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Abstract 

 

Pompe disease is a progressive neuromuscular disorder due to lysosomal accumulation of 

glycogen from a deficiency in acid alpha-glucosidase (GAA). Replacement of the missing 

enzyme is available by repeated protein infusions, however efficacy is limited by immune 

response and inability to restore enzymatic function in the central nervous system. An 

alternative therapeutic option is AAV-mediated gene therapy which results in widespread gene 

transfer and prolonged transgene expression. Both ERT and gene therapy can elicit anti-GAA 

immune reactions that dampen their effectiveness and pose life-threatening risks to patient 

safety. To modulate the immune responses related to gene therapy, we show that a human 

codon-optimized GAA (coGAA) driven by a liver-specific promoter (LSP) using AAV9 is capable 

of promoting immune tolerance in a Gaa-/- mouse model. Co-packaging AAV9-LSP-coGAA with 

the tissue-restricted desmin promoter (AAV9-DES-coGAA) demonstrates the necessary cell 

autonomous expression in cardiac, skeletal muscle, peripheral nerve and the spinal cord. 

Simultaneous high level expression in liver lead to the expansion of GAA-specific regulatory T-

cells (Tregs) and induction of immune tolerance. Transfer of Tregs into naïve recipients prevented 

pathogenic allergic reactions following repeated ERT challenges. Co-packaged AAV9 also 

attenuated pre-existing humoral and cellular immune responses which enhanced the 

biochemical correction. Our data present a therapeutic design where simultaneous 

administration of two co-packaged AAV constructs may provide therapeutic benefit and resolve 

immune reactions in the treatment of multi-system disorders.  
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Introduction 

 

Single vector systems have dominated AAV gene therapy as a successful treatment modality 

for monogenic diseases. Immune responses against the capsid and transgene product have 

impinged the longevity and efficiency of AAV gene therapy.1 The use of a dual vector system in 

a single intervention addresses three common impediments for successful gene therapy: (1) 

adequate transduction of target tissues to treat the monogenic disorder, (2) AAV capsid immune 

responses that would neutralize the potential administration of a second vector and (3) 

emergent or pre-existing transgene-specific immune responses. Here, we have used the Pompe 

disease mouse model to illustrate the utility of a dual vector system to address these issues. 

Pompe disease is caused by a deficiency of acid alpha-glucosidase (GAA) resulting in the 

pathologic accumulation of glycogen within the lysosome.2,3 Pompe disease is an autosomal 

recessive, systemic metabolic disorder with early-onset patients presenting with cardiomegaly, 

respiratory deficiencies and failure to reach early motor milestones. The FDA-approved therapy 

for Pompe disease is enzyme replacement therapy (ERT) using recombinant human GAA 

(rhGAA). ERT requires a large dose of enzyme (20-40 mg/kg) once every 1-2 weeks to have 

therapeutic benefit.4–7 Recent work evaluating the genetic and immunological implications 

relevant for treating Pompe disease have provided insight into when and how therapeutic 

interventions should be initiated.8–11 High dose and frequent dosing is required for patients that 

are cross-reactive immunological material (CRIM)-negative.12,13 CRIM status is indicative of the 

amount of protein expressed due to the patient’s GAA mutation. These patients have <1% of 

normal GAA activity and are the most severely affected with a life expectancy rarely exceeding 

2 years without ERT.14 Due to their CRIM status, ERT is recognized by the patient’s immune 

system as foreign and results in high-titer antibody production against the foreign protein and 

has the potential to elicit life-threatening infusion-associated reactions.15,16 Although CRIM-

positive patients may have some degree of endogenous GAA expression, the high dose rhGAA 
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antigen often leads to an immune response against the treatment.17–19 Therefore, many patients 

become unable to continue ERT without management of immune response by 

immunosuppression. Although clinical management of the immune response is feasible with B- 

and T-cell modulation using immunosuppressive agents (such as rituximab, sirolimus or 

methotrexate), long-term immune tolerance induction established through gene therapy stands 

as a more attractive means to prevent these responses.8,20 

 

All recessive conditions face limitations inherent to gene replacement strategies when there is 

no residual endogenous protein expressed. Pompe disease is a strong candidate for gene 

therapy given the response to ERT.6,21,22 Gene therapy using recombinant adeno-associated 

viruses (AAV) has demonstrated potential in the treatment of numerous myopathies, 

hemoglobinopathies, lysosomal diseases, clotting disorders and neurologic diseases.6,22,23 Many 

natural and engineered AAV serotypes are available to facilitate long-term transgene expression 

in a variety of tissues.24,25 As an additional benefit, AAV-mediated gene therapy can trigger 

antigen-specific immune tolerance following liver-restricted gene expression. The mechanism 

behind this tolerance induction is based on the generation or expansion of antigen-specific 

CD4+CD25+FoxP3+ T-cells (Tregs) following hepatic gene transfer which dampen systemic 

responses through cell contact- and cytokine-dependent pathways.26–30 The systemic pathology 

associated with Pompe disease may not benefit from long-term liver-restricted expression as 

any GAA produced into the circulation would mimic ERT and therefore face the same limitations 

related to inadequate uptake into neuronal tissues.31 Targeting of the liver to induce immune 

tolerance to GAA has, however, demonstrated some success; although further development of 

a safe and efficient means to establish systemic correction with accompanying tolerance is 

warranted.32–35 
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Significant cardiac, skeletal muscle, neurologic and neuromuscular pathology has been 

characterized in a mouse model of Pompe disease (Gaa-/-) that replicates the pathology in 

human Pompe disease patients.36–41 Gaa-/- mice also display immune toxicities with chronic 

exposure to ERT.10 Injection of AAV-GAA locally, regionally or systemically has demonstrated 

greater potential to attenuate the pathology associated with Pompe disease compared to 

ERT.42–47 These studies prompted the first clinical trial in Pompe disease patients with intra-

diaphragm injection of AAV1-GAA.48,49 It is noteworthy that clinical management of the immune 

response was necessary during the course of this clinical trial to prevent anti-transgene 

immunity as ERT was maintained for ethical considerations.50 Therefore, developing immune 

tolerance induction strategies to be combined with gene therapies is at the forefront of 

investigation for Pompe disease and similar diseases that undergo protein replacement 

therapies.20 

 

In this work, we provide evidence that both disease-related functional deficits and immune 

tolerance can be simultaneously addressed using AAV9-mediated GAA expression. Gaa-/- mice 

intravenously treated with a co-packaged AAV9 vector, containing a liver-specific expressing 

vector as well as a vector with tissue-restricted specificity, attenuated skeletal muscle and 

cardiac pathology while providing antigen-specific tolerance. Furthermore, treatment with the 

co-packaged AAV9 vector showed greater sustained improvements in enzyme activity in mice 

with pre-existing immunity to GAA through attenuation of humoral and cellular responses. This 

dual vector modality, provided as a single intervention, is a novel therapeutic design to address 

immune responses against gene therapies and promotes successful outcomes following gene 

delivery.  

 

Materials and Methods 
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AAV Vector Production 

 

The recombinant AAV vectors and plasmids (pTR-LSP-coGAA and pTR-DES-coGAA) have 

been described previously.51 Co-packaging of AAV vectors was performed by combining the 

expression plasmids pTR-DES-coGAA and pTR-LSP-coGAA at a molar ratio of 9 DES: 1 LSP 

prior to transfection with the capsid plasmids rep2/cap9 (courtesy of Dr. James Wilson, 

University of Pennsylvania) and the adenovirus helper plasmid pXX6-80 (courtesy of Dr. Xiao 

Xiao, University of North Carolina) in two 6,320 cm2 cell factories of HEK293 cells. AAV was 

purified via iodixanol step gradients, buffer exchanged in lactated Ringer’s solution and titrated 

as described.51 AAV9 vector-like particles (vlp; courtesy of Dr. Mavis Agbandje-McKenna, 

University of Florida) were prepared as previously described.52 

 

Silver Staining 

 

Purified virus was denatured at 95 °C for 10 minutes then electrophoresed on a 10% Tris-HCl 

gel. After electrophoresis, AAV structural proteins (VP1, VP2 and VP3) were silver stained (Bio-

Rad: 161-0443) according to the manufacturer’s instruction. 

 

Mice 

 

Male and female, 4-6 week old Gaa-/- 129SVE and wild-type 129SVE mice (Taconic, Hudson, 

NY, USA) were handled in accordance with the guidelines set forth by the University of Florida 

Institutional Animal Care and Use Committee. Mice were weighed prior to tail vein injection of 

AAV, rhGAA (Myozyme®; Genzyme Corp., Cambridge, MA, USA) or lactated Ringer’s solution 

(vehicle). Tissues were processed for Treg adoptive transfer, molecular, biochemical and 

histological studies 8 weeks post-treatment. Blood was collected from the retro-orbital plexus 
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using heparinized microcapillary tubes. Core body temperatures were measured using a 

thermocouple thermometer. 

