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Pompe disease is an autosomal recessive disorder caused
by mutations in the acid-a glucosidase (GAA) gene. