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Hepatocyte-restricted, AAV-mediated gene transfer is being
used to provide sustained, tolerogenic transgene expression
in gene therapy. However, given the episomal status of the
AAV genome, this approach cannot be applied to pediatric
disorders when hepatocyte proliferation may result in signif-
icant loss of therapeutic efficacy over time. In addition, many
multi-systemic diseases require widespread expression of the
therapeutic transgene that, when provided with ubiquitous
or tissue-specific non-hepatic promoters, often results in
anti-transgene immunity. Here we have developed tandem
promoter monocistronic expression cassettes that, packaged
in a single AAV, provide combined hepatic and extra-hepatic
tissue-specific transgene expression and prevent anti-trans-
gene immunity. We validated our approach in infantile
Pompe disease, a prototype disease caused by lack of the ubiq-
uitous enzyme acid-alpha-glucosidase (GAA), presenting
multi-systemic manifestations and detrimental anti-GAA im-
munity. We showed that the use of efficient tandem pro-
moters prevents immune responses to GAA following sys-
temic AAV gene transfer in immunocompetent Gaa�/�
mice. Then we demonstrated that neonatal gene therapy
with either AAV8 or AAV9 in Gaa�/� mice resulted in
persistent therapeutic efficacy when using a tandem liver-
muscle promoter (LiMP) that provided high and persistent
transgene expression in non-dividing extra-hepatic tissues.
In conclusion, the tandem promoter design overcomes impor-
tant limitations of AAV-mediated gene transfer and can be
beneficial when treating pediatric conditions requiring persis-
tent multi-systemic transgene expression and prevention of
anti-transgene immunity.

INTRODUCTION
In vivo gene therapy with adeno-associated-virus (AAV) vectors has
the potential to provide sustained correction of human genetic dis-
eases, as supported by the approval of two AAV-based drugs1,2 and
many ongoing clinical trials. However, the ability to achieve therapeu-
tic levels of transgene expression in multiple affected tissues concom-
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itant with transgene immune tolerance represents an important goal
for the field.3–5 Hepatic restricted AAV-mediated gene transfer has
been successfully exploited to achieve this goal with a variety of ther-
apeutic transgenes.3,6–12 However, hepatocyte-restricted gene transfer
is significantly limited under conditions of hepatocyte proliferation,
such as the growing liver of an infant, because of loss of episomal
AAV genomes.13–18 This hampers application of this strategy to se-
vere congenital diseases requiring therapeutic gene delivery early in
life.14–17 In addition, extra-hepatic expression of the therapeutic
transgene is needed to treat diseases caused by mutation in body-
wide expressed genes encoding for non-secreted proteins. To date,
this has been pursued using promoters driving expression of the
therapeutic transgene, either constitutively19–23 or in affected
tissues,24–27 although gene transfer to extra-hepatic tissues, such as
muscle and the CNS, can sometimes result in enhanced anti-trans-
gene immunogenicity.5,7,21–23,25–36

Pompe disease (PD; OMIM: #232300) is a prototype model of in-
fantile neuromuscular pathology in which treatment is complicated
by detrimental immune responses to the therapeutic protein.37 PD
is a multi-systemic pathology presenting with severe neuromuscular
manifestations caused by lack of acid-alpha-glucosidase (GAA), a
lysosomal enzyme that hydrolyzes glycogen to glucose.37 GAA is
ubiquitously expressed, and its deficiency causes whole-body accu-
mulation of glycogen,37 resulting in hepatomegaly, cardiomegaly,
progressive muscle weakness, and respiratory insufficiency.37 Effec-
tive treatment of PD requires restoration of GAA enzyme activity in
virtually all tissues,38 concomitant with the prevention of anti-GAA
immunity.7,28,30,37–43 Additionally, early intervention is crucial for
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successful treatment, particularly for the severe infantile-onset PD
form (IOPD).39–45 Enzyme replacement therapy (ERT) with recom-
binant human GAA is used to treat PD; however, inefficient cross-
correction of skeletal muscle and the CNS38 and anti-GAA immu-
nity39–43 severely impair the efficacy of the approach. Anti-GAA
immunity is also a concern for AAV-mediated gene therapy for
PD. For instance, anti-GAA antibodies have been observed in a
phase I–II clinical trial for IOPD upon GAA muscle gene transfer
using the ubiquitous cytomegalovirus (CMV) promoter.20 Similarly,
strong humoral anti-GAA immune responses are observed in a
mouse model of PD when using both ubiquitous and muscle-spe-
cific promoters.7,25,28–30,46,47

Here we developed a novel tandem promoter expression cassette
design that resulted in combined hepatic and extrahepatic tissue-spe-
cific transgene expression and prevented anti-transgene immune re-
sponses when used in the context of systemic AAV gene therapy.
Tandem promoters were developed by rational design through multi-
plexing of selected tissue-specific regulatory elements widely reported
to be active in hepatocytes,48,49 muscle,50 and neurons.51–53 The effi-
cacy of AAV gene therapy using the tandem promoters was validated
in the mouse model of PD. Here we showed that systemic AAV gene
delivery using transgene expression cassettes under the control of
liver-muscle and liver-neuron tandem promoters allowed to achieve
simultaneously hepatic and extra-hepatic transgene expression and
to prevent anti-GAA immune responses in immunocompetent
mice. Importantly, concomitant transgene expression in liver and
muscle using the most efficient tandem promoter resulted in persis-
tent therapeutic GAA expression in neonate Gaa�/� mice treated
systemically with AAV-GAA vectors.

This work addresses crucial limitations of AAV vector-mediated gene
transfer for systemic multi-organ diseases characterized by early se-
vere phenotype.

RESULTS
Rational Design of Tandem Promoters to Obtain Simultaneous

Hepatic and Extra-hepatic Transgene Expression

We hypothesized that, by multiplexing different tissue-specific pro-
moter elements, we could express a therapeutic transgene in both
hepatic and extra-hepatic disease target tissues. To meet this goal,
we identified, in the literature, tissue-specific regulatory ele-
ments6,51,54–56 that could be combined in a transgene expression
cassette, respecting the AAV genome size limitation (<5 kb).57 To
provide strong tolerogenic hepatic transgene expression, we selected
the Apolipoprotein E enhancer and the human alpha-1 anti-trypsin
promoter elements (Figure 1A; Figure S1),6,48,54 also reported to
minimize the risk of genotoxicity.58 To achieve transgene expression
in muscle, we selected the short synthetic spC5.12 promoter
(C5.12),55,56 which is active in both cardiac and skeletal muscle
(type I and II fibers) and has been successfully used in large animal
models of muscular dystrophy (Figure 1A; Figure S1).50 For trans-
gene expression in the CNS, we selected the pan-neuron human
synapsin promoter (hSYN; Figure 1A; Figure S1) because it has
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been reported to be neuron-specific in both the brain and spinal
cord in small and large animal models.51–53 Based on this, we
used the full sequence of each tissue-specific promoter to
generate three tandem promoters: the enhanced C5.12 promoter
(Enh.C5.12, Apolipoprotein E [ApoE]-C5.12), the full liver-muscle
promoter (LiMP, ApoE-hAAT-C5.12), and the full liver-neuron
promoter (LiNeuP, ApoE-hAAT-hSYN) (Figure 1A). The tandem
promoters Enh.C5.12 and LiMP were generated for concomitant
transgene expression in liver and muscle, whereas LiNeuP was
generated to drive transgene co-expression in liver and neurons
(Figure 1A). In the tandem promoters, the ApoE-hAAT sequences
were positioned upstream of the additional promoter elements
based on the reported low transactivation activity in case of AAV
integration in the genomic DNA.58 As controls for the specificity
and the potency of the tandem promoters, we generated expression
cassettes containing either the single-tissue promoters (hAAT,
C5.12, hSYN; Figure S1) or the strong ubiquitous CAG promoter
(Figure S1).59 All promoters were cloned in expression cassettes en-
coding a codon-optimized human GAA transgene (hGAA) and
flanked by the AAV inverted terminal repeats (ITRs) for vector
packaging (Figure 1A; Figure S1). We used two hGAA transgenes
we recently described:47 one encoding for the native GAA enzyme
(hGAA) and one for a secretable GAA enzyme (sec-hGAA). The re-
sulting size of the expression cassettes was less than 5 kb (Figure 1A).
Because we previously reported that sec-hGAA is endowed with
lower immunogenicity and superior therapeutic efficacy than the
native hGAA form,47,60,61 the latter was specifically used to evaluate
anti-transgene immune responses, whereas sec-hGAA was used in
disease rescue experiments.