 

GAA Activity Assay 

 

GAA activity was determined as previously described.53 Liquid nitrogen frozen tissues were 

homogenized in water with protease inhibitor (Roche: 04-693-124-001) and subject to three 

freeze-thaw cycles and centrifugation. Protein was quantified (Bio-Rad: 500-0111) and assayed 

for activity by measuring fluorescence after 1-hour incubation with 4-methylumbelliferyl-α-D-

glucoside (Sigma: M9766) at 37 °C. 

 

ELISA 

 

Immulon 4HBX 96-well plates (Thermo: 3855) were coated with rhGAA at 1 µg/mL or 5x1013 

vlp/mL AAV8 or AAV9 overnight at 4 °C. Samples were diluted 1:50 and incubated for 2 hours 

at 37 °C and washed with PBS-T (0.05% Tween-20). Secondary HRP-conjugated antibodies 

were incubated for 2 hours at 37 °C and washed. Plates were developed with Sigmafast OPD 

tablets (Sigma: P9187) and read using a µQuant microplate spectrophotometer (BioTek 

Instruments, Winooski, VT, USA). Standards and antibodies have been previously described.10 

 

Histology 

 

Heart and liver were immediately fixed after extraction in Gendre’s fixative (Poly Scientific R&D 

Corp: S1808) overnight at 4 °C on an orbital shaker and subjected to two washes in 70% 

ethanol prior to paraffin embedding. Periodic acid-Schiff (PAS) staining was performed 
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according to manufacturer’s protocol (Sigma: 395B-1KT) and counterstained with Richardson’s 

stain. 

 

In Situ Force Frequency 

 

Force frequency analysis was performed on the tibialis anterior (TA) muscle as described 

previously.11,37 Under anesthesia the skin and fascia surrounding the distal hindlimb were 

surgically removed exposing the TA. The extensors digitorum and peroneus longus tendons 

near the ankle were cut to eliminate the influence of additional muscles. Mice were positioned 

on a heated platform to maintain body temperature at 37 °C. A clamp was used to secure the 

hindlimb at 90° at the knee and the paw was secured to the physiology table. The TA tendon 

was sutured to a 300C-LR-FP muscle lever (Aurora Scientific, Aurora, ON, Canada) and 

severed at the ankle. Cathode and anode electrodes (Grass Technologies, West Warwick, RI, 

USA) were inserted proximal to the fibular head to stimulate the peroneal nerve. Optimal length-

tension (L0) was determined by performing isometric twitch stimulation at an increasing range of 

amplitude and varying tensions until maximum twitch amplitude was observed. Three 

successive tetanic stimulations (200 Hz, 100 pulses per train, 60 seconds rest between) were 

performed and the muscle was allowed to rest for 5 minutes. Single stimulations at 15 Hz, 30 

Hz, 60 Hz, 100 Hz, 120 Hz, 160 Hz and 200 Hz were then performed with 30 seconds between 

each stimulation. Data were processed and a torque-frequency curve derived. 

 

Electrocardiography 

 

Mice were anesthetized (2-2.5% isoflurane, 97.5-98% O2, flow rate 1 L/min.) then positioned 

supine on a heating pad maintaining a core temperature of 37 °C. Subcutaneous ECG leads 

(Grass Technologies, West Warwick, RI, USA) were placed in the right shoulder, right and left 
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forelimbs, left hindlimb and tail. ECG tracings were recorded for 5 minutes per animal using 

PowerLab and Chart 5 software (ADInstruments, Dunedin, New Zealand). PR intervals were 

recorded every 100 heartbeats for 5 minutes, averaged for each animal and then averaged 

within each group. PR intervals of 100 heartbeats that exceeded ± 2 standard deviations of the 

raw mean were excluded prior to averaging the individual mouse recordings. 

 

Treg Adoptive Transfer 

 

1x106 CD4+CD25+ splenocytes were magnetically separated (Miltenyi: 130-091-041) from mice 

that received AAV or vehicle after 8 weeks and adoptively transferred to naïve, strain- and age-

matched, male and female mice by tail vein injection. Recipient mice were challenged with 

rhGAA (20 mg/kg) or AAV9 (5x1011 vlp/kg) 18 hours, 2 weeks and 4 weeks after adoptive 

transfer. 

 

Bone Marrow ELISpot 

 

Bone marrow ELISpot was performed as described previously.54 ELISpot plates (Millipore: 

MAHAS4510) were coated with 2 µg rhGAA overnight at 4 °C. After blocking with RPMI 

supplemented with 5% FBS and 0.1% β-mercaptoethanol (cRPMI) for 1 hour at room 

temperature, bone marrow cells were plated at 2x106 cells per well, serially diluted two-fold and 

incubated overnight (37 °C; 5% CO2). Rat anti-mouse IgG1 HRP (AbD Serotec: MCA336P) was 

diluted 1:1000 in cRPMI and incubated for 1 hour at room temperature. Spots were developed 

with AEC substrate (BD Biosciences: 551015) and the reaction was stopped with water. The 

membrane was dried and scanned using an ImmunoSpot Analyzer (Hightech Instruments, 

Edgemont, PA, USA). 
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Statistical Analysis 

 

Figures and statistical analysis was performed using GraphPad Prism v. 5.0 (GraphPad 

Software, La Jolla, CA, USA). Data were assessed for normality using the D'Agostino-Pearson 

omnibus test. Data deviating from a normal distribution were analyzed using the Kruskal-Wallis 

nonparametric test with pairwise comparison via Mann-Whitney U test as needed. Data within a 

normal distribution were analyzed using unpaired two-tailed t-test, one- or two-way ANOVA with 

multiple test comparisons as needed. All results are represented as mean ± SEM. A p<0.05 was 

considered statistically significant. 

 

Results 

 

AAV9-LSP-coGAA selectively expresses in the liver after intravenous injection 

 

We have previously shown the efficacy of local, regional and intravenous dosing using AAV1-

CMV-, AAV9-CMV- or AAV9-DES-hGAA to correct skeletal muscle, cardiac and neuromuscular 

deficiencies in Pompe disease mice.11,42–47 In addition, we and others have described the 

capabilities of AAV-mediated expression of GAA to elicit detrimental immune responses against 

the transgene.1,50,55 To address this complication for improved systemic outcomes, we pursued 

the use of a liver specific promoter [apolipoprotein E – hepatocyte locus control region – human 

alpha-1 antitrypsin promoter (LSP)] to drive expression of human codon-optimized GAA 

(coGAA) for induction of GAA-specific Tregs capable of dampening a systemic immune response 

against GAA.56–58 The construct was packaged in two separate serotypes: AAV8 and AAV9. 

AAV8 was selected due to its natural propensity to target the liver and increase levels of Tregs 

and AAV9 was chosen due to its widespread transduction profile.24,30,59,60 Gaa-/- mice (4-6 weeks 

old; n=4/group) received AAV-GAA at two IV doses: 0.5x1012 (low dose) or 5x1012 (high dose) 
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vg/kg of AAV8- or AAV9-LSP-coGAA and compared to lactated Ringer’s solution (vehicle). At 8 

weeks post-gene transfer, hepatic GAA activity was evaluated and showed a dose dependent 

response compared to vehicle injected mice: 133 ± 32% of wild-type in low dose AAV8-LSP-

coGAA, 509 ± 10% of wild-type in high dose AAV8-LSP-coGAA, 56 ± 26% of wild-type in low 

dose AAV9-LSP-coGAA and 312 ± 25% of wild-type in high dose AAV9-LSP-coGAA (p<0.01; 

Fig. 1A). Furthermore, the tissue specificity of the gene expression was confirmed by measuring 

enzymatic activity in other highly targeted tissues with these serotypes and found to be less 

than 4% of wild-type GAA activity within heart, diaphragm and quadriceps for both low and high 

AAV8- or AAV9-LSP-coGAA treated mice (Fig. 1A). Periodic acid-Schiff (PAS) staining for 

detection of glycogen revealed that glycogen clearance was limited to the liver, as profuse 

staining was evident in cardiac tissue in the high dose cohorts (Fig. 1B). Full length GAA was 

not detected by Western blot in the heart, diaphragm or quadriceps, but was in the liver, 

indicating the paucity of activity within the other tissues was a consequence of cross-correction 

from hepatic-derived circulating GAA rather than cell-autonomous production from the LSP in 

nonspecific tissues (Fig. S1A-D). Similarly, RT-qPCR confirmed expression of the transgene 

was limited exclusively to the liver with all treated cohorts displaying a significant increase in 

transgene mRNA within the liver (p<0.05; Fig. S1E). Altogether, the LSP restricted GAA 

expression within the liver at a therapeutic level regardless of serotype of AAV used. 

