocyanin (APC)-conjugated anti-mouse
CD25 (PC61.5), and subsequently with phycoerythrin (PE)-
conjugated anti-mouse FoxP3 monoclonal antibody (FJK-16s)
using a mouse regulatory T cell staining kit (eBioscience, San
Diego, CA) according to the manufacturer’s instructions.
Cells were analyzed with a FACSCalibur equipped with
CellQuest software (BD Biosciences, San Jose, CA).

T cell proliferation assay

Splenocytes were resuspended in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), and were
put into 96-well flat-bottomed plates (500,000 cells per well).
Recombinant GAA protein was added (final concentrations:
0.1, 1, 10, and 100 lg/ml) to the wells. After 4 days of in-
cubation, 1 lCi of [3H]thymidine (PerkinElmer, Boston, MA)
was added to each well, and 18 hr later, uptake was counted
by liquid scintillation counter (TRILUX; Wallac, Turku, Fin-
land). The stimulation index was calculated by dividing the
[3H]thymidine uptake values by the value of the control
(without GAA antigen).

Quantification of vector RNA and DNA

Real-time PCR was performed with SYBR green in a
LightCycler 480 II (Roche, Indianapolis, IN) in accordance
with the manufacturer’s instructions. For RT-PCR total RNA
was isolated from spleen or liver, using TRIzol. The RNA
was reverse transcribed with Moloney-murine leukemia
virus (M-MLV) reverse transcriptase (Life Technologies,
Gaithersburg, MD) and random hexamers (Invitrogen) in
accordance with the manufacturer’s protocol. One microliter
of cDNA was used for RT-PCR. Primers used were as fol-
lows: mouse CXCL-1, interleukin (IL)-1b, FoxP3, GM-CSF
(granulocyte-macrophage colony-stimulating factor), and b-
actin (Table 1). Relative mRNA expression was normalized

with b-actin and calculated by the DDCt method. Quantifi-
cation of vector DNA was performed as follows, using
primers for human GAA and mouse b-actin (Table 1). Plas-
mid DNA corresponding to 0.01 to 10 copies of human GAA
gene (in 50 ng of genomic DNA) was used in a standard
curve. To determine the viral copy number, the DDCt values
of samples were compared with the standard curve.

Antibody quantification

The ELISA for anti-GAA IgG was performed as described
(Ding et al., 2002). Briefly, rhGAA (5 lg) in carbonate buffer
was coated onto each well of a 96-well plate (Costar 3596;
Corning Life Sciences, Lowell, MA) at 4�C overnight. After a
wash with PBS containing 0.05% Tween 20, serial dilutions of
plasma samples were added in duplicate to rhGAA-coated
plates and incubated at room temperature. The wells were
washed with 0.05% Tween 20–PBS, incubated with a 1:2,500
dilution of alkaline phosphatase-conjugated sheep anti-
mouse IgG1 at room temperature for 1 hr, and washed, and
alkaline phosphatase substrate ( p-nitrophenyl phosphate)
was added. The absorbance at 411 nm was measured with a
Tecan SpectraFluor (MTX Lab Systems, Vienna, VA) micro-
plate reader. All samples yielded absorbance values that
were within the linear range of the assay at their respective
dilutions. Absorbance values were deemed positive if both
values at any given serial dilution were > 0.1.

Isolation and transduction of dendritic cells

Dendritic cells were obtained by culturing GAA-KO mouse
bone marrow cells with GM-CSF and IL-4 for 7 days, and the
phenotype was validated by flow cytometry. Typically 80–
90% cells were positive for CD11c, CD80, and MHC class II
and less than 10% CD14 positive. On day 10, 2 · 106 cells were
transduced with 1 · 105 vector particles (VP)/cell of each
vector, respectively, and control cells were left untransduced.
Cells were harvested 72 hr later and GAA activity was ana-
lyzed for both suspended and attached populations

Motor function testing

Rotarod testing was performed at 6 months of age as de-
scribed (Sun et al., 2005b). Motor function was assessed by

Table 1. Primer Sequences for Real-Time RT-PCR

Primer Sequence

FoxP3 F 5¢-TCTTGCCAAGCTGGAAGACT-3¢
FoxP3 R 5¢-TTCGCAGGTCCCGACCTTGG-3¢
GM-CSF F 5¢-AGCCCTGAACCTCCTGGATGAC-3¢
GM-CSF R 5¢-TGGTGAAATTGCCCCGTAGAC-3¢
IFN-c F 5¢-CCACGGCACAGTCATTGAAAG-3¢
IFN-c R 5¢-AATCTGGCTCTGCAGGATTT-3¢
IL-1b F 5¢-CGTGCTGTCGGACCCATATGAG-3¢
IL-1b R 5¢-GCCCAAGGCCACAGGTATTT-3¢
IL-12b F 5¢-AGTTTGGCCAGGGTCATTCC-3¢
IL-12b R 5¢-TCTCTGGCCGTCTTCACCAT-3¢
b-Actin F 5¢-AGAGGGAAATCGTGCGTGAC-3¢
b-Actin R 5¢-CAATAGTGATGACCTGGCCGT-3¢
GAA F 5¢-AGTGCCCACACAGTGCGACGT-3¢
GAA R 5¢-CCTCGTAGCGCCTGTTAGCTG-3¢