Tandem Liver-Muscle and Liver-Neuron Promoters Drive

Transgene Expression in the Desired Cell Lines

We tested the activity of the tandem promoters in different cell lines
by transient transfection of plasmids encoding the sec-hGAA (Fig-
ures 1B–1I). We evaluated the ability of the tandem liver-muscle
promoters Enh.C5.12 and LiMP to drive sec-hGAA expression in
both hepatocyte and muscle cell lines (Figure 1B–1E). In HuH7 he-
patocyte cells, LiMP showed significantly higher activity compared
with both the C5.12 and EnhC5.12 promoters (Figures 1B and
1D; Figure S2A). In C2 myoblasts, both LiMP and Enh.C5.12
showed significantly higher activity compared with the C5.12 and
the hAAT promoters (Figures 1C and 1E; Figure S2B). These fea-
tures make LiMP a candidate for strong combined liver-muscle
transgene expression and EnhC5.12 a strong muscle promoter
with a slightly higher liver-transcriptional activity than C5.12 (Fig-
ures 1B–1E; Figures S2A and S2B). The increased activity of the
Enh.C5.12 promoter and LiMP versus C5.12 alone in muscle cells
(Figures 1C and 1E; Figure S2B) highlights a synergy between the
liver and muscle regulatory elements, resulting in enhanced trans-
gene expression in muscle.

We next evaluated the ability of LiNeuP (Figure 1A; Figure S1) to
drive sec-hGAA expression in both hepatocyte and neuronal cell lines
(Figures 1F–1I; Figures S2C and S2D). We transiently transfected
2019



Figure 1. Tandem Promoter Design and Transcriptional Specificity in Cell Lines

(A) Tandem promoter design. The tandem promoters generated were the enhanced C5.12 promoter (Enh.C5.12), composed of the liver ApoE enhancer and the muscle

C5.12 promoter; the full liver-muscle promoter LiMP, composed of the liver ApoE enhancer, the hAAT promoter, and the muscle C5.12 promoter; and the liver-neuron

promoter LiNeuP, composed of the liver ApoE enhancer, the hAAT promoter, and the neuron hSYN promoter. The size of the enhancer-promoter elements and of the AAV

genome, including ITRs, is depicted. ITR, inverted terminal repeat for AAV packaging; ApoE, Apolipoprotein E enhancer; hAAT, human alpha-1 anti-trypsin promoter;

spC5.12, synthetic promoter C5.12; hSYN, human Synapsin promoter; hGAA, codon-optimized human acid-alpha-glucosidase transgene encoding for either the native

(hGAA) or secretable (sec-hGAA) enzyme. (B–I) Analysis of transgene expression 72 hr after transient transfection of HuH7 human hepatocyte cells (B, D, F, and H), C2

myoblast cells (C and E), or NSC34 neuron cells (G and I) with plasmids encoding sec-hGAA under the control of Enh.C5.12 and LiMP and LiNeuP. Plasmids encoding sec-

hGAA under the control of the muscle-specific (C5.12), hepatocyte-specific (hAAT), and neuron-specific (hSYN) promoters (Figure S1) were used for comparison. A plasmid

encoding EGFP was used as a negative control (Ctrl) and co-transfected with sec-hGAA-expressing plasmids as a positive control for transfection. (B, C, F, and G) GAA

activity in cell media at 72 hr; data are depicted as average ± SD of n = 4 (B and C) or n = 2 (F and G) independent experiments. Statistical analysis was performed by two-way

ANOVA (promoter, replicate) with Tukey post hoc. *p < 0.05, **p < 0.01, ##p < 0.01. (D, E, H, and I) Representative western blot analysis of cell lysates with anti-human GAA

antibody. Anti-EGFP and anti-tubulin antibodies were used as a transfection control and loading control, respectively. The molecular weight marker (kilodaltons) is depicted.

The pictures are representative of n = 2 independent experiments. Western blot quantification is depicted in Figures S2A–S2D.
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HuH7 hepatocyte cells and NSC34 neuronal cells (Figures 1F–1I; Fig-
ures S2C and S2D).62 In hepatocytes, LiNeuP provided higher enzyme
activity in media (Figure 1F) and significantly higher protein amount
in lysates (Figure 1H; Figure S2C) compared with hSYN alone. In
neuronal cells, LiNeuP led to significantly higher enzyme activity
(Figure 1G) and high GAA protein expression in cell lysates
compared with the hepatocyte-specific hAAT promoter (Figure 1I;
Figure S2D).

The specificity of the tandem liver-muscle and liver-neuron pro-
moters was further confirmed by the low activity observed in non-
target cells compared with the ubiquitous CAG promoter (Figures
S2E and S2F).

Overall, these results indicate that LiMP is an ideal candidate for liver
and muscle transgene co-expression, whereas LiNeuP drives efficient
transgene expression in both hepatocyte and neuronal cells.
Molecul
Systemic AAV Gene Delivery Using LiMP and LiNeuP Results in

Selective Transgene Expression in Target Mouse Tissues

Based on the in vitro results, we then assessed the ability of the newly
generated tandem promoters Enh.C5.12, LiMP, and LiNeuP to drive
multi-tissue transgene expression in in vivo following AAV gene
transfer (Figure 2). AAV vectors encoding native hGAA under the
control of the tandem promoters were injected systemically into
6-week-old wild-type C57BL/6mice for transgene expression analysis
(Figures 2A–2F). For comparison, we produced AAV vectors encod-
ing hGAA under the control of the ubiquitous CAG promoter or
single tissue-specific promoters (hAAT, C5.12, and hSYN) (Figures
2A–2F). We selected AAV serotype 9 based on its broad tropism
for liver, cardiac muscle, skeletal muscle, and neurons.63–65 One
month after intravenous injection of AAV9-hGAA vectors at a dose
of 2 � 1012 vector genomes (VG)/kg, we collected liver, cardiac mus-
cle (heart), skeletal muscle (quadriceps), spinal cord, and brain to
evaluate hGAA mRNA expression by qRT-PCR (Figures 2A–2F).
ar Therapy: Methods & Clinical Development Vol. 12 March 2019 87
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Figure 2. Transcriptional Activity of Tandem Promoters In Vivo following Systemic Delivery of AAV-hGAA Vectors

(A–H) Analysis of hGAA transgene mRNA expression in tissues (A–F) and hGAA protein expression in plasma (G and H) of 3-month-old C57BL/6 mice 6 weeks following

intravenous injection of AAV9 vectors (dose, 2� 1012 vg/kg) harboring codon-optimized human GAA transgene (hGAA, encoding for the native enzyme) under the control of

tandem promoters (Enh.C5.12, LiMP, LiNeuP) or the ubiquitous (CAG), hepatocyte-specific (hAAT), and muscle-specific (C5.12) promoters for comparison. Untreated

C57BL/6 mice were used as a negative control; n = 4 mice/cohort. (A) Heatmap showing the expression of the hGAA transgene mRNA normalized by the expression of the

endogenous mouse Actin gene (DCt) in the tissue analyzed and determined by qRT-PCR. (B–F) Relative expression (fold change) of the hGAA transgene mRNA in tissues.

The fold change transgene expression is depicted in comparison with control tissue-specific promoters: hAAT for liver (B), C5.12 for heart (C) and quadriceps (D), and hSYN

for spinal cord (E) and brain (F). (B–F) Data are depicted as average ± SD. (G) Representative western blot analysis of mouse plasma with anti-human GAA antibody. The

molecular weight marker (kilodaltons) is depicted. rhGAA, recombinant human GAA loaded as a positive control. (H) Quantification of the hGAA protein band in plasma

normalized by the aspecific band. Data are depicted as average ± SD of n = 4 mice/cohort. (B–F and H) Statistical analysis; one-way ANOVA with Tukey post hoc. Asterisks

on the bars show significant differences versus mouse cohorts specified in the legend. (B–H) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ####p < 0.0001.
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As reported in other studies,63,64,66 higher VG copy numbers
(VGCNs; ****p < 0.001 liver versus all tissues; Figure S3A) and trans-
gene mRNA levels (Figure 2A) were found in liver, followed by heart,
skeletal muscle, and nervous system. We then analyzed the hGAA
mRNA fold change expression in each tissue in comparison with
the respective control promoters (Figures 2B–2F). In the liver,
significantly higher transgene expression was achieved with LiMP
compared with C5.12 and LiNeuP compared with hSYN (Figure 2B).
The activity of the tandem promoters LiMP and LiNeuP in the liver
was not significantly different from that of the hAAT promoter (Fig-
ure 2B). Lower liver transgene expression was instead observed using
the tandem Enh.C5.12 promoter compared with hAAT (Figure 2B).
In cardiac and skeletal muscle, high transgene expression was
observed using the tandem Enh.C5.12 promoter and LiMP (Figures
2A, 2C, and 2D). Enh.C5.12 was significantly more active than
LiMP and C5.12 in heart (Figure 2C). In skeletal muscle (Figure 2C),
88 Molecular Therapy: Methods & Clinical Development Vol. 12 March
the activity of the tandem Enh.C5.12 promoter and LiMP was higher
than hAAT and not significantly different compared with control
C5.12 and strong ubiquitous CAG promoters. Notably, LiMP drove
transgene expression in both liver (Figure 2B) and muscle (Figures
2C and 2D) at levels that were not significantly different from the sin-
gle hAAT and C5.12 promoters, respectively. In liver, LiMP also
showed markedly higher activity than Enh.C5.12.