 

An expression-threshold within the liver is necessary for immune non-responsiveness 

 

Serum was drawn prior to and once every two weeks after gene-transfer from all animals at 

every dose to assess for anti-GAA IgG1 (TH2-type response) and anti-capsid IgG2a (TH1-type 

response) to understand the dynamics of the immune response following vector delivery. A 

significant immune response directed against GAA was not observed until weeks 7 (79,808 ± 

 Page 11 of 52 

H
um

an
 G

en
e 

T
he

ra
py

C
o-

Pa
ck

ag
ed

 A
A

V
9 

V
ec

to
rs

 P
ro

m
ot

e 
Si

m
ul

ta
ne

ou
s 

Im
m

un
e 

T
ol

er
an

ce
 a

nd
 P

he
no

ty
pi

c 
C

or
re

ct
io

n 
of

 P
om

pe
 D

is
ea

se
 (

do
i: 

10
.1

08
9/

hu
m

.2
01

5.
10

3)
T

hi
s 

ar
tic

le
 h

as
 b

ee
n 

pe
er

-r
ev

ie
w

ed
 a

nd
 a

cc
ep

te
d 

fo
r 

pu
bl

ic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 c

op
ye

di
tin

g 
an

d 
pr

oo
f 

co
rr

ec
tio

n.
 T

he
 f

in
al

 p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

if
fe

r 
fr

om
 th

is
 p

ro
of

.



12 

 12 

39,347 ng/mL) and 8 (97,930 ± 40,620 ng/mL) in the 0.5x1012 vg/kg AAV9-LSP-coGAA treated 

cohort compared to vehicle treated mice (p<0.001; Fig. 1C). AAV8-treated groups and the 

5x1012 vg/kg AAV9-treated group did not produce a significant antibody titer against GAA 

throughout the end of the study compared to the vehicle group (AAV8-LSP-coGAA – Low, 

p=0.46; AAV8-LSP-coGAA – High, p=0.98; AAV9-LSP-coGAA – High, p=0.13; Fig. 1C). In 

comparison to Gaa-/- mice injected with rhGAA (n=4) at 20 mg/kg every two weeks, simulating 

ERT, or mice systemically injected with AAV9-DES-coGAA (n=6) at a dose of 0.5x1012 vg/kg, 

anti-GAA IgG1 generation was negligible across either AAV8- or 5x1012 vg/kg AAV9-LSP-

coGAA treated groups by the 8 week time point compared to vehicle injected controls (p<0.01; 

Fig. 1D). Anti-AAV8 or AAV9 IgG2a was consistently produced and showed no evidence of 

cross-reactivity between the serotypes (Fig. S2A, B). Hematoxylin and eosin staining of the liver 

did not reveal evidence of lymphocyte infiltration of the parenchyma indicating that gene 

transfer, and the subsequent high gene expression, was well tolerated (Fig. S2C), consistent 

with results previously reported in preclinical safety and toxicology studies for AAV1-GAA.61 

FACS analysis of the spleen was performed upon sacrifice to measure the degree of T-cell 

activation. The percentages of CD4+CD25+FoxP3+ regulatory T-cells (Tregs) were not 

significantly increased in comparison to vehicle controls nor was the early activation marker 

CD69 increased in CD4+ or CD8+ T-cells (Fig. S2D-F). These results revealed that AAV9 was 

able to promote non-responsiveness to a similar degree as AAV8-mediated gene transfer when 

the dose allowed for greater than wild-type expression of GAA. 

 

Tolerance induction using dual AAV9 is vector dose-dependent 

 

The ability of AAV9-LSP-coGAA to confer hyporesponsiveness towards GAA and restrict gene 

expression to the liver led us to test the hypothesis that systemic co-delivery of AAV9-LSP-

coGAA with AAV9-DES-coGAA can promote simultaneous immune tolerance and prevent the 
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onset of Pompe disease-related pathology. AAV9-DES-coGAA and AAV9-LSP-coGAA were 

combined prior to dosing wherein the vector delivered as the major component was in excess 9 

parts to 1 part minor component. For example, DES:LSP indicates that AAV9-DES-coGAA 

constitutes 9/10 of the total preparation with AAV9-LSP-coGAA at 1/10. Gaa-/- mice were 

systemically injected with DES:LSP or LSP:DES at a dose of either 0.5 (low dose) or 5x1013 

(high dose) vg/kg and after 8 weeks the response to the vectors was analyzed. These doses 

were selected primarily since non-responsiveness in the AAV9-LSP-coGAA treated cohort was 

observed at a dose of 0.5x1013 vg/kg (Fig. 1C). Delivery of the combination vectors at the low 

dose provided evidence of tolerance induction but was not physiologically therapeutic which 

prompted us to consider a 10-fold higher dose. 

 

Eight weeks post-gene transfer in the cohorts that received the combination DES:LSP or 

LSP:DES at the low dose (0.5x1013 vg/kg; n=4/group), the heart, liver, diaphragm, quadriceps, 

sciatic nerve and spinal cord were removed and assessed for GAA activity (Fig. 2A). The 

DES:LSP group had the highest enzyme activity in the heart (22 ± 20% of wild-type), quadriceps 

(9 ± 7% of wild-type) and sciatic nerve (25 ± 20% of wild-type) whereas the LSP:DES group had 

the greatest enzyme activity in the diaphragm (29 ± 15% of wild-type), liver (292 ± 13% of wild-

type) and spinal cord (0.55 ± 0.06% of wild-type). GAA activity was observed to be of a 

therapeutically relevant level in the liver (DES:LSP: 62 ± 31% of wild-type; LSP:DES: 292 ± 13% 

of wild-type; p<0.001; Fig. 2A). This degree of systemic expression was not corrective of the 

biochemical phenotype since PAS staining revealed that the clearance of glycogen was 

negligible in both treated groups, particularly in the diaphragm (Fig. S3). Although there was no 

increase in total Tregs (Fig. S4A), the anti-GAA antibody response indicated some degree of 

tolerance. Anti-AAV9 IgG2a titers remained high in both cohorts (Fig. S4B) but the anti-GAA 

IgG1 titer in the LSP:DES cohort revealed a peak titer of 56,234 ± 31,895 ng/mL at week 4 and 

a significant 2-fold reduction in titer at week 8 (27,124 ± 10,953 ng/mL) compared to DES:LSP 
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(p<0.01; Fig. 2B) indicating that GAA-specific Tregs may have developed to dampen the systemic 

immune response although a total increase in Tregs was not observed. 

 

Co-packaged vectors provide efficacy in a single intervention 

 

We hypothesized that the favorable immune response observed in the LSP:DES low dose 

group (0.5x1013 vg/kg; Fig. 2B) would be observed in the DES:LSP group at a ten-fold higher 

dose (5x1013 vg/kg) and emphasize that a preponderance of liver-derived GAA (LSP:DES) at 

this dose would not be sufficient to correct CNS pathology. Additionally, we have previously 

described a method of AAV production that allows for the manufacturing of multiple vectors in a 

single preparation.51 With the hypothesis that the DES:LSP ratio would confer adequate cardiac 

and neuromuscular expression based on previous publications, we co-packaged these 

constructs at that ratio to produce a single gene therapy product (co-packaged DES:LSP).11,46,47 

We hypothesized this would have the same benefits as producing these vectors separately and 

combining them but would provide a quicker and more cost-effective method of production. 