GAA, acid a-glucosidase.
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wire-hang tests, grip-strength, and open field testing, using
methods previously described (Ribar et al., 2000; Allen et al.,
2009). Vector-treated mice were 9 months of age for motor
function testing by these three methods, whereas control
GAA-KO mice were 7 months of age. On the first day of
testing mice were examined for wire-hang duration and grip
strength; 24 hr later all animals were placed in a novel open
field for 30 min. For wire hang, mice were allowed to grip a
horizontal 2-mm wire with four paws up to 60 sec and the
latency to fall from the wire was scored. Grip strength was
examined with a San Diego Instruments mouse grip-strength
meter. Animals were given three trials and the average grip-
strength response for the three trials was reported as grams
force. Spontaneous locomotor activity was assessed in an
automated AccuScan open field apparatus (AccuScan In-
struments, Columbus, OH). Mice were singly placed into
21 · 21 · 30 cm acrylic arenas where locomotion was moni-
tored with infrared diodes interfaced to a computer running
Omnitech Digiscan software (AccuScan Instruments).

Statistical analyses

The significance of differences between groups was tested
using a two-sided Wilcoxon rank sum test for continuous
variables. A p value less than 0.05 was considered to be
statistically significant. All statistical analyses were con-
ducted with Stata 10 (StataCorp, College Station, TX). The
figures illustrate mean values, with error bars depicting the
range above and below the mean of its standard error.

Results

Immunodominant, liver-specific expression enhances
efficacy from ubiquitous transgene expression

Liver-specific expression of hGAA with an adeno-
associated vector (AAV-LSPhGAA) has established immune
tolerance in GAA-KO mice (Sun et al., 2007, 2010); however,
an AAV vector containing the universally active CB regula-
tory cassette (AAV-CBhGAA) provoked both T cell and

FIG. 1. Biochemical correction of striated
muscle after single or dual administration of
AAV vectors containing the liver-specific
promoter (LSP) or chicken b-actin promoter
(CB) regulatory cassettes. Acid a-glucosidase
(GAA) activity, glycogen content, and vector
genome quantification were analyzed 18
weeks after AAV vector administration.
Means – standard error are shown. (A) GAA
activity of highly transduced tissues, after
administration of AAV-LSPhGAA (2 · 1010

VP/mouse; n = 5), both AAV-LSPhGAA
(2 · 1010 VP) and AAV-CBhGAA (1 · 1011

VP; n = 4), AAV2/8-LSPhGAA (1 · 1011 VP/
mouse; n = 4), both AAV2/8-LSPhGAA and
AAV2/9-CBhGAA (n = 5), or AAV2/9-
CBhGAA (1 · 1011 VP; n = 3). Vectors were
injected intravenously into mice at 3 months
of age. Mock-treated GAA-knockout (KO)
mice were negative controls (n = 4). (B) GAA
activity of skeletal muscle from groups of
GAA-KO mice detailed previously. (C)
Glycogen content for striated muscles from
groups of GAA-KO mice detailed previ-
ously. The p values are indicated as follows:
*p = 0.03; **p < 0.03. EDL, extensor digitorum
longus; Gastroc., gastrocnemius.
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antibody responses against hGAA and failed to achieve
biochemical correction (Franco et al., 2005). Therefore, we
investigated the hypothesis that a dual vector strategy that
added hepatic-restricted expression along with ubiquitous
expression might achieve higher efficacy than either vector
alone. Given the established lack of efficacy from AAV-
CBhGAA by itself, we coadministered AAV-CBhGAA with
AAV-LSPhGAA, in comparison with AAV-LSPhGAA ad-
ministration alone, to groups of adult GAA-KO mice. The
two AAV2/8 vectors were administered at different doses;
AAV-LSPhGAA was administered at a low dose that pre-
vented antibody formation without achieving efficacy
(2 · 1010 VP) (Sun et al., 2007), and AAV-CBhGAA was ad-
ministered at a higher dose that might achieve efficacy in the
setting of immune tolerance to GAA (1 · 1011 VP). Dual
vector treatment achieved higher efficacy as demonstrated at
18 weeks by improved biochemical correction of GAA defi-
ciency and glycogen accumulations (Fig. 1). The GAA ac-
tivity of liver, heart, quadriceps, gastrocnemius, extensor
digitorum longus (EDL), and soleus was significantly ele-
vated by dual vector administration, in comparison with
AAV-LSPhGAA administration alone (Fig. 1A and B; p = 0.01
for each tissue). The glycogen content was reduced for heart
( p = 0.01) and quadriceps ( p = 0.03) after dual vector admin-
istration, in comparison with AAV-LSPhGAA administra-
tion alone (Fig. 1C), confirming the improved efficacy of the
dual vector treatment.

The dose and serotype of the AAV vectors was next
modified by administering a higher amount of AAV-
LSPhGAA pseudotyped as AAV2/8 (1 · 1011 VP) together
with AAV-CBhGAA pseudotyped as AAV2/9 (1 · 1011 VP)
to GAA-KO mice, in comparison with each vector adminis-
tered by itself. The number of AAV-LSPhGAA vector parti-
cles was increased in this experiment to allow direct
comparison with AAV-CBhGAA, by administering an
equivalent number of vector particles of either vector. AAV-
CBhGAA was pseudotyped as AAV2/9 in this experiment to
achieve higher transduction of striated muscle and liver, and
potentially the central nervous system, in comparison with
the AAV2/8 pseudotype (Duque et al., 2009). Administration
of AAV-LSPhGAA with AAV-CBhGAA increased the GAA
activity of both the heart and liver simultaneously to high
levels, and the elevation of GAA activity in both tissues was
not observed with either vector alone (Fig. 1A). Adminis-
tration of both vectors significantly increased the GAA ac-
tivity of all skeletal muscles analyzed except for the EDL, in
comparison with AAV-CBhGAA alone (Fig. 1B; p = 0.03 for
each muscle). The GAA activity and glycogen content of the
brain were not affected by administration of either dual
vectors or AAV-CBhGAA alone, suggesting that too few
particles were administered to achieve transduction within
the central nervous system (data not shown). Administration
of both vectors did significantly lower the glycogen content
of all skeletal muscles analyzed, in comparison with AAV-
CBhGAA alone (Fig. 1C; p = 0.03 for each muscle).