In the CNS, the overall hGAA mRNA expression was low compared
with liver andmuscle (Figure 2A), as expected fromAAV9 vector bio-
distribution in adult mice (Figure S3A).63 Despite this, the highest
transgene hGAA transgene expression in both spinal cord and brain
was driven by LiNeuP (Figures 2E and 2F). The slight, not significant
increase in transgene expression observed using the other promoters
compared with hSYN (Figures 2E and 2F) could possibly derive from
some low transcriptional activity and/or mRNA transport from the
2019



Figure 3. Anti-hGAA Humoral Immune Responses in Gaa–/– Mice following AAV Gene Transfer of hGAA Using Tandem Promoters

(A) Analysis of anti-hGAA antibodies (immunoglobulin G [IgG]) in Gaa�/�mice at 1.5 months following intravenous injection of AAV9 vectors (dose, 2� 1012 vg/kg) harboring

a codon-optimized hGAA transgene encoding for the native enzyme under the control of tandem promoters (Enh.C5.12, LiMP, LiNeuP) or the ubiquitous (CAG), hepatocyte-

specific (hAAT), and muscle-specific (C5.12) promoters for comparison. Gaa�/� mice were treated at 3 months of age. Data are depicted as average ± SD; n = 5 mice/

cohort. Statistical analysis: one-way ANOVA with Tukey post hoc. (B) Analysis of anti-hGAA IgGs in Gaa�/�mice 1, 1.5, 2, and 3 months following intravenous injection of

AAV8-hGAA vectors (native hGAA; dose, 2� 1012 vg/kg) harboring Enh.C5.12 and LiMP promoters. Gaa�/�mice were treated at 3–4 months of age. Data are depicted as

average ± SD; n = 3–5 mice/cohort. EnhC5.12: n = 5 at 1, 1.5, and 2 months; n = 4 at 3 months. LiMP: n = 4 at 1, 1.5, and 2 months; n = 3 at 3 months. Statistical analysis:

two-way ANOVA (promoters, time) with Sidak post hoc, significant differences are indicated by asterisks. Two-way ANOVA (time) with Tukey post hoc, significant differences

are indicated by hash marks. *p < 0.05, **p < 0.01, ##p < 0.01.
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main transduced tissue (e. g. liver, muscle).67 Notably, the ability of
LiNeuP to drive efficient transgene expression in both liver (Fig-
ure 2B) and CNS (Figures 2E and 2F) compared with hAAT and
hSYN confirms its dual transcriptional activity.

Finally, compared with the ubiquitous CAG promoter (Figures 2B–
2E), tandem promoters showed preserved tissue specificity. LiMP-
driven expression in neurons was limited and not different from
the hAAT and C5.12 promoters (Figures 2E and 2F), whereas
LiNeuP-driven expression in muscle was not different from that of
hAAT and hSYN promoters (Figures 2C and 2D).

The specificity of the most efficient liver-muscle and liver-neuron
promoters was confirmed by the low or absent activity observed in
non-target tissues, such as kidney, lung, and spleen (Figures S3B
and S3C). In the lungs, some detectable hGAA mRNA expression
observed using the LiMP could possibly derive from promoter activity
in smooth muscle cells (Figure S3B). As expected,63,64,66 vector
genome copy numbers (VGCNs) were higher in liver compared
with other tissues (Figures S3D and S3E).

Overall, the hGAAmRNA expression data show that the tandem pro-
moters LiMP and LiNeuP drive efficient and specific transgene
expression in target tissues (Figures 2A–2F; Figures S3B and S3C).

Next we quantified hGAA protein in the plasma of C57BL/6 mice in-
jected with the AAV9-hGAA vectors. One month after treatment,
western blot analyses of mouse plasma showed that the amount of
circulating hGAA was higher using LiMP compared with C5.12
and Enh.C5.12, and LiNeuP compared with hSYN (Figures 2G and
2H). The control hAAT promoter provided the highest amount of
circulating hGAA compared with the other promoters (Figures 2G
and 2H). These data demonstrate that LiMP and LiNeuP drive effi-
cient hGAA transgene expression in hepatic tissues and target ex-
Molecul
tra-hepatic tissues (Figures 2A–2F) while also providing a high
amount of circulating hGAA (Figures 2G and 2H) to mediate
cross-correction via tissue uptake.

Tandem Promoters with Strong Liver Activity Prevent the

Development of Immune Responses to hGAA in Gaa–/– Mice

Gene transfer of native hGAA to Gaa�/�mice driven by either ubiq-
uitous or muscle-specific promoters has been reported to induce
unwanted humoral immune responses toward the hGAA pro-
tein.25,28–30,46,47 Conversely, we47,68 and others7,46 have shown that
restriction of native hGAA transgene expression to hepatocytes pre-
vents the development of anti-hGAA immunity and provides stable
immunological tolerance to the transgene product. To evaluate the
immunological properties of the tandem liver-muscle and liver-
neuron promoters, we delivered AAV9 vectors encoding native
hGAA systemically to adult immunocompetent Gaa�/�mice (vector
dose, 2� 1012 vg/kg) and evaluated anti-hGAA humoral immune re-
sponses (Figure 3A). Adult Gaa�/� mice were specifically used in
these experiments because neonate animals have been reported to
be more prone to develop pro-tolerogenic responses.69–71 At early
time points after treatment, high anti-hGAA immunoglobulin G
(IgG) was induced in mice treated with the Enh.C5.12 vector in addi-
tion to the control CAG and C5.12 vectors (Figure 3A). Conversely,
anti-hGAA IgG measured in mice treated with LiMP, LiNeuP, and
control hAAT vectors (Figure 3A) was either low or absent and signif-
icantly different from that measured in the CAG cohort (Figure 3A).
The use of the tandem promoters LiMP and LiNeuP prevented the
induction of anti-hGAA IgG long-term (Figure S4A). Conversely,
anti-hGAA IgG peaked with time in the C5.12 cohort, leading to
significantly higher levels than those measured in the other cohorts
(Figure S4A). Interestingly, these data suggest that liver transgene
expression determined by the CAG and Enh.C5.12 promoters may
reduce but not prevent anti-hGAA humoral immune responses (Fig-
ure 3A; Figure S4A). VGCN showed no important impact of genome
ar Therapy: Methods & Clinical Development Vol. 12 March 2019 89
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sequence on liver transduction (Figure S4B). Consistent with our pre-
vious findings using AAV gene transfer of native hGAA,47 no signif-
icant recovery of muscle strength was observed 3 and 5 months after
AAV treatment at the vector dose tested (Figures S4C and S4D).

Next we used AAV8 vectors, which efficiently target mouse liver in
addition to muscle,63,65 to further compare the immunological prop-
erties of gene transfer with the tandem liver-muscle Enh.C5.12 and
LiMP promoters (Figure 3B). Anti-hGAA IgG was readily detected
when using the Enh.C5.12 promoter, with a peak 6 weeks after vector
delivery followed by a significant decrease at later time points (Fig-
ure 3B). No or low antibodies against the hGAA transgene product
were instead detected when using LiMP at any of the time points
analyzed (Figure 3B). At sacrifice, the amount of the hGAA protein
measured in liver by western blot showed higher transgene expression
inmice treated withAAV8-LiMP vectors comparedwith those treated
with AAV8-Enh.C5.12 vectors (Figures S5A and S5B). These findings
are in agreement with previously published work showing that im-
mune tolerance positively correlates with antigen expression levels
in the liver.6,72 No significant differences in hGAA content were
observed in quadriceps of AAV8-treated mice (Figures S5C and
S5D). Analysis of VGCN in liver and quadriceps also showed no sig-
nificant differences among the vectors used (Figures S5E and S5F).

Next, being muscle a highly immunogenic tissue,29,36 we tested
whether AAV gene transfer using LiMP could decrease a pre-existing
anti-transgene humoral immune response. To this aim, we immu-
nized Gaa�/� mice with three intravenous injections of rhGAA
at a dose of 20 mg/kg (Figure S6A). Then, 2 weeks later, we
measured anti-GAA IgG in plasma and treated the immunized
mice with AAV9-LiMP-hGAA vectors by intravenous delivery (Fig-
ure S6B). An AAV9-hAAT-hGAA vector was used as a tolerogenic
control.11,12,68 Six weeks after AAV treatment (at a dose of 2 �
1012 vg/kg), IgG anti-hGAA was significantly decreased in mice
treated with LiMP and hAAT vectors but in mice treated with a con-
trol AAV vector expressing luciferase (Figure S6B).

Overall, these results indicate that AAV gene transfer with tandem
promoters endowed with a strong hepatic expression component,
like LiMP, results in efficient prevention of immune responses to
the GAA transgene product.