 

After iodixanol step gradient purification and concentration the co-packaged DES:LSP vector 

titer was 2.92x1013 vg/mL. The vector preparation was highly pure with no detectable 

contaminants (Fig. 3A). Titration of the individual vectors within the co-packaged preparation 

revealed a titer for AAV9-DES-coGAA of 2.60x1013 ± 5.77x1010 vg/mL (Fig. 3B) comprising 89 ± 

0.21% of the total titer (Fig. 3C) and a titer for AAV9-LSP-coGAA of 3.20x1012 ± 6.25x1010 

vg/mL (Fig. 3B) comprising 11 ± 0.21% of the total titer (Fig. 3C) corroborating previous 

observations that AAV can be faithfully co-packaged at predetermined ratios and directly 

compared to admixed preparations within margins of pipetting or titration error.51 

 

 Page 14 of 52 

H
um

an
 G

en
e 

T
he

ra
py

C
o-

Pa
ck

ag
ed

 A
A

V
9 

V
ec

to
rs

 P
ro

m
ot

e 
Si

m
ul

ta
ne

ou
s 

Im
m

un
e 

T
ol

er
an

ce
 a

nd
 P

he
no

ty
pi

c 
C

or
re

ct
io

n 
of

 P
om

pe
 D

is
ea

se
 (

do
i: 

10
.1

08
9/

hu
m

.2
01

5.
10

3)
T

hi
s 

ar
tic

le
 h

as
 b

ee
n 

pe
er

-r
ev

ie
w

ed
 a

nd
 a

cc
ep

te
d 

fo
r 

pu
bl

ic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 c

op
ye

di
tin

g 
an

d 
pr

oo
f 

co
rr

ec
tio

n.
 T

he
 f

in
al

 p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

if
fe

r 
fr

om
 th

is
 p

ro
of

.



15 

 15 

Eight weeks post-gene transfer (5x1013 vg/kg; n=4-6/group), GAA activity was significantly 

increased in all treated mice in the heart, diaphragm, liver, quadriceps and sciatic nerve 

compared to vehicle treated mice (Fig. 4A). Activity within the spinal cord did not reach wild-type 

levels but significantly improved in the admixed DES:LSP (8 ± 2% of wild-type; p<0.05) and co-

packaged DES:LSP (10 ± 1% of wild-type; p<0.01) cohorts compared to vehicle injected 

knockouts. The physiologic effects of enzyme activity were apparent based on in situ force 

frequency and electrocardiograms (ECG). In all treated groups there was an observed benefit in 

force production in the tibialis anterior (TA). The force generated by the TA in the admixed 

DES:LSP (100 Hz: 14 ± 2 mN/g bodyweight; 120 Hz: 14 ± 2 mN/g bodyweight; 160 Hz: 14 ± 2 

mN/g bodyweight; 200 Hz: 14 ± 2 mN/g bodyweight) and co-packaged DES:LSP (100 Hz: 14 ± 

1 mN/g bodyweight; 120 Hz: 14 ± 1 mN/g bodyweight; 160 Hz: 14 ± 1 mN/g bodyweight; 200 

Hz: 14 ± 1 mN/g bodyweight) cohorts was significantly greater than vehicle treated mice (100 

Hz: 13 ± 1 mN/g bodyweight; 120 Hz: 13 ± 1 mN/g bodyweight; 160 Hz: 13 ± 1 mN/g 

bodyweight; 200 Hz: 13 ± 1 mN/g bodyweight; p<0.05) and was comparable to wild-type levels 

(100 Hz: 14 ± 0.1 mN/g bodyweight; 120 Hz: 14 ± 1 mN/g bodyweight; 160 Hz: 14 ± 1 mN/g 

bodyweight; 200 Hz: 13 ± 1 mN/g bodyweight; p=0.59, p=0.47, respectively; Fig. 4B). One of the 

primary clinical manifestations of Pompe disease is cardiomegaly and a shortened PR interval.7 

After 8 weeks, there was evidence of successful gene transfer by change in the PR interval in 

the admixed DES:LSP (43 ± 0.25 ms) and co-packaged DES:LSP (43 ± 0.28 ms) groups with 

PR intervals equivalent to age matched wild-type mice (44 ± 1 ms; p=0.82 and p=0.53, 

respectively) compared to vehicle treated mice (38 ± 1 ms; p<0.05; Fig. 4C). The LSP:DES 

group did not demonstrate a statistically significant improvement in force generation (100 Hz: 14 

± 2 mN/g bodyweight; 120 Hz: 14 ± 2 mN/g bodyweight; 160 Hz: 14 ± 2 mN/g bodyweight; 200 

Hz: 14 ± 2 mN/g bodyweight; p=0.06) or PR interval (38 ± 2 ms; p=0.79), possibly indicating 

insufficient transduction of the peripheral nervous system. Substantiating the GAA activity, 

strength and ECG analyses, GAA and PAS staining revealed GAA staining in cardiac, 
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diaphragm and liver tissue with punctate staining in the longitudinal and cross sections of the 

sciatic nerve with clearance of glycogen (Fig. S5). 

 

Antibodies generated against GAA in the LSP:DES treated mice were significantly lower than 

the DES:LSP treated group after 8 weeks (p<0.05; Fig. 5A). Anti-GAA IgG1 titers in the 

LSP:DES cohort began to decline from 7,334 ± 6,162 ng/mL at week 2 to 1,495 ± 1,024 ng/mL 

by week 8 (Fig. 5A). Between weeks 6 and 8, anti-GAA titers dropped approximately 1.4-fold in 

the DES:LSP group (week 6 titer: 40,419 ± 10,403 ng/mL; p<0.001 versus vehicle; week 8 titer: 

29,215 ± 12,606 ng/mL; p<0.05 versus vehicle) which may indicate that it had taken longer for 

enough antigen-specific Tregs to generate to dampen the immune response. Anti-GAA IgG1 titers 

in the co-packaged DES:LSP cohort also emulated the kinetics of admixed DES:LSP (week 6 

titer: 24,437 ± 9,889 ng/mL; p<0.05 versus vehicle and LSP:DES; week 8 titer: 14,771 ± 7,093 

ng/mL; p=0.12 versus vehicle and p=0.15 versus LSP:DES). Anti-AAV9 titers were not different 

throughout the 8 weeks with exception of an acute response in the LSP:DES group at 2 weeks 

post injection due to unknown circumstances (p<0.001; Fig. 5B). The response resolved by the 

end of the study to a comparable titer in the other treated cohorts (p=0.08). Taken together, 

immune tolerance may have been induced even in the context of systemic transgene 

expression after combination AAV9 delivery and co-packaged AAV9 vectors provide identical 

efficacy as vectors combined prior to dosing. 

 

Treg transfer ameliorates humoral responses against GAA and anaphylaxis 

 

To confirm antigen specificity associated with declining anti-GAA IgG1 titers, we attempted Treg 

adoptive transfers. 1x106 Tregs were isolated from the spleens of mice that received AAV9 

vectors [DES:LSP (n=8), LSP:DES (n=5), co-packaged DES:LSP (n=6)] or from vehicle treated 

animals (n=8) and transferred to naïve recipients. One group of mice did not receive any Tregs as 
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a control for non-specific suppression (n=5). Mice were challenged with rhGAA at the clinically 

prescribed dose of 20 mg/kg at 18 hours post-transfer and once every two weeks for 4 weeks, 

simulating ERT. After the second challenge, anti-GAA IgG1 titers were 81,166 ± 11,146 ng/mL 

in mice that received Tregs from the DES:LSP group, 80,200 ± 8,671 ng/mL in the mice given 

Tregs from LSP:DES donors, 60,196 ± 4,890 ng/mL in mice that received Tregs from co-packaged 

DES:LSP donors, 136,266 ± 4,345 ng/mL in mice that received Tregs from vehicle treated mice 

and 138,625 ± 6,034 ng/mL in those mice that did not receive Tregs, indicating a significant 

difference between groups of mice that received Tregs from AAV9-treated donors compared to 

those that did not (p<0.05; Fig. 5C). An additional challenge with 20 mg/kg rhGAA two weeks 

later resulted in modest decreases in anti-GAA IgG1 titer in mice that received Tregs from 

DES:LSP mice to 77,190 ± 18,218 ng/mL, to 56,754 ± 11,586 ng/mL in co-packaged DES:LSP 

Treg recipients and a marginal increase in titer in those mice that received Tregs from LSP:DES 

mice to 84,890 ± 13,673 ng/mL but titers in mice that received vehicle Tregs developed titers of 

206,929 ± 26,238 ng/mL and mice that did not receive Tregs developed titers of 132,444 ± 13,894 

ng/mL, maintaining a significant difference between recipients of AAV9-treated donor-derived 

Tregs compared to vehicle Treg recipients and mice that did not receive Tregs (p<0.001; Fig. 5C). 

Tregs from gene therapy treated or untreated mice were also injected into naïve recipients and 

similarly challenged with empty AAV9 vector like particles (vlp) at a dose of 5x1011 vlp/kg on the 

identical schedule as rhGAA challenged mice. The resulting anti-AAV9 IgG2a titers from the 

DES:LSP (n=6), LSP:DES (n=6), co-packaged DES:LSP (n=4), vehicle (n=8) treated mice or no 

Tregs (n=4) were not different indicating that tolerance was GAA-specific (p=0.60; Fig. 5D). 

 

To measure the degree of pathogenicity related to these antibody titers, we measured 

differences in core body temperature upon the final rhGAA injection. Prior to injection all mice 

had a baseline temperature of 36-37 °C. Within 5 minutes, and up to 2 hours later, the body 

temperature of those mice that received Tregs from vehicle treated mice dropped to 34 ± 0.1 °C 
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and 34 ± 0.3 °C, respectively, and mice that did not receive Tregs dropped to 35 ± 0.04 °C and 34 

± 0.1 °C, respectively, whereas those mice that received Tregs from gene therapy treated mice 

maintained normal baseline core temperature between 36-37 °C (p<0.001; Fig. 5E). The drop in 

temperature in the first two groups was also accompanied by outward signs of anaphylaxis: 

prostration, piloerection and hyperventilation leading to moribund body conditions (not shown). 

Conversely, body temperatures recorded in mice that were challenged with empty AAV9 capsid 

did not result in any temperature differences even at 2 hours and did not show any signs of 

outward distress (p=0.54; Fig. 5F). In conclusion, although antibodies were generated against 

GAA, they were not pathogenic to a sufficient degree to result in anaphylaxis. In total, these 

data suggest a single gene therapy product that coordinates gene expression in discrete tissues 

is capable of the simultaneous induction of antigen-specific tolerance with prevention of Pompe 

disease pathology. 

 

Co-packaged AAV9 treatment suppresses pre-existing immunity against rhGAA, 

enhances efficacy of gene therapy 

 

Pre-existing immunity towards GAA is a substantial roadblock to successful ERT and gene 

therapy. Representing a clinical situation where anti-GAA antibody titers are present, we 

hypothesized the co-packaged AAV9 product (co-packaged DES:LSP) would efficiently target 

the liver to establish immune tolerance capable of overcoming ongoing immune responses 

directed against GAA. In a mouse model of hemophilia B, factor IX-immunized mice treated with 

hepatic AAV8 gene transfer reversed antibody formation and cellular responses directed against 

factor IX.58 

 

An immune response towards GAA was established in Gaa-/- mice after two doses of rhGAA (20 

mg/kg) one week apart. The mice were divided into two cohorts (n=4-5) and treated with AAV9-
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DES-coGAA or co-packaged DES:LSP at a dose of 5x1013 vg/kg one week after the second 

injection of rhGAA. The AAV9-DES-coGAA cohort was included to emphasize the necessity of 

liver-directed gene transfer to induce tolerance. Prior to gene transfer, the AAV9-DES-coGAA 

cohort had an anti-GAA IgG1 titer of 10,349 ± 294 ng/mL and the co-packaged DES:LSP cohort 

had a titer of 10,461 ± 970 ng/mL (p=0.99; Fig. 6A). At six weeks post-transfer, mice treated 

with AAV9-DES-coGAA developed titers of 120,331 ± 20,158 ng/mL which was significantly 

greater than the co-packaged DES:LSP cohort which had titers of 6,818 ± 2,728 ng/mL 

(p<0.001; Fig. 6A). By week ten, the titers in the AAV9-DES-coGAA cohort had stabilized at 

129,398 ± 18,347 ng/mL but the titers in the co-packaged DESL:LSP cohort continued to 

decline to 2,694 ± 850 ng/mL (p<0.001; Fig. 6A). An additional injection of rhGAA was 

administered at week 10 to evaluate long-term immune tolerance. One week later, AAV9-DES-

coGAA treated mice had an anti-GAA IgG1 titer of 195,732 ± 6035 ng/mL, a 1.5-fold increase 

from week 10, while the co-packaged DES:LSP cohort displayed titers of 2,540 ± 561 ng/mL, a 

1.1-fold decrease from week 10 (p<0.001; Fig. 6A). Thus indicating the liver-specific expression 

conferred through co-packaged DES:LSP established robust, sustained suppression of anti-

GAA antibody production. 

 

To demonstrate active suppression of cellular responses, bone marrow was harvested to detect 

suppression of anti-GAA IgG1-producing bone marrow cells using an ELISpot assay. Prior to 

the conclusion of the study period, one mouse in the AAV9-DES-coGAA cohort spontaneously 

died due to unknown circumstances. Mice immunized with rhGAA that received 5x1013 vg/kg 

AAV9-DES-coGAA developed 52 ± 10 spot-forming units (SFU)/106 bone marrow cells but 

immunized mice that received 5x1013 vg/kg co-packaged DES:LSP developed 6 ± 3 SFU/106 

bone marrow cells (p<0.01; Fig. 6B). Therefore, hepatic expression attenuated pathogenic 

antibody production from antigen-specific bone marrow cells. 
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High titer antibodies can profoundly inhibit the effectiveness of ERT or gene therapy. To 

illustrate enhanced therapeutic efficacy to gene therapy when immune tolerance is induced, 

GAA activity was assessed in the heart, diaphragm, liver and tibialis anterior. Mice immunized 

with rhGAA treated with AAV9-DES-coGAA displayed significantly reduced levels of GAA 

activity compared to the co-packaged DES:LSP cohort. In AAV9-DES-coGAA treated mice GAA 

activity was 44 ± 7% of wild-type in the heart, 7 ± 1% of wild-type in the diaphragm, 10 ± 0.8 in 

the liver and 9 ± 4 in the tibialis anterior compared to the co-packaged DES:LSP treated mice 

demonstrating activity levels of 413 ± 10% of wild-type in the heart (p<0.001), 204 ± 5% of wild-

type in the diaphragm (p<0.001), 253 ± 2% of wild-type in the liver (p<0.001) and 70 ± 4% of 

wild-type in the tibialis anterior (p<0.001; Fig. 6C). These data suggest greater therapeutic 

efficacy can be achieved when immune tolerance is established despite pre-existing immunity.  

 

Discussion 

 

Therapeutic proteins sequestered by antibodies can pose a significant risk to patient safety by 

eliciting infusion associated reactions.13,17 Recently it has been shown that up to 83.5% of 

rhGAA in circulation can be bound by anti-GAA antibodies.62 Hence immune responses can not 

only be life threatening but limit therapeutic efficacy. The purpose of this study was to devise a 

single gene therapy product capable of inducing immune tolerance while simultaneously 

preventing the onset of Pompe disease pathology. Observations from other systemic diseases 

indicate that induction of immune tolerance will improve the efficacy and safety of gene and 

protein replacement therapies.1,20,55 The liver-specific construct we evaluated, packaged in 

AAV8 or AAV9, to express GAA was capable of achieving persistent transgene expression 

exclusively in the liver. Despite previous reports, the two different doses tested within this study 

did not demonstrate therapeutic benefit resulting from liver-derived GAA in striated or cardiac 

muscle using biochemical and histologic parameters compared to untreated Gaa-/- mice.63,64 The 
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use of the liver as a depot for enzyme production for systemic efficacy faces the same 

limitations as ERT as it relies on the inefficiencies of mannose-6-phosphate receptor-mediated 

uptake, the receptor density on target tissues and intracellular GAA trafficking to the lysosome. 

Consistent with those previous reports however, achieving wild-type equivalent or greater 

enzyme activity within the tissue provided evidence for immune tolerance induction.32–35 The 

elicited immune response against GAA from the LSP-coGAA vectors was marginal compared to 

other systemic therapies we tested (ERT or AAV9-DES-coGAA alone) and no apparent 

hepatotoxicity accompanied transgene expression at any vector dose. These findings 

emphasize the utility of liver-directed gene therapy to attenuate immune responses to 

therapeutic proteins. 

 

AAV8 has typically been the serotype of choice in promoting tolerance to transgenes by relying 

on its propensity to target to the liver and the naturally immune tolerant environment within the 

organ.20,65 Although AAV8 has been the most widely used vector for immune tolerance 

induction, we report expanding evidence that AAV9 is as capable of establishing immune 

tolerance when provided at a sufficient dose and the transgene is under the control of a liver-

specific promoter.66 As it is a human-derived serotype, AAV9 may therefore have improved 

liver-tropism compared to AAV8 in humans; thus providing an indication alternative serotypes 

may achieve tolerance in the context of clinical translation.  