The lack of efficacy in the absence of immune tolerance
was emphasized by the significantly higher heart glycogen
content after administration of AAV2/9-CBhGAA by itself
(Fig. 1C), in comparison with AAV-LSPhGAA alone
( p = 0.02). GAA expressed by AAV-CBhGAA did not correct
glycogen storage in the heart, even though GAA activity was
significantly higher after administration of AAV-CBhGAA

than after administration of AAV-LSPhGAA (Fig. 1A;
p = 0.03). Treatment with dual vectors significantly increased
GAA activity in the heart, in comparison with administration
of AAV-LSPhGAA alone (1300 – 1000 vs. 25 – nmol$hr–1$mg–1;
p = 0.02). Similarly, dual vector administration significantly
decreased glycogen content in the quadriceps, in comparison
with administration of AAV-LSPhGAA alone (1.2 – 0.4 vs.
2.0 – 0.6; p = 0.05).

A significant difference in antibody formation between
the aforementioned groups of vector-treated mice corre-
lated with efficacy (Fig. 2). Our hypothesis predicted that
hepatic expression with AAV2/8-LSPhGAA would induce
dominant immune tolerance to human GAA, and thereby
prevent immune responses against ubiquitous expression
from coadministered AAV2/9-CBhGAA. Antibody respon-
ses against GAA were prevented by administration of
AAV2/8-LSPhGAA in addition to AAV2/9-CBhGAA
(Fig. 2), whereas AAV-CBhGAA by itself provoked anti-
body formation as described (Franco et al., 2005). Mice did
not form antibodies after administration of AAV2/8-
LSPhGAA and AAV2/9-CBhGAA, and the highest degree
of glycogen clearance in the heart was demonstrated in
GAA-KO mice that received both vectors (Fig. 1C).

The functional relevance of biochemical correction was
demonstrated by motor testing. Functional muscle testing,
including grip-strength (Fig. 3A) and wire-hang (Fig. 3B)
testing, revealed advantages for the administration of both
vectors in comparison with mice treated with AAV2/9-
CBhGAA alone. Rear grip strength after dual vector or
AAV2/8-LSPhGAA administration was increased in com-
parison with AAV-CBhGAA alone ( p = 0.01), and front grip
strength was increased after AAV2/8-LSPhGAA administra-
tion, in comparison with AAV2/9-CBhGAA alone ( p = 0.01).
Wire-hang latency trended higher in AAV-LSPhGAA-treated
mice, in comparison with AAV-CBhGAA alone ( p = 0.07).
Untreated 7-month-old GAA-KO mice performed slightly
better than AAV-CBhGAA-treated mice that were 9 months of
age when this testing was performed (data not shown). Ro-
tarod latency was significantly increased for all groups of
vector-treated GAA-KO mice, in comparison with untreated
GAA-KO mice at 6 months of age (data not shown; p = 0.01 for
each group).

FIG. 2. Humoral response after systemic single or dual
AAV vector administration in GAA-KO mice. ELISA of
GAA-KO mouse plasma (1:200 dilution) for anti-GAA IgG1
was performed on plasma samples obtained 6 weeks after
AAV vector administration. Means and standard error are
shown for the absorbance at 411 nm. The p values indicated
as follows: *p = 0.03.
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Functional muscle testing revealed additional efficacy in
the absence of immune responses against GAA. Open field
testing revealed that improved mobility correlated with
the biochemical correction of striated muscle. Dual vector-
treated mice trended toward a higher time in motion
(Fig. 3C; p = 0.08) and demonstrated increased distance
traveled (Fig. 3D; p = 0.05), in comparison with mice treated
with AAV-CBhGAA. Time in the corner was increased in
AAV-LSPhGAA-treated mice (Fig. 3E; p = 0.03) and dual
vector-treated mice ( p = 0.02), in comparison with AAV-
CBhGAA-treated mice, consistent with the greater activity of
mice after biochemical correction. Although the time in the
cage corner might be interpreted as a reflection of anxiety in
normal mice, most likely it indicated that GAA-KO mice were
more active after the induction of immune tolerance to GAA in
association with the biochemical correction of striated muscle.
Untreated 7-month-old GAA-KO mice performed slightly
better than AAV-CBhGAA-treated mice that were 9 months of
age when this testing was performed, whereas AAV-
LSPhGAA and dual vector-treated mice performed as well as
untreated 7-month-old GAA-KO mice (data not shown). The
latter data indicated that liver-restricted hGAA expression
prevented the progression of Pompe disease. Thus, AAV-
CBhGAA-treated mice lost muscle strength between 7 and 9
months of age, whereas AAV-LSPhGAA and dual vector-
treated mice had preserved muscle strength.