The Tandem Liver-Muscle Promoter LiMP Provides Persistent

GAA Transgene Expression in Neonate Gaa–/– Mice

Hepatic transgene expression upon AAV gene transfer in neonate an-
imals has been reported to be temporally limited by the loss of episomal
vector genomes from dividing hepatocytes during liver growth.14,15,17

To overcome this limitation, we tested the ability of LiMP, to prevent
anti-hGAA immune responses and provide long-term transgene
expression in neonate Gaa�/� mice upon systemic AAV injection
because of its efficient liver-muscle transcriptional activity. To this
aim, we intravenously injected Gaa�/� mice on post-natal days 1–2
with AAV vectors encoding sec-hGAA under the control of LiMP or
the single C5.12 and hAAT promoters for comparison (dose, 6 �
90 Molecular Therapy: Methods & Clinical Development Vol. 12 March
1010 vg/pup [3 � 1013 vg/kg]) (Figures 4 and 5; Figures S7 and S8).
The AAV8 vector was used because it efficiently targets liver, muscle,
and the nervous system.63,65,73 At the end of the study (3 months after
treatment), the amount of therapeutic enzyme in the circulation (Fig-
ures 4A and 4B) was higher in Gaa�/� mice treated with hAAT and
LiMP compared with C5.12 vectors. In the liver, sec-hGAA transgene
mRNA expression (Figure S7A), protein content (Figures S7B and
S7C), and enzymeactivity (Figure S7D)were also higher inmice treated
with LiMP and hAAT compared with C5.12 vectors. At the end of the
study, immunostaining for sec-hGAA in liver sections confirmed
enzyme expression in adult hepatocytes using hAAT and LiMP (Fig-
ure 4C). Analysis of VGCN in the liver showed no significant differ-
ences among the vectors used (Figure S7E). Loss of AAV genomes
over time because of hepatocyte proliferation was indicated by the
reduced amounts of circulating sec-hGAA enzyme measured in the
plasma 3 months versus 1 month after treatment in the hAAT and
LiMP cohorts (Figures S7F and S7G). Interestingly, at the end of the
study, GAA activity in muscle (heart, diaphragm, quadriceps, and tri-
ceps) was significantly higher in Gaa�/� mice treated with LiMP
compared with both hAAT and C5.12 vectors (Figures 4D–4G).
GAA activity achieved with LiMP vectors was supra-physiological
compared with Gaa+/+ mice (Figures 4D–4G). Expression analyses
in diaphragm and triceps also showed significantly higher amounts
of sec-hGAA protein (Figures 4H and 4I; Figures S8A and S8B) and
mRNA (Figure S8C) in Gaa�/� mice treated with LiMP compared
with C5.12 and hAAT. The increased activity of the LiMP promoter
in muscle compared with both hAAT and C5.12 alone (Figures 4D–
4I; Figures S8A–S8C) highlights the synergy between hepatocyte-
and muscle-specific transcriptional elements, resulting in enhanced
transgene expression in muscle. Interestingly, the higher expression
of sec-hGAA achieved in muscle with LiMP (Figures 4D–4I; Figures
S8A–S8C) resulted in higher amounts of circulating enzyme compared
with C5.12 but not hAAT (Figures 4A and 4B). One possible explana-
tion is that muscle, differently from liver, does not efficiently secrete
proteins into the bloodstream.74 No significant differences in VGCN
were observed in skeletal muscle (Figure S8D).

The sec-hGAA protein was also clearly detected in both spinal cord
and brain of AAV-treated Gaa�/� mice compared with untreated
Gaa�/� mice (control [Ctrl]; Figures 4J–4M). In the spinal cord,
enzyme levels were significantly higher with LiMP compared with
C5.12 and hAAT vectors (Figures 4J and 4K). In the brain, LiMP pro-
vided a higher amount of hGAA protein compared with C5.12 but not
hAAT (Figures 4L–4M). Despite detection of the GAA transgene
protein, GAA activity levels in the CNS of AAV-treated Gaa�/�
mice was not different from untreated Gaa�/� mice (Ctrl; Figures
S8E and S8F), consistent with our previous findings showing the
lower sensitivity of the activity assay compared with the western
blot assay.47

Overall, these results show that the tandem LiMP promoter provides
robust and long-lasting transgene expression in both liver and muscle
of neonate Gaa�/� mice together with superior enzyme targeting to
the spinal cord and brain.
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Figure 4. Efficient Expression of sec-hGAA following AAV Gene Transfer to Neonate Gaa–/– Mice Using the Tandem LiMP Promoter

(A–M) Analysis of hGAA expression in plasma (A and B) and tissues (C–M) of 3-month old Gaa�/�mice treated as neonates by intravenous injection of AAV8 vectors (dose,

3� 1013 vg/kg) encoding a codon-optimized sec-hGAA under the control of the tandem promoter LiMP (n = 6) or the muscle-specific (C5.12, n = 5) and hepatocyte-specific

(hAAT, n = 5) promoters for comparison. Littermate untreated Gaa�/�mice were used as affected controls (n = 6). Littermate Gaa+/+mice were used as unaffected controls

(n = 8). (A) Representative western blot of Gaa�/� plasma with anti-human GAA antibody. The molecular weight marker (kilodaltons) is depicted. rhGAA was loaded as a

positive control. (B) Quantification of the hGAA protein band in Gaa�/� plasma normalized by the aspecific band. (C) Immunofluorescence analyses of liver sections with anti-

humanGAA antibody. The scale bar represents 20 mm. The pictures are representative of n = 2 (hAAT) or n = 4 (LiMP) AAV-treated Gaa�/�mice and n = 1 untreated Gaa�/�
mouse (Ctrl). (D–G) Analysis of GAA enzyme activity in muscle: heart (D), diaphragm (E), quadriceps (F), triceps (G). (H–M) Western blot analyses of Gaa�/� triceps (H and I),

spinal cord (J and K), and brain (L and M) with anti-human GAA antibody. Anti-tubulin antibody was used as a loading control. rhGAA was loaded as a positive control. The

molecular weight marker (kilodaltons) is depicted. (I, K, and M) Quantification of hGAA protein bands in tissues normalized by tubulin. (B, D–G, I, K, and M) Data are depicted

as average ± SD; n = 5–8 mice per cohort as described above. Statistical analysis: one-way ANOVA with Tukey post hoc. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(D–G). Asterisks show significant differences versus all mouse cohorts.
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Transgene Expression Driven by LiMP Rescues the Disease

Phenotype in Neonate Gaa–/– Mice

Next we measured glycogen content in muscle and the nervous sys-
tem of Gaa�/� mice treated as neonates. Three months after treat-
ment, pathological glycogen accumulation was significantly reduced
in heart (Figure 5A), triceps (Figure 5B), diaphragm (Figure 5C),
quadriceps (Figure S8G), spinal cord (Figure S8H), and brain (Fig-
ure 5D) of AAV-treated mice compared with untreated Gaa�/�
mice (Ctrl). In diaphragm (Figure 5C) and brain (Figure 5D), only
hAAT and LiMP vectors, but not C5.12, led to normalization of
glycogen accumulation. This observation (Figures 5C and 5D) was
consistent with the observed higher amount of therapeutic enzyme
provided by LiMP compared with C5.12 in both tissues (Figures 4L
and 4M; Figures S8A and S8B). At the end of the study, significant
correction of cardiomegaly was found in all AAV-treated mice (Fig-
ure 5E). Notably, muscle strength was significantly rescued only in
Molecul
Gaa�/� mice treated with LiMP compared with untreated Gaa�/�
mice (Ctrl; Figure 5F). Although humoral immune responses to the
vector capsid were readily found in AAV8-treated Gaa�/� mice,
no anti-hGAA IgGs were detected at all time points (1, 2, and
3 months after treatment; Table S1).

These results clearly show that AAV-sec-hGAA gene therapy with
LiMP in neonate Gaa�/�mice results in whole-body enzyme target-
ing and therapeutic efficacy superior to the C5.12 and hAAT
promoters.
LiMP-Driven GAA Transgene Expression Allows Rescue of

Neonatal PD at Low Vector Doses

We next tested whether gene transfer with tandem promoters in
neonate Gaa�/� mice could result in therapeutic efficacy at low
ar Therapy: Methods & Clinical Development Vol. 12 March 2019 91
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Figure 5. Efficacy in Gaa–/– Mice Treated as Neonates with Systemic AAV Gene Therapy Using the Tandem LiMP Promoter

(A–F) Analysis of glycogen accumulation in tissues (A–D), cardiomegaly (E), and muscle strength (F) in 3-month-old Gaa�/� mice treated as neonates with intravenous

injection of AAV8 vectors (dose, 3 � 1013 vg/kg) encoding a codon-optimized sec-hGAA under the control of LiMP (n = 6) or the muscle-specific (C5.12, n = 5) and

hepatocyte-specific (hAAT, n = 5) promoters for comparison. Littermate untreated Gaa�/� mice were used as affected controls (n = 6); littermate Gaa+/+ mice were used

as unaffected controls (n = 8). (A–D) Glycogen accumulation measured in heart (A), triceps (B), diaphragm (C), and brain (D). (E) Heart weight normalized by body weight.

(F) Muscle strengthmeasured by 4-limb grip test. (A–F) Data are depicted as average ± SD; n = 5–8mice per cohort as described above. Statistical analysis: one-way ANOVA

with Tukey post hoc. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ###p < 0.001. (A–E) Asterisks and hashmarks on the bars show significant differences versusmouse

cohorts specified in the legends.
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vector doses. Animals were treated on days 1–2 after birth with 1.2�
1010 vg/pup (6� 1012 vg/kg) (Figures 6 and 7; Figures S9 and S10) of
vectors expressing sec-hGAA under the control of LiMP compared
with hAAT. AAV serotype 9 was used to target the liver, muscle,
and nervous system.63–65,75 The amount of circulating GAA enzyme
was not different in Gaa�/�mice treated with LiMP and hAAT vec-
tors for the duration of the study (Figures 6A and 6B; Figures S9A and
S9B). As observed in the AAV8 study (Figure S7A), transgene mRNA
expression in the liver showed no significant differences among the
LiMP and hAAT promoters, highlighting their similar hepatic tran-
scriptional activity (Figure S9C). Liver GAA content (Figures S9D
and S9E) and activity (Figure S9F) were slightly higher in LiMP-
versus hAAT-treated Gaa�/� mice. Conversely, GAA activity
achieved with LiMP in Gaa�/� heart (Figure 6C), diaphragm (Fig-
ure 6D), triceps (Figure 6E), and quadriceps (Figure S9G) was signif-
icantly higher compared with hAAT, highlighting its efficient dual
transcriptional activity. Consistently, significantly higher amounts
of sec-hGAA protein were detected in triceps (as representative mus-
cle; Figures S9H and S9I). AAV9-LiMP also provided significantly
higher enzyme levels to the spinal cord compared with hAAT (Fig-
ure 6F; Figure S10A), likely mediated by the higher levels of GAA
transgene expression achieved with LiMP in muscle. Accordingly,
transgene mRNA expression in the spinal cord showed no significant
differences in transcriptional activity of LiMP and hAAT promoters
(Figure S10B). Conversely, both LiMP and the hAAT promoter
showed significantly lower activity compared with LiNeuP (Figures
S10B–S10D).

Slightly higher brain GAA protein levels were observed when using
LiMP versus the hAAT promoter (Figure 6G; Figure S10E), although
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the differences were not statistically significant. As observed in the
high-dose study (Figures S8E and S8F), GAA activity in the CNS
was not significantly different from untreated Gaa�/� mice (Ctrl;
Figures S10F and S10G) because of the low sensitivity of the assay
used.

Pathological glycogen accumulation was significantly reduced upon
treatment with LiMP vectors in heart (Figure 6H), diaphragm (Fig-
ure 6I), quadriceps (Figure S10H), and triceps (Figure 6J) of Gaa�/�
mice compared with both untreated (Ctrl) and hAAT-treated
Gaa�/�mice. In spinal cord and brain, a significant glycogen reduc-
tion was observed in all AAV-treated Gaa�/� mice compared with
untreated Gaa�/� mice (Ctrl), although at levels still different
from unaffected Gaa+/+ (Figure 6K). Because hGAA-mediated
glycogen clearance in the CNS improves over time,47 the higher
amounts of enzyme provided by LiMP compared to the hAAT pro-
moter (Figures 6F and 6G; Figures S10A–S10E) could result in
improved therapeutic efficacy upon extended follow-up. Significant
rescue of cardiomegaly (Figure 7A) and muscle strength (Figure 7B)
was observed only in Gaa�/� mice treated with LiMP vectors.
VGCNs in the liver (Figure S11A) and quadriceps (Figure S11B)
showed similar levels of tissue transduction.

No IgG to sec-hGAA was detected in the plasma of AAV-treated
Gaa�/� mice analyzed monthly by ELISA, confirming the preven-
tion of anti-hGAA immunity (Table S2). IgGs to the vector capsid
were instead observed in AAV9-treated mice (Table S2).

We next asked whether systemic AAV gene delivery of sec-hGAA us-
ing LiNeuP expressing in liver and CNS could rescue muscle strength
2019



Figure 6. Rescue of the Disease Phenotype of Gaa–/– Mice Treated as Neonates with Low-Dose AAV Gene Therapy Using LiMP

(A–K) Analysis of hGAA transgene expression (A–G) and rescue of disease phenotype (H–K) in 4-month-old Gaa�/�mice treated as neonates with intravenous injection of

AAV9 vectors (dose, 6� 1012 vg/kg) encoding a codon-optimized sec-hGAA under the control of LiMP (n = 5) or hepatocyte-specific (hAAT, n = 5) promoter for comparison.

Untreated Gaa�/�mice were used as affected controls (n = 5); littermate Gaa+/+ mice were used as unaffected controls (n = 6). (A) Representative western blot of Gaa�/�
plasma with anti-human GAA antibody. The molecular weight marker (kilodaltons) is depicted. rhGAA was loaded as a positive control. (B) Quantification of hGAA protein

band in Gaa�/� plasma normalized by the aspecific band. (C–E) Analysis of GAA enzyme activity in muscles: heart (C), diaphragm (D), triceps (E). (F and G) Western blot

analyses of Gaa�/� spinal cord (F) and brain (G) with anti-human GAA antibody; anti-tubulin antibody was used as a loading control. The molecular weight marker (kilo-

daltons) is depicted. The western blot quantification is shown in Figures S10A and S10E. (H–K) Glycogen accumulation measured in muscle (H–J) and the CNS (K). Data are

depicted as average ± SD; n = 5–6 mice per cohort as described above. Statistical analysis: Student’s t test (B), one-way ANOVA with Tukey post hoc (C–E and H–K).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ###p < 0.001. Asterisks and hash marks on the bars show significant differences versus mouse cohorts

specified in the legends.
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similarly as LiMP. Interestingly, treatment of neonate Gaa�/� mice
with AAV9-LiNeuP-sec-hGAA vectors at the same vector doses re-
sulted in no significant improvement of grip test muscle strength
compared with untreated Gaa�/� mice 4 months after treatment
(Gaa�/� LiNeuP [n = 5], 1.65 ± 0.06; Gaa�/� Ctrl, 1.4 ± 0.05;
one-way ANOVAwith Tukey post hoc p = 0.5). This observation con-
firms the importance of simultaneous expression of GAA in liver and
muscle for the long-term rescue of PD in neonate mice. The transcrip-
tional activity of LiMP in muscle was further confirmed in human
myoblasts in vitro (Figure S12).

Overall, these results show that LiMP prevents anti-GAA immunity
and achieves superior therapeutic efficacy in neonate animals
following systemic AAV liver gene therapy at low vector doses.

DISCUSSION
Gene therapy relies on the ability to achieve long-term transgene
expression at therapeutic levels with a single intervention. Here we
report the development of a novel tandem promoter design promoting
hepatic tolerance while driving efficient and persistent extra-hepatic
Molecul
transgene expression. We applied our technology to infantile PD,37 a
severe neuromuscular disorder characterized by early onset, systemic
manifestations, and high immunogenicity of the missing enzyme.

We showed that combination of the liver-specific enhancer-promoter
ApoE-hAAT with either the muscle promoter spC5.12 or the
neuronal promoter hSYN resulted in the generation of efficient tan-
dem liver-muscle and liver-neuron promoters (LiMP and LiNeuP,
respectively). In the context of systemic AAV gene delivery for PD,
the use of LiMP and LiNeuP resulted in specific hGAA transgene
co-transcription in liver in addition to muscle and CNS, respectively,
and hepatically mediated prevention of anti-hGAA immunity in
immunocompetent Gaa�/� mice. This finding is particularly rele-
vant for gene delivery to muscle, a tissue reported to be highly pro-
immunogenic.9,26,32,36,76,77

Immunity to GAA is an important limitation in the treatment of PD
because formation of neutralizing antibodies can be associated with a
poor prognosis in patients with the infantile form of the disease
treated with ERT.39,42,43 Previous gene transfer studies have shown
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Figure 7. Rescue of Cardiomegaly and Muscle

Strength in Gaa–/– Mice Treated as Neonates with

Low-Dose AAV Gene Therapy Using LiMP

(A and B) Rescue of the disease phenotype in 4-month-

old Gaa�/� mice treated as neonates with intravenous

injection of AAV9 vectors (dose, 6 � 1012 vg/kg) encoding

a codon-optimized sec-hGAA under the control of

LiMP (n = 5) or hepatocyte-specific hAAT promoter

(n = 5) for comparison. Untreated Gaa�/� mice were

used as affected controls (n = 5); littermate Gaa+/+

mice were used as unaffected controls (n = 6).

(A) Heart weight normalized by body weight. (B) Muscle strength measured by 4-limb grip test. (A and B) Data are depicted as average ± SD; n = 5–6 mice

per cohort as described above. Statistical analysis: one-way ANOVA with Tukey post hoc. *p < 0.05, **p < 0.01.
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that hepatocyte-restricted expression prevents transgene immune
responses in PD7,47,68 and other diseases.11,12 Here we show that
AAV-hGAA gene therapy using LiMP also results in avoidance of
anti-transgene immune responses together with a significant decrease
in established anti-hGAA immunity triggered by previous ERT
treatment.

Previous work explored the use of two separate transgene expression
cassettes, one active in hepatocytes and the other in muscle, packaged
in a mixture of AAV vectors, to treat Gaa�/� mice.78 Although this
approach showed therapeutic efficacy and induction of hepatic toler-
ance to the GAA transgene product, it carries significant drawbacks,
including the need for manufacturing two separate AAV vectors and
delivery of inactive transgene expression cassettes to both hepatocytes
and muscle (hepatocyte-specific promoters are not active in muscle,
and, vice versa, muscle-specific promoters are not active in liver).
In contrast, the tandem monocistronic transgene expression cassette
described here has the advantage of being packaged in a single AAV
vector and being simultaneously transcriptionally active in all desired
target tissues. This is associated with persistent therapeutic efficacy
in neonate animals and consistent prevention of the anti-hGAA
humoral immune response at vector doses of up to 25 times lower
than what has been reported previously.78 Furthermore, our strategy
could be applied to other diseases in which anti-transgene immune
responses are a concern. One example of such diseases are muscular
dystrophies,5 in which detrimental anti-transgene immune responses
are triggered by pathological muscle damage that creates a pro-
inflammatory environment.9,26,27,31,36,76,77

AAV gene transfer to the CNS has also been reported to induce anti-
transgene immune responses that prevent therapeutic efficacy in
animal models of CNS diseases.33,34,71 This has prompted the use of
immunosuppressive regimens in human clinical trials to prevent
anti-transgene immunity.21–23 Accordingly, the use LiNeuP may
help address this issue by avoiding detrimental transgene immunity
in nervous tissue via liver-mediated tolerance induction.

AAV vector genomes persist in the host cell nuclei mostly as epi-
somes.13–15,17 Consequently, one important limitation of liver gene
therapy with AAV vectors in pediatric diseases such as infantile PD
is transgene persistence.
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Our data indicate that systemic AAV gene therapy with the tandem
LiMP promoter in neonate Gaa�/� mice provided superior and
persistent therapeutic efficacy compared with single tissue-specific
promoters. Complete clearance of whole-body pathological glycogen
accumulation and significant rescue of cardiac hypertrophy and mus-
cle strength were indeed measured only when using LiMP. As ex-
pected,14–17 partial loss of liver expression because of hepatocyte
proliferation was observed in neonate animals treated with the
LiMP vector. However, this was not associated with lack of therapeu-
tic efficacy because of the persistence of transgene expression in mus-
cle driven by the dual tissue specificity of the promoter. Previous
studies of AAV gene therapy in neonate Gaa�/� mice showed
only partial rescue of the disease phenotype.30,79 One study showed
glycogen reduction in the CNS with no muscle rescue upon intracer-
ebroventricular (i.c.v.) administration of AAV vectors expressing
GAA under the control of the hSYN neuron-specific promoter.79

These findings are consistent with the lack of rescue of muscle
strength we observed in neonate Gaa�/� mice treated with LiNeuP.
In another study, neonate Gaa�/�mice treated with intravenous de-
livery of AAV1-CMV-GAA presented a glycogen reduction in the
heart and diaphragm.30 However, CMV-driven GAA expression
resulted in development of persistent high-titer anti-hGAA IgG.30

Similarly, immunosuppression was required to prevent anti-GAA
humoral immune responses in infantile PD patients receiving an
AAV1-CMV-GAA vector via intra-diaphragmatic delivery.20

One interesting aspect of the tandem promoter LiMP is the ability to
drive high muscle expression superior to that of the muscle-specific
C5.12 promoter, suggesting a synergy among the different transcrip-
tion regulatory elements. Notably, LiMP-mediated expression of sec-
retable hGAA in muscle also resulted in superior enzyme targeting to
the CNS compared with both the C5.12 and hAAT promoters. This
may possibly result from facilitated protein trafficking between mus-
cle fibers and neurons (e.g., at the neuromuscular junction level),
which would overcome the restrictions posed by the blood-brain
barrier.80,81

Combined with the expression of secretable hGAA, the LiMP-based
approach, but not the single promoter approach, significantly rescued
the muscle strength of Gaa�/� mice treated at birth with low vector
doses (3� 1013 vg/kg to 6� 1012 vg/kg), which are�10–50 times lower
2019
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than those currently used in other studies of neonatal AAV gene
therapy.16,82–86 This is an important goal in the treatment of lethal
neuromuscular diseases, in which the high vector doses required19,27,77

pose safety concerns58,87 and manufacturing challenges.88

Previous reports have shown the activity of the selected single tran-
scriptional regulatory elements in large animal models and human
cells;48,50,53 this is consistent with the observed activity of the LiMP
in human hepatocyte and myoblasts. However, one limitation of the
current work is the lack of studies in large animal models aimed at
defining transgene persistence in neonate animals and therapeutic vec-
tor doses. Future workwill have to address this point, particularly given
the generally reduced transduction efficiency of AAV vectors in non-
humanprimates (NHPs) comparedwithmice.89Of note, recent studies
in fetal rhesus monkeys treated with AAV vectors showed persistent
expression in muscle but not liver,17 supporting the overall model of
persistent therapeutic expression mediated by LiMP presented here.
In our study, therapeutic efficacy in neonate mice was observed with
AAV serotypes currently in the clinic for the treatment of pediatric
neuromuscular disorders (Clinicaltrials.gov: NCT02122952 and
NCT03199469),19,27 but other naturally occurring or engineered
AAVs with a similar transduction pattern could be tested. Given that
highAAV vector doses (>1014 vg/kg) are required to transduce skeletal
muscle andnervous tissue in large animalmodels24,50 andhumans,19,27

application of the tandempromoter approachdescribedhere is primar-
ily restricted to infantile PD and other congenital conditions in which
the persistence of transgene expression in the liver is a hurdle for
long-term efficacy. For adults with late-onset PD90 or other protein
deficiencies rescued by liver-directed gene transfer, the use of an hepa-
tocyte-restricted promoter still remains themost efficient approach, as
demonstrated in animal models47,60,61 and clinical trials.49,91

Finally, another possible limitation of the approach presented here is
related to the size of the regulatory elements used, considering the
maximum efficient packaging capacity of AAV vectors (�5 kb).
Although this is not a limitation for PD and other diseases caused
by mutations in genes with a short coding sequence (up to
�3 kb),19,21–23,33,34,47 the generation of smaller tandem promoters
or the use of dual AAV vectors59,92 will help address this point.

In conclusion, here we describe a novel gene therapy strategy based on
the use of tandem promoter monocistronic expression cassettes pack-
aged into a single AAV vector. This approach allows concomitant
liver-mediated prevention of anti-transgene immunity and persistent
expression in non-hepatic tissues in neonate mice. This work ad-
dresses important limitations of AAV-mediated gene transfer for
the treatment of systemic, multi-organ conditions characterized by
transgene immunogenicity and requiring therapeutic intervention
early in life.

MATERIALS AND METHODS
Experimental Design

The objective of this study was to evaluate the transcriptional activity,
immunogenicity, and therapeutic efficacy of our newly generated tan-
Molecul
dem promoters in the context of systemic AAV gene therapy. To eval-
uate the promoter transcriptional activity, we performed experiments
in vitro and in vivo. For the in vitro experiments, we used commer-
cially available cell lines. The number of sampled units, n, was consid-
ered a single independent experiment (n = 1); for all in vitro experi-
ments, n R 2. Readouts of the in vitro studies were hGAA protein
expression and GAA enzyme activity. For the in vivo studies, we
generated and used two serotypes, AAV8 and AAV9, based on
their efficient transduction of liver, muscle, and nervous sys-
tem.24,50,63–65,73,75,93 To evaluate the activity of the tandem promoters
in tissues in vivo, we used wild-type male C56BL/6 mice treated with
intravenous injection of AAV vectors containing the transgene of in-
terest under the control of the tested promoters. To evaluate the
immunogenicity and therapeutic efficacy of gene transfer using the
tandem promoter, we used a mouse model of PD treated with intra-
venous injection of AAV vectors containing therapeutic hGAA trans-
genes under the control of the tested promoters. Littermate male mice
were used, either affected (Gaa�/�) or healthy (Gaa+/+). Because
neonate mice are more prone to tolerance,69–71 adult Gaa�/� mice
were specifically treated with AAV to properly evaluate anti-trans-
gene immune responses. For the in vivo studies, we used two hGAA
transgenes that have been described previously:47 the native codon-
optimized human GAA transgene (hGAA) and a modified version
of the hGAA transgene encoding for a secretable enzyme form
(sec-hGAA). The transgene encoding for the native hGAA enzyme
(hGAA) was specifically used to evaluate humoral immune responses
and promoter activity in adult mice; the transgene encoding for the
secretable hGAA enzyme (sec-hGAA) was specifically used to eval-
uate the therapeutic efficacy of the tandem promoter approach in
Gaa�/�mice treated as neonates because we have shown previously
that sec-hGAA has a lower immunogenicity and superior therapeutic
efficacy than the native hGAA form.47 Readouts of the in vivo studies
were hGAA mRNA expression in tissues to evaluate promoter tran-
scriptional activity, anti-hGAA IgG levels to evaluate the humoral im-
mune response upon AAV-hGAA gene transfer, hGAA protein
expression, GAA enzyme activity, tissue glycogen content, heart
weight, and muscle strength analyses to evaluate the therapeutic effi-
cacy of AAV-hGAA gene therapy. For the in vivo experiments in
mice, the number of sampled units, n, was considered a single mouse
(n = 1); the number of mice per cohort is indicated in the figure leg-
ends. Mice were assigned randomly to the experimental groups.