 

Given that liver-derived GAA may not be sufficient for full body correction of pathology, 

providing an additional vector simultaneously under immune tolerant conditions may give way to 

greater therapeutic efficacy. The tropism of AAV9 to transduce cardiac, skeletal muscle and 

neuronal tissue, with the presented evidence to target the liver to a sufficient degree to induce 

tolerance, reasoned us to maintain with AAV9.31,37,38,46,47 Providing an additional AAV9 vector 

(under the control of a desmin promoter) prevented the shortening of PR interval and limb 
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neuromuscular dysfunction. Evidence of marked cardiac tropism for AAV9 in mice may 

represent a species-specific bias however as transduction profiles between small and large 

animal models vary.67 Additionally, ubiquitous and tissue-restricted promoters used for systemic 

expression, such as desmin, CMV or CBA, have a propensity to express in antigen presenting 

cells resulting in deleterious innate and adaptive responses that eliminate transduced cells.68–71 

Therefore inclusion of an immune tolerance inducing construct may attenuate the 

immunogenicity of these vectors. A systemic dose of 5x1013 vg/kg using our dual vector 

approach resulted in supraphysiologic levels of enzyme activity in most tissues tested. Although 

the GAA activity in the spinal cord did not reach wild-type levels, there was a significant 

increase compared to the untreated knockout group when the desmin vector was provided as 

the major component (DES:LSP and co-packaged DES:LSP). Minor but significant increases in 

activity observed within the spinal cord may have clinical significance as well. Haploinsufficiency 

of GAA does not result in Pompe disease, the onset of disease symptoms inversely correlates 

with GAA quality and quantity and even 2-3% of normal activity has shown to be clinically 

relevant in outcome measures for similar protein deficiencies, such as hemophilia B.48,72,73 

Considering also the duration of these studies was 8 weeks, and the ability for AAV9 to remain 

in circulation for prolonged periods, transduction may increase over time.24 Based on evidence 

of central and peripheral nervous system pathology, adequate transgene expression within 

these tissues will be necessary to achieve long-term therapeutic benefit; regardless of the onset 

of disease progression.37–39 

 

Early restoration of enzyme activity to both neural and skeletal muscle tissue is likely to have 

the greatest effect on physiological outcomes related to treatment strategies as our studies and 

those of others have demonstrated time-dependent arrests in functional decline following gene 

therapy.11,74,75 Reliance upon liver-derived GAA to target neural tissues is dependent upon 

cross-correction of neighboring cells through secretion and reuptake of GAA, yet the protein is 
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too large to cross the blood brain barrier and therefore does not address the neuropathology 

related to Pompe disease.6,31 For these reasons, ERT or exclusively hepatic gene transfer 

would not address glycogen accumulation particularly in the motor neurons involved with 

ambulation or respiration as evidence by patients continuing to be wheelchair- and ventilator-

dependent after long-term treatment of ERT.16,41 Although it is recognized that GAA expressed 

from the desmin promoter would similarly be unable to cross the blood brain barrier, evidence of 

crossing the blood brain barrier by AAV9 would confer cell autonomous correction of the 

CNS.59,76 Building on success with AAV9-DES-GAA to attenuate functional decline of cardiac, 

respiratory and skeletal muscle pathology in Pompe disease, we have applied a new paradigm 

to address both the immunological and neuromuscular complications using a co-packaged, dual 

AAV9 vector system which addresses the multi-system disease progression simultaneous with 

overcoming immune-related complications which is likely to have the most persistent 

therapeutic benefit and increase survival rates.11,37,46,47 

 

The induction of immune tolerance enhances the success of gene therapy. As ERT cannot be 

ethically withheld from patients undergoing gene therapy, the induction of tolerance to the 

transgene may provide greater therapeutic efficacy. The inclusion of the liver-directed vector 

lessened the severity of the immune response in vector treated mice which resulted in a 

protective effect after adoptive transfer of Tregs. Indeed we showed the co-delivered vectors were 

able to induce GAA-specific Tregs capable of attenuating immune responses to ERT which 

minimized the risk of immunotoxicities as evidence by the lack of accompanying anaphylaxis 

even without prophylactic diphenhydramine. Tregs derived from mice that received the co-

packaged AAV9 preparation were also capable of mitigating the response. Transferred Tregs had 

limited suppression in the recipient hosts which was evident in the modestly reduced titers yet 

titers were sufficiently lessened to prevent anaphylaxis. To confer greater suppressive 

capabilities, ex vivo expansion is necessary.77 Transfer of Tregs from AAV9-DES-coGAA treated 
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mice would not be expected to protect from anaphylaxis as we show here and in previous 

studies the similar anti-GAA antibody titers that arise from this vector compared to mice treated 

with ERT alone indicating no evidence of tolerance inducition.47 Despite these limitations, the 

requirement of Tregs in immune tolerance induction is widely supported in Treg depletion studies. 

The clearest evidence was obtained in a mouse model of hemophilia B treated with AAV8-hF.IX 

where immune tolerance was broken after FoxP3+ cells were effectively depleted with 

diphtheria toxin.58 We additionally show the capacity to overcome pre-existing humoral and 

cellular immune responses using co-packaged AAV9 which was not observed when AAV9-

DES-coGAA was delivered alone. Significant improvement of GAA activity in tissues primarily 

affected in Pompe disease was observed in the co-packaged DES:LSP cohort compared to the 

AAV9-DES-coGAA cohort and lasting suppression of antibody production was achieved. 

Although not tested here, the AAV9-DES-coGAA cohort would have been expected to improve 

to some degree in cardiac and skeletal muscle function based on GAA activity in the present 

study and compared to previous observations.11,47 Mouse models are poor predictors of 

potential antibody-dependent cytotoxic responses however and the persistent, high titer anti-

GAA antibodies in the AAV9-DES-coGAA cohort may produce deleterious cytotoxic responses 

similar to those observed in ERT-treated Pompe disease patients and gene therapy clinical 

trials for hemophilia B.73,78–81 Supporting previous studies, these data highlight the role of Tregs 

induced after hepatic gene transfer in amelioration of immune responses after gene transfer and 

how immune tolerance induction benefits systemic therapies.34,35,58,82 

 

A limitation of this study is the incomplete initiation of immune tolerance. The impact of anti-GAA 

antibodies on infused recombinant protein certainly impacts efficacy of ERT. Incomplete 

immune tolerance induction brought on by insufficient expression of the transgene has been 

shown in models of hemophilia B.58 This may be an explanation for the higher titers observed at 

the 0.5x1012 vg/kg dose of AAV9-LSP-coGAA compared to the higher doses of AAV9 rather 
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than promiscuous expression of the liver-specific promoter in other tissues. Although anti-GAA 

titers gradually decreased after gene transfer of the combined vectors, lower-titer antibodies 

were still produced, likely due to widespread transgene expression rather than inadequate 

expression. Despite the lack of anaphylaxis after multiple injections of rhGAA, the titers 

generated may have clinical significance. However, antibodies are less likely to influence the 

efficacy of GAA which remains intracellularly and is efficiently trafficked to the lysosome which is 

a distinct advantage of gene therapy compared to ERT. The antibody titers may also be less of 

an issue in patients if AAV9 efficacy is greater for gene transfer to human liver. Conversely, 

growing clinical experience with pharmacological immune modulation in Pompe patients may 

facilitate development of combination therapies to induce tolerance and prevent antibody 

production.8,54,83,84 

 

The cost of manufacturing and release testing of an AAV vector is not inconsequential.85 In the 

case of large transgenes that exceed the carrying capacity of AAV, methods have been 

developed to facilitate packaging and delivery of these longer genes as demonstrated by 

emerging therapies for Duchenne’s muscular dystrophy, dysferlinopathies, hemophilia A, Usher 

1B and Tay-Sachs disease.86–91 In most cases these vectors are manufactured separately and 

combined prior to dosing. In the present study, two vectors are similarly necessary to achieve 

efficacy. To expedite manufacturing and improve cost-effectiveness of the process we co-

packaged the vectors at the desired ratio simultaneously. The resulting effect of delivering the 

co-packaged preparation recapitulated observations in the admixed DES:LSP cohort with 

increased benefits in elevation of CNS GAA activity above knockout animals, force output and 

PR interval similar to wild-type mice, lower anti-GAA titer, as well as induced immune tolerance. 

The clinical translation of such a modality would be essentially as described for any AAV-centric 

application. Once the appropriate dose and ratio of the two (or potentially more) vectors has 

been empirically determined in small- and large-animal models, that preparation would stand as 
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the clinical candidate vector. We and others have shown that co-packaging is a reproducible 

and scalable method of vector production.51,88 The present study included, consistency in 

recapitulating the predicted packaging ratios in AAV2, AAV8 and AAV9 show the process is 

serotype-independent; production levels at surface areas ranging from 148 cm2 to 6,320 cm2 

using roller bottles or flasks highlight the scalability and flexibility in manufacturing; purification 

of co-packaged vectors are not affected whether performing cesium-chloride or iodixanol 

centrifugation; and careful titration of the expression plasmids results in consistent ratios across 

preparations.51,88,92 Rearrangement of the plasmid genome brought on by homologous 

recombination during packaging is a concern but seems to occur at a negligible rate as the 

output ratios are highly consistent of the predicted ratios.51 Once the manufacturing process is 

defined, the co-packaged candidate vector can therefore be treated as a single product for 

toxicology, stability, sterility and release testing as performed for any current AAV clinical trial 

rather than as two independent products. Dose assessment and identity studies will be 

necessary for clinical protocol validation but inclusion of next-generation sequencing would 

confirm the ratio has been maintained and indicate if homologous recombination occurred. With 

these considerations, the similarity of results between co-packaged and admixed vectors is 

encouraging that this production method would effectively reduce the cost and time of clinical 

application for multiple AAV vectors. This method stands as a more efficient means to advance 

translational application when high titers of multiple vectors are required for preclinical and 

clinical trials. 