Liver-specific GAA expression suppresses T cell
responses and prevents dendritic cell activation
against transgene expression

We next investigated the immunologic basis for the dif-
ference between immune responses, based on selection of
regulatory cassette. Groups of GAA-KO mice were injected
intravenously with AAV-LSPhGAA or AAV-CBhGAA, or
were uninjected as mock control. Six weeks later, mice were
immunized by intraperitoneal injection with rhGAA and
complete Freund’s adjuvant. GAA-KO mice injected with
AAV-CBhGAA formed anti-GAA IgG1 by 2 weeks after
immunization, whereas mice injected with AAV-LSPhGAA
did not form anti-GAA antibodies. As expected, mock-
treated GAA-KO mice demonstrated a vigorous anti-GAA
IgG1 response after immunization (Fig. 4A). Mice were killed
for tissue analysis 2 weeks after immunization, which cor-
responded to 8 weeks after vector administration. In accor-
dance with the anti-GAA IgG1 response, T cells from the
mock-treated mice showed a vigorous proliferation after
in vitro stimulation with rhGAA, whereas T cells from

FIG. 3. Muscle function testing after AAV vector adminis-
tration. GAA-KO mice were treated with AAV2/8-
LSPhGAA (n = 4), AAV/2/9-CBhGAA (n = 3), or dual vector
administration (n = 5). Means and standard error are shown.
(A) Grip-force at 9 months of age for vector-treated mice. (B)
Wire-hang latency at 9 months of age for vector-treated mice.
(C) Open field testing of 15-min duration was analyzed at 9
months of age for vector-treated mice. GAA-KO mice were
treated with AAV2/8-LSPhGAA (n = 4), AAV/2/9-
CBhGAA, or dual vector administration (n = 5). Shown is
time in motion during open field testing. (D) Distance trav-
eled during open field testing. (E) Time in cage corners
during open field testing.

‰
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AAV-LSPhGAA-injected mice showed no proliferation to
GAA (Fig. 4B). However, T cells from the AAV-CBhGAA-
injected mice did not demonstrate higher proliferation, in
comparison with the AAV-LSPhGAA-injected mice (Fig. 4C).

To determine the role of immunosuppressive Tregs in
determining immune responses to each vector, we examined
by FACS the population of Tregs in the spleens from the
above-described experiment (Fig. 5). In the spleens from
AAV-LSPhGAA-injected mice CD4 + CD25 + FoxP3 + Tregs
were not significantly elevated among CD4 + splenocytes
(Fig. 5A). However, CD4 + CD25 + FoxP3 + T cells from AAV-
LSPhGAA-injected mice were significantly increased among
total splenocytes (2.41 – 0.12%), in comparison with the
mock-treated group (1.71 – 0.16%) (Fig. 5B). AAV-CBhGAA-
injected mice also developed increased Tregs, in comparison
with the mock-treated control mice (2.14 – 0.26%). Real-time
RT-PCR did not reveal increased FoxP3 expression in the
liver or spleen, indicating that any increase in total Tregs was
slight (data not shown).

The expression of cytokines in the spleen and liver were
analyzed by real-time RT-PCR to better understand the adap-
tive response to each vector. AAV-CBhGAA stimulated
increased GM-CSF in the spleen, in comparison with AAV-
LSPhGAA (Fig. 6A). However, GM-CSF was expressed in the
liver at similar levels for all three groups (Fig. 6B). Interferon
(IFN)-c was not elevated in the spleen (Fig. 6C), but it was
significantly elevated in the liver after AAV-CBhGAA admin-
istration, in comparison with AAV-LSPhGAA (Fig. 6D). Fur-
thermore, IL-12b was not elevated in the spleen (Fig. 6E), but it
trended higher in the liver after AAV-CBhGAA administra-
tion, in comparison with AAV-LSPhGAA ( p = 0.08; Fig. 6F).
IL-1b and FoxP3 were not significantly altered by vector ad-
ministration in either liver of spleen (data not shown). Thus,
AAV-CBhGAA administration was associated with unique
increases in cytokine expression in the liver and spleen.

To further investigate how the two AAV2/8 vectors pro-
voked different adaptive immune responses, we evaluated
the transduction of bone marrow-derived mature dendritic

cells (Fig. 7A). Attached dendritic cells transduced with AAV-
LSPhGAA expressed low GAA activity (2.5 – 0.2 nmol/hr/
mg), similar to uninfected cells (1.8 – 0.1 nmol/hr/mg). In
contrast, attached dendritic cells transduced with AAV-CBh
GAA expressed significantly higher GAA activity (31 – 2 nmol/
hr/mg) than those infected with AAV-LSPhGAA or naive
cells. Suspended dendritic cells transduced with AAV-
CBhGAA similarly demonstrated significantly higher GAA
activity, in comparison with suspended cells transduced with
AAV-LSPhGAA (7.8 – 0.4 vs. 3.0 – 0.7 nmol/hr/mg, respec-
tively). Real-time PCR quantification revealed that both AAV
vectors transduced dendritic cells efficiently (Fig. 7B).

Liver transduction was evaluated 8 weeks after vector
administration (2 weeks after immunization with rhGAA),
given elevations of IFN-c that suggested inflammation in
response to AAV2/8-CBhGAA (Fig. 6D). GAA activity was
7-fold higher by 8 weeks after AAV-LSPhGAA administra-
tion, in comparison with AAV-CBhGAA (Fig. 8A). Vector
genome quantification revealed a 22-fold higher number of
vector genomes by 8 weeks after AAV-LSPhGAA, in com-
parison with AAV-CBhGAA (Fig. 8B).

Liver transduction was evaluated 18 weeks after single and
dual vector administration to reveal the basis for differences
in efficacy between the vector treatments. Vector genome
quantification revealed a 13-fold increase in vector genomes
in the liver from dual vector-treated mice, in comparison with
AAV-LSPhGAA alone (Fig. 9A). Administration of AAV2/9-
CBhGAA elevated vector genomes to low levels, in compar-
ison with dual vectors or AAV2/8-LSPhGAA (Fig. 9A). Thus,
the lack of biochemical correction from AAV2/9-CBhGAA
alone correlated with low vector genomes in the liver.

The difference in transduction was attributed to cellular
immune responses associated with the clearance of AAV-
CBhGAA vector genomes from the liver (Franco et al., 2005),
and elevated IFN-c has been associated with helper T cell
type 1 (Th1) responses in the liver (Mays and Wilson, 2011).
Therefore, IFN-c RNA was quantified in the liver of AAV
vector-injected GAA-KO mice 18 weeks after high-dose

FIG. 4. AAV-LSPhGAA induced systemic tolerance. (A) Groups of GAA-KO mice were injected intravenously with AAV-
LSPhGAA or AAV-CBhGAA, or were left untreated as control (four per group). Six weeks later, mice were immunized by
intraperitoneal injection with rhGAA and complete Freund’s reagent. Two weeks after immunization, spleens were collected
for T cell proliferation and FACS. (B) Serum was collected at 3, 6, and 8 weeks for analysis of anti-GAA IgG1. (C) Splenocytes
were cultured with rhGAA at 1, 10, or 100 lg/ml for 4 days. [3H]Thymidine was added during the last 5 hr of cell culture.
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single or dual vector administration ( ‡ 1 · 1011 VP). AAV2/
9-CBhGAA elevated IFN-c in comparison with either AAV2/
8-LSPhGAA or mock treatment (Fig. 9B; p < 0.03). AAV2/9-
CBhGAA trended higher than the combination of low-
dose AAV2/8-LSPhGAA with AAV2/8-CBhGAA ( p = 0.08).
However, dual vector therapy with AAV2/8-LSPhGAA and
AAV2/9-CBhGAA also elevated IFN-c RNA in the liver, in
comparison with AAV2/8-LSPhGAA alone (Fig. 9B; p = 0.01).
Vaccination with rhGAA (Fig. 4A) revealed that dual vector
administration failed to completely establish immune toler-
ance, because antibodies were formed within 2 weeks after an
immune challenge with rhGAA plus adjuvant (Fig. 9C). Dual
vector therapies were evaluated with the immune challenge
of rhGAA and adjuvant 6 weeks after vector administration
(either low- or high-dose AAV2/8-LSPhGAA with AAV2/8-
CBhGAA, and high-dose AAV2/8-LSPhGAA with AAV2/9-
CBhGAA), and none prevented antibody formation at 8

weeks (Fig. 9C). Despite the lack of complete immune tol-
erance to rhGAA, the combination of AAV2/8-LSPhGAA
with AAV2/9-CBhGAA transduced liver with the highest
level of vector genomes and achieved the greatest degree of
biochemical correction by significantly reducing the glyco-
gen content of both the quadriceps and EDL, in comparison
with each of the other four treatment groups (Fig. 1C; p £ 0.01
for each comparison). Dual vector administration reduced
glycogen storage in the quadriceps, in comparison with
AAV2/8-LSPhGAA alone, demonstrating the increased ef-
ficacy from AAV2/9-CBhGAA administration (Fig. 9D).

Discussion

The AAV-LSPhGAA vector has achieved greater efficacy
than the AAV-CBhGAA vector with respect to persistent
GAA expression and clearance of glycogen storage in stri-
ated muscle (Franco et al., 2005). Both of the aforementioned
vectors initially produced high-level GAA detected in blood;
thereafter, GAA expression from AAV-CBhGAA subse-
quently became undetectable, and vector genomes were
eliminated from the liver by 12 weeks after vector adminis-
tration. The transience of transduction with AAV-CBhGAA
was associated with CD8 + T cell responses and antibody
formation, whereas AAV-LSPhGAA evaded both types of
immune response and stably transduced the liver at high
levels (Franco et al., 2005). The immune basis for this differ-
ence has been emphasized by the lack of cellular and hu-
moral responses in multiple studies, when AAV-LSPhGAA
was administered (Franco et al., 2005; Sun et al., 2007, 2010).
Current data confirmed that the induction of immune toler-
ance by liver-specific expression of GAA with AAV-
LSPhGAA occurred even in the presence of simultaneous,
ubiquitous expression of GAA with AAV-CBhGAA. These
data compellingly demonstrated the dominant effect of im-
mune tolerance mediated by AAV-LSPhGAA, because the
administration of both AAV2/8-LSPhGAA and AAV2/
8-CBhGAA prevented antibody formation and reduced ele-
vations of IFN-c in the liver. The immune responses directed
toward AAV2/8-CBhGAA have been well described (Franco
et al., 2005; Sun et al., 2005a,b), and current data confirmed
the activation of T cells, transduction of dendritic cells, and
stimulation of Th1 cytokine responses by administration of
that vector to GAA-KO mice. However, dual vector admin-
istration failed to prevent antibody formation in response to
vaccinating with rhGAA plus adjuvant, despite preventing
antibody formation in the absence of a rigorous immune
challenge. Thus, hepatic expression of human GAA with
low-dose AAV2/8-LSPhGAA established functional im-
mune tolerance over the humoral and cellular immune re-
sponses provoked by ubiquitous GAA expression with
AAV2/8-CBhGAA, while achieving the highest degree of
biochemical correction in skeletal muscle among the gene
therapy regimens currently evaluated.