Generation of GAA Expression Cassettes

The GAA transgene expression cassettes used in this study contained
a codon-optimized version of the hGAA coding sequence we reported
previously.47 Codon optimization was performed using a commercial
algorithm (Thermo Fisher Scientific).47 The hGAA transgenes used in
this study were hGAA, encoding the full-length hGAA protein, or sec-
hGAA, encoding an engineered secretable GAA having an heterolo-
gous signal peptide and a deletion of 8 amino acids in the propeptide
(reported in our previous study as sp7-D8-hGAAco47 and abbrevi-
ated sec-hGAA in the present manuscript). We previously described
the generation and properties of hGAA and sec-hGAA.47 The hGAA
and sec-hGAA transgenes were cloned in cis plasmids for AAV vector
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production under the transcriptional control of the various tested
promoters. The control promoters were the hepatocyte-specific
hAAT promoter composed of the ApoE enhancer and the hAAT pro-
moter,94 the muscle-specific synthetic promoter C5.12 (spC5.12,
abbreviated as C5.12),50,55,56 the neuron-specific hSYN promoter,51

the ubiquitous CAG promoter composed of the CMV early enhancer
and the chicken b-actin (CBA) promoter (abbreviated as CAG), and
the newly generated tandem promoters (Enh.C5.12, LiMP, and
LiNeuP) depicted in Figure 1A. The expression cassettes contained
an intron between the promoter and the transgene start codon and
a polyadenylation signal after the transgene stop codon and were
flanked by the ITRs of AAV2. All DNA sequences used in this study
were synthetized either by GeneCust or Thermo Fisher Scientific and
are available upon request.

The full nucleotide sequences of all the transcription regulatory ele-
ments used are reported in the Supplemental Materials and Methods.

Studies in Cell Lines

Human hepatoma cells (HuH7, Thermo Fisher Scientific),47 mouse
myoblast cells (C2, ATCC CRL-1772), and mouse neuronal cells
(NSC34, Cedarlane)62 were seeded in 6-well plates (5 � 105 cells/
well) and transfected with plasmids encoding sec-hGAA (2 mg/well)
using Lipofectamine 3000 in OPTIMEM medium (Thermo Fisher
Scientific) according to the manufacturer’s instructions. A plasmid
encoding EGFP under the control of the phosphoglycerate kinase
(PGK) promoter (2 mg/well) was transfected as a control. 200 ng/well
of the PGK-EGFP plasmid were co-transfected with sec-hGAA plas-
mids to normalize transfection efficiency. 72 hr after transfection,
cells and conditioned media were harvested and analyzed for GAA
enzyme activity and hGAA expression by western blot analyses.
Early-passage cell cultures were used in the study.

Human skeletal muscle myoblasts (CSC-C3196, Creative Bioarray)
were seeded on collagen-coated 12-well plates and infected with
AAV9-hGAA or AAV9-EGFP vectors for 2 hr in OPTIMEMmedium
(Thermo Fisher Scientific) at an MOI of 2 � 105 vg/cell. After infec-
tion, cells were maintained using the Creative Bioarray SuperCult
Skeletal Muscle Cell Growth Medium Kit supplemented with 10%
fetal bovine serum and human fibroblast growth factor-2 (FGF-2,
Miltenyi Biotec). Infection was repeated twice, every 48 hr; cells
were harvested 48 hr following the second infection.

AAV Vector Production

The AAV vectors used in this study were produced using an adeno-
virus-free transient transfection method of HEK293 cells and purified
by CsCl gradient as described previously.94 Titers of AAV vector
stocks were determined using real-time qPCR and SDS-PAGE,
followed by SYPRO Ruby protein gel stain and band densitometry.
All vector preparations used in the study were titered side by
side before use. The primers used for qPCR on the AAV genome
annealed to codon-optimized hGAA transgene sequence: forward:
50-agatacgccggacattggactg-30; reverse, 50-agatacgccggacattggactg-30.
The AAV serotypes used were either AAV8 or AAV9, which have a
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similar transduction profile upon systemic administration to
mice24,50,63–65,73,75,93,94 and are currently tested in the clinic for the
treatment of pediatric neuromuscular disorders.19,27

In Vivo Studies

Mouse studies were performed according to the French and European
legislation regarding animal care and experimentation (2010/63/EU)
and approved by the local institutional ethical committee (protocols
2015-008, 2016-019, and 2016052412533889). Wild-type male
C57BL/6 mice were purchased from Charles River Laboratories.
Gaa knockout mice (Gaa�/�) were purchased from The Jackson
Laboratory (B6;129-Gaatm1Rabn/J, stock number 004154, 6neo)
and were originally generated by Raben et al.95 Littermate male
mice were used, either affected (Gaa�/�) or healthy (Gaa+/+). We
have reported the phenotype of male Gaa�/� versus Gaa+/+ mice
from our colony in previous work.47

AAV vectors were delivered to adult mice via the tail vein in a volume
of 0.2 mL and neonate mice on post-natal days 1 and 2 via the tem-
poral vein in a volume of 0.03 mL. Mouse experimental groups were
sized at nR 4 based on data generated in a previous study;47 all sam-
ples and animals analyzed were included in the data, and none of the
outliers were excluded. The only exception is shown in Figure 2D, the
C5.12 group, in which one mouse was removed from the analyses
because of bad mRNA quality (n = 3 of 4). For the gene expression
analyses, C57BL/6 (n = 4/group; Figure 2) or Gaa�/� mice (n = 3/
group; Figures S3B–S3E) were treated with 2 � 1012 vg/kg of AAV9
vector injected intravenously. To evaluate the immunogenicity of tan-
dem promoters, we performed three independent mouse studies. In
the first study, Gaa�/� mice (n = 5/group) were treated with 2 �
1012 vg/kg of AAV9 vector injected intravenously. In the second
study, Gaa�/� mice (n = 4–5 per group) were treated with 2 �
1012 vg/kg of AAV8 vector injected intravenously. In the third study,
we evaluated the eradication of pre-existing anti-hGAA IgG in
Gaa�/�mice. To this aim, 14 mice were treated with intravenous in-
jection of rhGAA at a dose of 20 mg/ kg68 every 2 weeks for a total of 3
administrations. Each rhGAA infusion was performed 15 min after
intraperitoneal administration of 25 mg/kg of antihistaminic
(diphenhydramine hydrochloride), as described previously.68 Two
weeks after the last rhGAA administration, anti-hGAA IgG were
measured. The immunized Gaa�/� mice (n = 8) were assigned to
three AAV9 treatment groups (2 � 1012 vg/kg; AAV-Ctrl, n = 2;
AAV-hAAT, n = 3; AAV-LiMP n = 3). For studies of therapeutic ef-
ficacy in the Pompe mouse model, neonate mice were assigned to the
unaffected (Gaa+/+, n = 8–6) or affected cohort (Gaa�/�). Affected
Gaa�/�mice were randomly assigned to the control group (Ctrl, un-
treated Gaa�/�, n = 5-–6/cohort) or to the different AAV treatment
groups (n = 5–6/cohort). To evaluate the therapeutic efficacy of AAV
gene therapy in Pompe mice treated as neonates using our newly
generated tandem promoters, we performed two independent mouse
studies using either AAV8 (dose, 3� 1013 vg/kg) or AAV9 (dose, 6�
1012 vg/kg). For the in vivo studies, the operators who performed vec-
tor delivery, sample and tissue collection, and functional analyses
(grip test) were blinded to the treatment groups.
2019
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GAA Activity Assay

Snap-frozen tissues were homogenized in UltraPure DNase- and
RNase-free distilled water (Thermo Fisher Scientific). Tissues were
weighed, homogenized, and centrifuged for 20 min at 10,000 � g to
collect the supernatant. The enzymatic reaction was set up using
10 mL of sample (plasma or tissue homogenate) diluted appropriately
and 20 mL of substrate, 4-methylumbelliferone (4MU)a-D-glucoside,
in black 96-well plates (PerkinElmer). The reaction mixture was incu-
bated at 37�C for 1 hr and then stoppedby adding 150mLof sodiumcar-
bonate buffer (pH 10.5). A standard curve (0–2,500 pmol/mL of 4MU)
was used to measure released fluorescent 4MU from the individual re-
action mixture using the EnSpire Alpha plate reader (PerkinElmer) at
449 nm (emission) and 360 nm (excitation). The protein concentration
of the clarified supernatant was quantified by BCA (Thermo Fisher
Scientific). To calculate the GAA activity in tissues, the released 4MU
concentration was divided by the sample protein concentration, and
activity was reported as nanomoles per hour per milligram protein.