 

In conclusion, our results show co-packaged AAV9 vectors impart therapeutic benefit in Pompe 

disease and simultaneously induce immune tolerance in a mouse model of the disease. The 

dual vector strategy prevented disease-related functional deficits and produced negligible anti-

transgene antibody titers likely due to the induction of antigen-specific Tregs which, after adoptive 
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transfer, protected recipient hosts from ERT-induced anaphylaxis. Importantly, the dual vector 

strategy also dampened pre-existing immunity which facilitated greater biochemical correction. 

Described at doses compatible with clinical application, with further substantiation of co-

packaging as an improved method of multi-vector production, these results pave the way to use 

multiple vectors to address the immune complications related to systemic gene delivery for 

Pompe disease. 

 

Supplementary Materials 

 

Supplementary Materials and Methods 

Fig. S1. Transgene expression specificity in liver-directed gene therapy treated Gaa-/- mice. 

Fig. S2. Anti-capsid response, liver histology and splenocyte activation in liver-directed gene 

therapy treated Gaa-/- mice. 

Fig. S3. Histologic pathology persists after sub-therapeutic dose of combined AAV9 vectors in 

Gaa-/- mice. 

Fig. S4. FACS analysis of splenocytes and anti-capsid response after sub-therapeutic dose of 

combined AAV9 vectors in Gaa-/- mice. 

Fig. S5. GAA Immunostaining and PAS staining in dual vector treated Gaa-/- mice. 
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Fig. 1. Liver-directed gene therapy vector comparison in Gaa-/- mice. Results recorded 8 

weeks post-gene transfer of 0.5 (low) or 5x1012 (high) vg/kg AAV8-, AAV9-LSP-coGAA or 

vehicle. (A) GAA activity as a percent of wild-type within the heart, liver, diaphragm and 

quadriceps. Kruskal-Wallis with significance levels of pairwise comparisons to vehicle are 

shown. (B) Periodic acid-Schiff staining for glycogen of the liver and heart in high dose treated 

mice. Images are representative of 4-6 mice per group. Scale bars represent 200 µm. (C) Time 

course of anti-GAA IgG1 titers. Two-way ANOVA with significance levels of Bonferroni multiple 

comparison post-test compared to vehicle are shown. (D) Anti-GAA IgG1 titers resulting from 

ERT (20 mg/kg; once every two weeks for 4 weeks) or AAV9-DES-coGAA (0.5x1012 vg/kg; 1 

month post-gene transfer) in comparison to liver gene transfer cohorts at 8 weeks post-gene 

transfer. Kruskal-Wallis with significance levels of pairwise comparisons to vehicle are shown. 

Results represented as mean ± SEM; n=4-6/group; *p<0.05, **p<0.01, ***p<0.001 versus 

vehicle. AAV, adeno-associated virus; DES, desmin promoter; GAA, acid alpha-glucosidase; 

LSP, liver-specific promoter. 
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Fig. 2. Sub-therapeutic dose of co-administered AAV9 vectors alludes to immune 

tolerance in Gaa-/- mice. Results recorded 8 weeks post-gene transfer of 0.5x1013 vg/kg of 

combined AAV9-DES-coGAA (DES) and AAV9-LSP-coGAA (LSP) vectors. (A) GAA activity as 

a percent of wild-type observed in the heart, diaphragm, liver, quadriceps, sciatic nerve and 

spinal cord. Kruskal-Wallis with significance levels of pairwise comparisons to vehicle are 

shown. (B) Anti-GAA IgG1 titers observed during gene transfer. Two-way ANOVA with 

significance levels of Bonferroni multiple comparison post-test compared to vehicle are shown. 

Results represented as mean ± SEM; n=4/group; *p<0.05, **p<0.01, ***p<0.001 versus vehicle; 

#p<0.05, ##p<0.01 LSP:DES versus DES:LSP. DES, desmin promoter; GAA, acid alpha-

glucosidase; LSP, liver-specific promoter; DES:LSP (9 DES: 1 LSP of total dose); LSP:DES (9 

LSP: 1 DES of total dose). 
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Fig. 3 Characterization of co-packaged DES:LSP. (A) Silver-stained gel image of AAV vector 

preparations visualizing structural proteins VP1 (87 kDa), VP2 (73 kDa) and VP3 (62 kDa). The 

amount of viral particles, as a measure of vector genomes, loaded in each lane were: 1.05x1011 

vg for AAV1 control, 6.85x1010 vg for AAV9 control and 1.46x1011 vg for co-packaged DES:LSP. 

Co-packaged DES:LSP lanes represent aliquots from individually transfected cell factories. (B) 

Titration of individual vectors after co-packaging determined by qPCR. (C) Percent contribution 

of the vectors to the total vector titer. Data represent the average of two separate experiments 

titrated in triplicate. AAV, adeno-associated virus; DES, desmin promoter; LSP, liver-specific 

promoter; DES:LSP (9 DES: 1 LSP of total dose); vg, vector genome. 
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Fig. 4. Dual AAV9 vectors correct biochemical and physiologic pathology in Gaa-/- mice. 

Results recorded 8 weeks post-gene transfer of 5x1013 vg/kg of admixed DES:LSP, LSP:DES or 

co-packaged DES:LSP. (A) GAA activity as a percent of wild-type in the heart, diaphragm, liver, 

quadriceps, sciatic nerve and spinal cord. One-way ANOVA with significance levels of Tukey 

multiple comparison post-test compared to vehicle are shown. (B) In situ force frequency 

analysis of the tibialis anterior muscle. Two-way ANOVA with significance levels of Bonferroni 

multiple comparison post-test compared to vehicle are shown. (C) PR interval recordings. One-

way ANOVA with significance levels of Tukey multiple comparison post-test compared to 

vehicle are shown. Results represented as mean ± SEM; n=3-6/group; *p<0.05, **p<0.01, 

***p<0.001 versus vehicle. DES, desmin promoter; GAA, acid alpha-glucosidase; LSP, liver-

specific promoter; DES:LSP (9 DES: 1 LSP of total dose); LSP:DES (9 LSP: 1 DES of total 

dose). 
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Fig. 5. Dual AAV9 vector treatment establishes immune tolerance and prevents 

hypersensitivity reactions in Gaa-/- mice. (A) Anti-GAA IgG1 titers observed during gene 

transfer. (B) Anti-AAV9 IgG2a titers observed during gene transfer. (C) Anti-GAA IgG1 titers 

observed in Gaa-/- mice that received 1x106 Tregs originating from AAV9-treated or vehicle 

donors (or no Tregs) after the 2nd and 3rd challenge with rhGAA (20 mg/kg). (D) Anti-AAV9 IgG2a 

titers observed in Gaa-/- mice that received 1x106 Tregs originating from AAV9-treated or vehicle 

donors (or no Tregs) after the 2nd and 3rd challenge with empty AAV9 capsids (5x1011 vlp/kg). (E) 
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Core body temperature recordings observed during the 3rd challenge of rhGAA after Treg 

adoptive transfer. (F) Core body temperature recordings observed during the 3rd challenge of 

AAV9 after Treg adoptive transfer. Two-way ANOVA with significance levels of Bonferroni 

multiple comparison post-test compared to vehicle are shown. Results represented as mean ± 

SEM; n=4-6/group; *p<0.05, ***p<0.001 versus vehicle; #p<0.05, ###p<0.001 LSP:DES versus 

DES:LSP; ‡p<0.05 LSP:DES versus co-packaged DES:LSP. DES, desmin promoter; GAA, acid 

alpha-glucosidase; LSP, liver-specific promoter; Treg, regulatory T-cell; DES:LSP (9 DES: 1 LSP 

of total dose); LSP:DES (9 LSP: 1 DES of total dose); vlp, vector-like particles. 
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Fig. 6. Co-packaged AAV9 vectors attenuates pre-existing immunity and demonstrates 

greater efficacy in Gaa-/- mice. (A) Anti-GAA IgG1 titers in rhGAA-immunized mice observed 

after gene transfer of 5x1013 vg/kg AAV9-DES-coGAA or co-packaged DES:LSP. Two-way 

ANOVA with significance levels of Bonferroni multiple comparison post-test are shown. (B) 

ELISpots for anti-GAA IgG1-secreting bone marrow cells in rhGAA-immunized mice observed 

after gene transfer of 5x1013 vg/kg AAV9-DES-coGAA or co-packaged DES:LSP. (C) GAA 

activity as a percent of wild-type in the heart, diaphragm, liver and tibialis anterior (TA). 