Administration of low-dose AAV2/8-LSPhGAA along
with AAV2/8-CBhGAA significantly increased efficacy,
whereas AAV2/8-CBhGAA was previously inefficacious in
immunocompetent GAA-KO mice (Franco et al., 2005). Ad-
ministration of both AAV2/8 vectors significantly enhanced
the biochemical correction of striated muscle in GAA-KO
mice, as demonstrated by increased GAA activity and
decreased glycogen content, in comparison with AAV2/

FIG. 5. Increased FoxP3+ Tregs are associated with AAV-
LSPhGAA-induced systemic tolerance. Splenocytes were
stained with anti-CD4–FITC, anti-CD25–PE, permeabilized,
fixed, and then stained with anti-FoxP3–APC. Representative
plots from each group are shown (four per group). (A) Percen-
tage of CD4+ CD25+ FoxP3+ T cells in CD4+ lymphocytes from
spleen. (B) Percentage of CD4+ CD25+ FoxP3+ T cells among
total splenocytes. Means and standard deviation are shown.
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8-LSPhGAA alone (Fig. 1). The combination of high vec-
tor particle numbers of AAV2/8-LSPhGAA and AAV2/
9-CBhGAA, in a dual vector treatment, revealed few sig-
nificant differences from high-dose AAV2/8-LSPhGAA
alone; however, that dual vector treatment simulta-
neously increased GAA activity in both the liver and
heart to high levels (Fig. 1A). Each vector by itself ele-
vated GAA highly only in the heart or liver, not in both
tissues. The glycogen content in EDL was significantly

reduced by dual vector treatment, in comparison with
administration of AAV2/8-LSPhGAA alone (Fig. 1C).
AAV2/9-CBhGAA and the dual vector treatment both
elevated GAA content to high levels (Fig. 1A), but gly-
cogen content was reduced only by dual vector treatment
with AAV2/8 and AAV2/9 (Fig. 1C). We surmise that
cellular immune responses interfered with the function of
GAA in the heart, preventing the clearance of glycogen
storage from AAV2/9-CBhGAA alone despite the high

FIG. 6. Differential activation of inflammatory genes in liver by AAV-LSPhGAA or AAV-CBhGAA. Mice were injected
intravenously with AAV-LSPhGAA or AAV-CBhGAA or left uninjected as controls (four per group). At 8 weeks of age, liver
and spleen were collected and snap-frozen. Total RNA was extracted for analysis of expression of select cytokine and
chemokine genes by real-time PCR. (A) Expression of GM-CSF in spleen. (B) Expression of GM-CSF in liver. (C) Expression of
IFN-c in spleen. (D) Expression of IFN-c in liver. (E) Expression of IL-12b in spleen. (F) Expression of IL-12b in liver. Means
and standard deviation are shown.

FIG. 7. Transduction of dendritic cells
with AAV-CBhGAA. (A) Bone marrow-
derived dendritic cells from 3-month-old
GAA-KO mice were prepared by cultur-
ing with GM-CSF and IL-4 for 7 days.
FACS analysis showed that 80–90% cells
were positive for CD11c, CD80, and MHC
class II and less than 10% CD14 positive
(see Supplementary Fig. S1; supplemen-
tary data are available online at
www.liebertonline.com/hum). On day
10, cells were infected with each vector,
respectively, and control cells were left
untreated. Cells were harvested 72 hr later
and GAA activity was measured. The
experiment was performed twice, and
means – standard error are shown. (B)
Real-time quantification of vector ge-
nomes in transduced dendritic cells.
Means – standard deviation are shown.
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levels of GAA achieved. The lack of efficacy from an AAV
vector containing a ubiquitously active regulatory cas-
sette concurs with experiments by Ziegler and colleagues,
which demonstrated little efficacy from ubiquitous
expression of a-galactosidase in Fabry disease mice

(Ziegler et al., 2007). Perhaps most significantly, when
the immunogenic AAV2/8-CBhGAA vector was coad-
ministered with a small number of tolerogenic AAV2/
8-LSPhGAA vector particles it achieved a degree of bio-
chemical correction equivalent to that from a high dose of
the tolerogenic AAV2/8 vector. The reduction of glyco-
gen in the quadriceps from the current dual AAV2/8
vector treatment was approximately 70%, equivalent to
the effect from an equivalent number of tolerogenic vector
particles, whereas AAV2/8-CBhGAA by itself had no

FIG. 8. Liver transduction and IFN-c expression 8 weeks after
administration of AAV-LSPhGAA or AAV-CBhGAA. (A) Real-
time PCR quantification of vector genomes in the liver from
groups of GAA-KO mice 8 weeks after administration of
AAV-LSPhGAA or AAV-CBhGAA (1 · 1011 VP/mouse); age-
matched, mock-treated GAA-KO mice were negative controls
(n = 4 per group). Vectors were injected intravenously at 3
months of age. (B) RT-PCR quantification of IFN-c in the liver of
groups of GAA-KO mice detailed previously.