Measurement of Glycogen Content

Homogenates of mouse tissues were prepared as indicated for GAA
activity. Glycogen content was measured indirectly in tissue homog-
enates as glucose released after total digestion with Aspergillus niger
amyloglucosidase (Sigma-Aldrich), as reported previously.47 Samples
were incubated for 5 min at 95�C and then cooled at 4�C; 25 mL of
amyloglucosidase diluted 1:50 in 0.1 M potassium acetate (pH 5.5)
was then added to each sample. A control reaction without amyloglu-
cosidase was prepared for each sample. Both digestion and control
samples were incubated at 37�C for 90 min and then at 95�C for
5 min. The glucose released was determined using a colorimetric
assay (glucose assay kit, Sigma-Aldrich) and by measuring the absor-
bance at 540 nm using an EnSpire Alpha plate reader (PerkinElmer).

Vector Genome Copy Number Analysis

DNA was extracted from tissues homogenates using Nucleospin 8
(Macherey-Nagel, France) and quantified. Vector genome copy num-
ber was determined by qPCR using 100 ng of DNA, primers, and a
probe annealed on the codon-optimized hGAA (forward, 50-aga
tacgccggacattggactg-30; reverse, 50-agatacgccggacattggactg-30; probe,
50-gtgtggtcctcttgggagc-30). Either the Sybergreen or TaqMan method
was used as described previously.47 VGCNs were normalized by
microgram of DNA used in the qPCR. To quantify VGCN per diploid
genome, DNA was extracted from tissue homogenates using the
Gentra Puregene Tissue Kit (QIAGEN) and quantified. VGCN was
determined by qPCR using 100 ng of DNA, primers, and a probe an-
nealed on the codon-optimized hGAA transgene sequence (forward:
50-agatacgccggacattggactg-30; reverse: 50-agatacgccggacattggactg-30;
probe, 50-gtgtggtcctcttgggagc-30) and mouse Titin as a reference
gene (forward: 50-aaaacgagcagtgacgtgagc-30; reverse: 50-ttcagtcatgctgc
tagcgc-30; probe, 50-tgcacggaagcgtctcgtctcagt-30). The qPCR was per-
formed using the TaqMan method, as described previously.47,94

RNA Extraction and Expression Analysis

Snap-frozen tissues were homogenized in Trizol reagent (Thermo
Fisher Scientific). Total RNA was extracted from tissue homogenates
Molecul
using the PureLink RNA mini kit with the PureLink DNase set
(Thermo Fisher Scientific). RNA was quantified, and 2–5 mg was
retro-transcribed to cDNA using theMaxima First Strand cDNA Syn-
thesis Kit for qRT-PCR with dsDNase (Thermo Scientific); RT-minus
reactions were performed as a negative control. For hGAA mRNA
expression analyses, the qPCR on cDNA was performed using Syber-
green and primers annealing specifically on the codon-optimized
hGAA transgene sequence (hGAA forward, 50-agatacgccggacattg
gactg-30; hGAA reverse, 50-agatacgccggacattggactg-30). Primers an-
nealing on the mouse Actin gene were used to normalize hGAA
expression (Actin forward, 50-ggctgtattcccctccatcg-30; Actin reverse,
50-ccagttggtaacaatgccatgt-30) for the data depicted in Figure 2. Mouse
Actin and beta-2 microglobulin (B2m; B2m forward, 50-ggtctttctgg
tgcttgtctca-30; B2m reverse, 50-gttcggcttcccattctcc-30) were used to
normalize hGAA expression for the data depicted in Figures S3B,
S3C, and S10B.

Western Blot Analysis

HuH7, C2, and NSC34 cell lysates were prepared using 10 mM PBS
(pH 7.4) containing 1% of Triton X-100 and protease inhibitors
(Roche Diagnostics). Western blot on mouse plasma was performed
on samples diluted 1:4 in distilled water. Homogenates of mouse
tissues were prepared as indicated for GAA activity. Protein concen-
tration was determined using the BCA protein assay (Thermo Fisher
Scientific). SDS-PAGE electrophoresis was performed in a 4%–12%
polyacrylamide gel. After transfer, the membrane was blocked with
Odyssey buffer (LI-COR Biosciences) and incubated with an anti-
GAA antibody (rabbit monoclonal, clone EPR4716(2), Abcam),
anti-EGFP (mouse monoclonal, sc-9996, Santa Cruz Biotechnology),
anti-tubulin (mouse monoclonal, clone DM1A, Sigma-Aldrich), or
anti-Gapdh (rabbit polyclonal, PA1-988, Thermo Fisher Scientific).
The membrane was washed and incubated with the appropriate
secondary antibody (LI-COR Biosciences) and visualized with the
Odyssey imaging system (LI-COR Biosciences). For western blot
quantification, we used either ImageJ or Image Studio Lite 4.0. The
quantification of the hGAA protein bands in mouse tissues was
normalized using either tubulin or Gapdh bands. The quantification
of the hGAA protein band in plasma was normalized using a non-
specific band detected by the anti-hGAA antibody in mouse plasma
(used as a loading control).

Anti-GAA and Anti-capsid Antibody Detection

Anti-hGAA and anti-AAV capsid IgG capture assays were performed
as described previously.47 Briefly, Maxisorp 96-well plates (Thermo
Fisher Scientific) were coated with 2 mg/mL of rhGAA or 2 � 1010

vector particles/mL (50 mL/well, AAV8 or AAV9). IgG standard
curves were made by serial 1 to 2 dilution of commercial mouse re-
combinant IgGs (Sigma-Aldrich) that were coated directly onto the
wells in duplicate (from 1 mg/mL to 0.15 mg/mL). Plasma samples
appropriately diluted in 10 mM PBS (pH 7.4) containing 2% BSA
were analyzed in duplicate. An HRP-conjugated anti-mouse IgG anti-
body (human ads-HRP, Southern Biotech) was used as a secondary
antibody. Plates were revealed with OPD substrate (o-phenylenedia-
minedihydrochloride, Sigma). The reaction was stopped with H2SO4
ar Therapy: Methods & Clinical Development Vol. 12 March 2019 97
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3 M solution, and optical density (OD) measurements were done at
492 nm using a microplate reader (ENSPIRE, PerkinElmer, Waltham,
USA). Anti-AAV IgG concentration was determined against the stan-
dard curve.

Immunofluorescence for hGAA on Liver Histological Sections

For liver histology, after mouse euthanasia, one lobe of the liver was
snap-frozen in isopentane (�160�C) previously chilled in liquid ni-
trogen. Serial 12-mm cross-sections were cut in a Leica CM3050 S
cryostat (Leica Biosystems). Two to four mice representative of
the tested cohort were randomly selected. Liver sections were fixed
with 4% paraformaldehyde (PFA), blocked and permeabilized with
10% normal goat serum (NGS) in 0.1% Triton X-100 for 3 hr at
room temperature and stained with the primary anti-hGAA anti-
body (rabbit monoclonal, clone EPR4716(2), Abcam) overnight at
4�C. After washing, the sections were incubated with anti-rabbit
Alexa Fluor 488 (Thermo Fisher Scientific) combined with DAPI.
Representative images were acquired with an SP8 confocal micro-
scope (Leica).

Grip Test

Grip strength was measured using a grip strength meter (Bioseb Grip
Test 25N) as reported previously.47 Briefly, three independent mea-
surements of the strength of the four limbs were averaged. Mean
values of grip strength are reported. The operator performing the
grip test was blinded to mouse treatment.

Statistical Analysis

All data shown in the present manuscript are reported as mean ±

SD. The number of sampled units, n, upon which we reported sta-
tistics, is the single mouse for the in vivo experiments (one mouse is
n = 1) and the single independent experiment for the in vitro studies
using cell lines (one independent experiments, n = 1). GraphPad
Prism 7.0 software was used for statistical analyses. We assessed
the normal distribution of the data obtained from the different mea-
surements (mRNA expression in tissues, anti-hGAA IgG amounts
in plasma, hGAA protein expression in plasma, cell lines and tis-
sues, GAA enzyme activity in tissues, glycogen content in tissues,
heart weight, and muscle functional analyses) using the Shapiro-
Wilk test. The statistical tests used were unpaired Student’s t test
for two-group comparisons, one-way ANOVA with Tukey post
hoc for comparisons of more than two groups, and two-way
ANOVA with Tukey or Sidak post hoc for multiple variable compar-
isons. For all datasets analyzed by parametric tests, alpha = 0.05. All
statistical tests were performed two-sided. p < 0.05 was considered
significant. The statistical analysis performed for each dataset is
indicated in the figure legends. For all figures, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p <
0.001, ####p < 0.0001.
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