Significance level of unpaired two-tailed t-test are shown. Results represented as mean ± SEM; 

n=4-5/group; **p<0.01, ***p<0.001. DES, desmin promoter; GAA, acid alpha-glucosidase; LSP, 
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liver-specific promoter; DES:LSP (9 DES: 1 LSP of total dose); rhGAA, recombinant human 

GAA; SFU, spot-forming unit. 
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Fig. S1. Transgene expression specificity in liver-directed gene therapy treated Gaa-/- 

mice. Western blot analysis for GAA in the (A) heart, (B) diaphragm, (C) liver and (D) 

quadriceps in 0.5 (low) or 5x1012 (high) vg/kg AAV8- or AAV9-LSP-coGAA injected Gaa-/- mice. 

Lane V represents a vehicle injected Gaa-/- mouse (negative control) with three replicates of 

each dose represented. GAA is processed as 110, 95 and 76 kDa precursors with the 70 kDa 

isoform representing the mature, active enzyme. 30 µg of lysate was electrophoresed on a 10 

Tris-HCl gel with GAPDH (37 kDa) serving as the loading control. (E) RT-qPCR analysis of 

transgene expression in the heart, diaphragm, liver and quadriceps normalized to Gapdh. 

Kruskal-Wallis with significance levels of pairwise comparisons to vehicle are shown. Results 

represented as mean ± SEM; n=3/group; *p<0.05 versus vehicle. AAV, adeno-associated virus; 

GAA, acid alpha-glucosidase; LSP, liver-specific promoter. 
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Fig. S2. Anti-capsid response, liver histology and splenocyte activation in liver-directed 

gene therapy treated Gaa-/- mice. (A) Anti-AAV8 and (B) anti-AAV9 IgG2a titers observed 

during gene transfer after 0.5 (low) or 5x1012 (high) vg/kg of AAV8- or AAV9-LSP-coGAA 

compared to vehicle. Two-way ANOVA with significance levels of Bonferroni multiple 

comparison post-test compared to vehicle are shown. (C) Hematoxylin and eosin staining of the 

liver after 8 weeks in 5x1012 vg/kg AAV8-, AAV9-LSP-coGAA or vehicle treated mice. Images 

are representative of 4-6 mice per group. Scale bars represent 200 µm. (D-F) FACS analysis of 

splenocytes. (D) % of CD3+CD4+CD25+FoxP3+ T-cells, (E) % of CD3+CD4+CD69+ T-cells, 

(F) % of CD3+CD8+CD69 T-cells. Results represented as mean ± SEM; n=3-6/group; 

***p<0.001 versus vehicle. AAV, adeno-associated virus. 
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Fig. S3. Histologic pathology persists after sub-therapeutic dose of combined AAV9 

vectors in Gaa-/- mice. Periodic acid-Schiff of glycogen 8 weeks post-gene transfer of 0.5x1013 

vg/kg of admixed DES:LSP, LSP:DES or vehicle treated mice. Images are representative of 4 

mice. Scale bars represent 20 µm. 
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Fig. S4. FACS analysis of splenocytes and anti-capsid response after sub-therapeutic 

dose of combined AAV9 vectors in Gaa-/- mice. (A) % of CD3+CD4+CD25+FoxP3+ T-cells 8 

weeks post gene transfer of 0.5x1013 vg/kg of admixed DES:LSP, LSP:DES or vehicle treated 

mice. (B) Anti-AAV9 IgG2a titers observed during gene transfer. Two-way ANOVA with 

significance levels of Bonferroni multiple comparison post-test compared to vehicle are shown. 

Results represented as mean ± SEM; n=4/group; ***p<0.001 versus vehicle. DES, desmin 

promoter; GAA, acid alpha-glucosidase; LSP, liver-specific promoter; DES:LSP (9 DES: 1 LSP 

of total dose); LSP:DES (9 LSP: 1 DES of total dose). 
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Fig. S5. GAA Immunostaining and PAS staining in dual vector treated Gaa-/- mice. GAA 

immunostaining (brown; black arrows) and Periodic acid-Schiff of glycogen (purple) in heart, 

diaphragm, liver with longitudinal and cross sections of sciatic nerve 8 weeks post-gene transfer 

of 5x1013 vg/kg of admixed DES:LSP, LSP:DES and co-packaged DES:LSP in comparison to 

age-matched wild type and vehicle treated Gaa-/- mice. Scale bars represent 20 µm. Images are 

representative of 4-6 mice per group. DES, desmin promoter; GAA, acid alpha-glucosidase; 

LSP, liver-specific promoter; DES:LSP (9 DES: 1 LSP of total dose); LSP:DES (9 LSP: 1 DES of 

total dose). 
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Western Blot Analysis 

 

Protein concentration was quantified using DC protein assay reagents following the 

manufacturer’s instructions (Bio-Rad: 5000111). Samples were denatured at 95 °C for 10 

minutes and 30 µg of total protein were electrophoresed on a 10% Tris-HCl gel. PVDF transfers 

were probed with a 1:100,000 dilution of a mouse monoclonal anti-human GAA antibody93 or 

1:10,000 dilution of a rabbit monoclonal anti-mouse GAPDH antibody (Cell Signaling 

Technology: 14C10). Protein was visualized using the LI-COR imaging system with goat anti-

mouse 800CW (LI-COR: 926-32210) and goat anti-rabbit 800CW (LI-COR: 926-32211) 

secondary antibodies. 

 

RT-qPCR 

 

Heart, diaphragm, liver and quadriceps were homogenized in TRIzol Reagent (Thermo: 15596-

018). After phenol-chloroform extraction, RNA was isolated using the Qiagen RNeasy kit 

(Qiagen: 74104). RNA concentration was determined using NanoDrop spectrophotometry 

(Thermo, Wilmington, DE, USA). Complementary DNA (cDNA) synthesis and qPCR were 

performed as described previously.11 Primers designed for coGAA were: 5’-

TCTCCCGTGCTGGAAGAAAC, 3’-AGTCGAATCTGCTGTTGGGG. Gene expression was 

normalized to Gapdh using previously described primers.11 Change in gene expression relative 

to Gapdh was determined using the ΔΔCt method. 

 

FACS 

 

Spleens were strained through a 40 µm nylon mesh strainer to obtain a single cell suspension. 

Prior to labelling, cells were blocked with Fc block (2.4G2; BD Biosciences, San Jose, CA, 
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USA). Antibodies to Alexa Fluor 700-CD4 (GK1.5), eFluor 450-CD8 (53-6.7), Pe-Cy7-CD25 

(PC61.5), FITC-CD69 (H1.2F3) and APC-FoxP3 (FJK-16s) were from eBioscience (San Diego, 

CA, USA). Antibody to PE-CD3 (17A2) was from BioLegend (San Diego, CA, USA). Intracellular 

staining was performed following manufacturer’s protocol (eBioscience: 72-5775-40). FACS was 

performed on a LSRII (BD Biosciences, San Jose, CA, USA) and analyzed using FCS Express 

4 (De Novo Software, Glendale, CA, USA). 

 

Histology 

 

Heart, diaphragm, liver and sciatic nerve were fixed as indicated in the main text. Hematoxylin 

and eosin staining was performed using reagents from SurgiPath (Leica Biosystems, Richmond, 

VA, USA) using standard procedures. For GAA IHC with PAS, anti-GAA immunostaining was 

performed first using a polyclonal rabbit anti-human GAA (Covance, Emeryville, CA, USA) at 

1:500 and developed using biotinylated anti-rabbit IgG secondary antibody at 1:200 (Vector 

Laboratories, Burlingame, CA, USA) coupled with a Vectastain Elite ABC Kit (Vector 

Laboratories: PK-6100). PAS was then performed on the GAA-labelled sections according to 

manufacturer’s protocol indicated in the main text. 

 

Reference 

93 Maga JA, Zhou J, Kambampati R, et al. Glycosylation-independent lysosomal targeting of 
acid α-glucosidase enhances muscle glycogen clearance in Pompe mice. J Biol Chem 
2013; 288: 1428–38.  
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