FIG. 9. Liver transduction and immune responses after
single or dual vector administration. (A) Real-time PCR
quantification of vector genomes in the liver from groups of
GAA-KO mice after administration of AAV-LSPhGAA
(2 · 1010 VP/mouse; n = 5), both AAV-LSPhGAA (2 · 1010 VP)
and AAV-CBhGAA (1 · 1011 VP; n = 4), AAV2/8-LSPhGAA
(1 · 1011 VP/mouse; n = 4), both AAV2/8-LSPhGAA and
AAV2/9-CBhGAA (n = 5), or AAV2/9-CBhGAA (1 · 1011 VP;
n = 3). Vectors were injected intravenously into mice at 3
months of age. Mock-treated GAA-KO mice were negative
controls (n = 4). (B) RT-PCR quantification of IFN-c in the liver
of groups of GAA-KO mice detailed previously. The p values
are as follows: *p = 0.03; **p < 0.03. (C) Groups of GAA-KO
mice were injected intravenously with AAV-LSPhGAA and
AAV-CBhGAA as indicated before an immune challenge with
rhGAA and adjuvant as shown (Fig. 4A; n = 5 per group). (D)
Periodic acid–Schiff staining of glycogen in the quadriceps
(original magnification, · 400).

‰
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impact on the glycogen content of skeletal muscle (Franco
et al., 2005; Ziegler et al., 2008).

The coadministration of a tolerogenic vector, AAV-
LSPhGAA, along with an immunogenic vector, AAV-
CBhGAA, was sufficient to prevent antibody responses
against GAA and to promote efficacy in GAA-KO mice. In
the absence of anti-GAA antibodies it is likely that GAA is
secreted from transduced liver and muscle cells, and taken
up by cardiomyocytes from the blood via mannose 6-
phosphate receptors. The mechanism for inducing immune
tolerance to GAA in mice with Pompe disease involves Treg
cells, because Treg cells can be depleted to prevent the es-
tablishment of immune tolerance to GAA in GAA-KO mice
with the tolerogenic vector (Sun et al., 2010). The adoptive
transfer of Treg cells to naive recipient mice after adminis-
tration of an AAV vector to donor mice has prevented an-
tibody formation in response to an immune challenge with
foreign proteins in hemophilia B mice (Cao et al., 2007) and
Fabry mice (Ziegler et al., 2007), thereby confirming the role
of Treg cells in mediating immune tolerance to an introduced
therapeutic protein. A previous experiment demonstrated
that immune tolerance to sphingomyelinase could be estab-
lished by hepatic transgene expression in mice with Nie-
mann-Pick disease, followed by transduction of the central
nervous system with a second vector delivering a ubiqui-
tously active transgene (Passini et al., 2007). The highly effi-
cacious combination of these dual vectors foreshadowed the
benefits observed in the current study of liver-specific and
ubiquitous transgene expression in GAA-KO mice. Whether
AAV vectors confer unique advantages in their ability to
induce immune tolerance through hepatic expression re-
mains unclear; however, it has been suggested that the
nonpathogenic nature of AAV facilitates the tolerogenic
capabilities of AAV vectors (Loduca et al., 2009). Intriguingly,
we found that administration of both AAV vectors studied
here did not increase Treg cells in the spleen, in comparison
with mock treatment, as analyzed by quantifying Tregs
among CD4 + splenocytes or by RT-PCR quantification of
FoxP3 in the spleen. This observation does not exclude the
previously demonstrated role of CD25 + Tregs specific for
GAA in inducing immune tolerance (Sun et al., 2010).

The high-level expression of GAA in dendritic cells
transduced with AAV-CBhGAA was associated with a lack
of efficacy in GAA-KO mice after administration of this
vector; moreover, ubiquitous GAA expression with AAV-
CBhGAA has provoked cellular and humoral immune re-
sponses in this model previously and in the current study
(Franco et al., 2005; Sun et al., 2005b). AAV-LSPhGAA vector
was transcriptionally silent in dendritic cells, because vector
DNA was present in dendritic cells that failed to express
GAA (Fig. 7). These data were consistent with the hepatic-
specific pattern of expression of the LSP regulatory cassette
(Wang et al., 1999, 2000; Franco et al., 2005). The transduction
of dendritic cells with DNA vectors has been implicated as a
mechanism for the activation of cytotoxic T lymphocyte
(CTL) responses in rodent models and for the attenuation of
transgene expression ( Jooss et al., 1998; Zhang et al., 2000).
Adoptive transfer of dendritic cells transduced with an
adenovirus vector encoding b-galactosidase provoked robust
T cell activation and elimination of transgene expression, in
contrast with adoptive transfer of dendritic cells transduced
with an AAV vector containing a similar transgene ( Jooss

et al., 1998). The lack of transgene-directed responses after
transfer of AAV-transduced dendritic cells and lack of
b-galactosidase staining in those cells supported the view
that AAV vectors failed to transduce and activate dendritic
cells. Subsequent experiments revealed that immature den-
dritic cells were transducible and capable of provoking CTL
responses after adoptive transfer, whereas mature dendritic
cells lacked those capabilities (Zhang et al., 2000) More re-
cently, canine dendritic cells were transduced with an
AAV2/8 vector in vivo (Ohshima et al., 2009), indicating that
other serotypes than AAV2 could potentially activate den-
dritic cells with accompanying risk for CTL responses di-
rected against the transgene.

The simultaneous administration of tolerogenic and im-
munogenic vectors induced immune tolerance in the current
study, which is novel and somewhat unexpected. Previous
examples of liver-specific transgene expression that induced
immune tolerance have introduced the vector carrying the
hepatic-specific transgene several weeks before the vector
containing a ubiquitously expressing transgene (Hoffman
et al., 2007; Passini et al., 2007; Breous et al., 2009). We have
demonstrated that ERT can begin simultaneously or even 3
weeks before tolerogenic vector administration, but this
might be understandable if the injection of recombinant
protein does not represent an effective immune challenge
(Sun et al., 2010). However, we currently administered an
immunogenic vector that induced vigorous antibody and
CTL responses (AAV-CBhGAA), simultaneously with the
tolerogenic vector (AAV-LSPhGAA), without abrogating
immune tolerance to GAA. We further demonstrated that
systemic immune tolerance induced by AAV-LSPhGAA
could suppress activation of the immune system on subse-
quent active immunization. We showed that mice receiving
AAV-LSPhGAA failed to form anti-GAA IgG1 and lacked
T cell proliferation on immunization with rhGAA (Fig. 4B
and C). In addition, these mice had high expression of liver
GAA and high vector genomes in liver (Fig. 9). In contrast,
administration of AAV-CBhGAA failed to suppress anti-
GAA IgG1 responses and T cell proliferation after rhGAA
immunization (Fig. 4B and C). More importantly, the AAV-
CBhGAA-injected mice showed much lower liver GAA and
liver vector genomes after rhGAA immunization (Fig. 9),
indicating the lack of ability to suppress immune activation
after immunization. The lower cytokine expression in
spleen and liver after immunization correlated with the
immunosuppressive character of the AAV vector contain-
ing the liver-specific promoter. GM-CSF is an inflammatory
cytokine and has been shown to be transiently increased in
mouse livers injected with AAV2 (Zaiss et al., 2002). Here
we show that increased splenic GM-CSF was linked to an
anti-GAA IgG1 antibody response after rhGAA immunization
in the GAA-KO mouse model, and that AAV-LSPhGAA sup-
pressed immunization-induced increases in splenic GM-CSF
expression, in comparison with AAV-CBhGAA (Fig. 6A). Liver
IFN-c expression was differentially expressed after adminis-
tration of AAV-CBhGAA or AAV-LSPhGAA, and subsequent
immunization. Previously we demonstrated CD8+ lymphocyte
infiltrates induced by AAV-CBhGAA (Franco et al., 2005). In
the current study AAV-CBhGAA induced significantly in-
creased liver IFN-c (Fig. 6D), which most probably is related to
CTLs in response to ubiquitous GAA expression in GAA-KO
mice.
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A potential advantage for immunomodulatory gene
therapy is that relatively few immunogenic vector particles
will suppress immune responses to another vector expres-
sing the therapeutic protein in many tissues, thereby maxi-
mizing the efficacy from the lowest effective vector dose. For
instance, antibody formation in response to the administra-
tion of a ubiquitously expressing, immunogenic vector has
decreased efficacy in Pompe disease mice, but administration
of a ubiquitously expressing vector is desirable if skeletal
muscle and nervous system involvement is to be treated ef-
fectively. The relevance of antibody formation to efficacy of
therapy in Pompe disease has been emphasized by the poor
response of CRIM-negative patients to ERT, which correlated
with the onset of high-titer antibodies (Kishnani et al., 2010).
The safety of immunomodulatory gene therapy is enhanced
by the low number of vector particles required to prevent
antibody formation and thereby enhance efficacy, because
any risk from AAV vectors should be minimized by reducing
the vector dose (Manno et al., 2006; Sun et al., 2010). Fur-
thermore, it is desirable to minimize the vector dose to pre-
vent anti-capsid T cell responses that were encountered in a
previous clinical trial of AAV2 vector-mediated gene therapy
in hemophilia B (Manno et al., 2006). The clinical relevance of
transgene-directed immune responses has been emphasized
in a clinical trial in subjects with Duchenne muscular dys-
trophy, although CTLs in that trial appeared to be related to
previous T cell activation that might be resistant to immu-
nomodulatory gene therapy (Mendell et al., 2010).

At present we have evaluated two examples of dual vector
therapy by administering a tolerogenic vector and an im-
munogenic vector. The combination of two AAV2/8 vectors
was most efficacious, possibly because of the high degree of
liver transduction achieved with AAV2/8 vectors. No sig-
nificant advantage for combining AAV2/8- and AAV2/9-
pseudotyped vectors was demonstrated, in comparison with
a high-dose tolerogenic vector by itself, and administering
two serotypes risks provoking anti-capsid antibodies against
both serotypes AAV8 and AAV9 that would prevent treat-
ment later with either serotype (Gao et al., 2002). The benefit
of immune tolerance was reflected by improved muscle
function, when either AAV2/8 and AAV2/9 vectors or the
tolerogenic AAV2/8 vectors were administered, in compar-
ison with the immunogenic AAV2/9 vector alone (Fig. 3).
However, the lack of increased muscle performance by dual
AAV2/8 and AAV2/9 vector administration, in comparison
with the AAV2/8 vector alone, raises an additional question
about that strategy. Overall, the combination of low-dose
AAV2/8-LSPhGAA and high-dose AAV2/8-CBhGAA
equals the benefit of previous vector treatments in adult
GAA-KO mice (Franco et al. 2005; Ziegler et al., 2008), and
this combination might have undetected advantages from
the transduction of nonmuscle tissue by the ubiquitously
expressing CBhGAA cassette. The further development of
immunomodulatory gene therapy through liver-specific ex-
pression of GAA in Pompe disease can be justified by the
improved efficacy of dual vector treatment, potentially
achieving higher efficacy than with either vector alone.
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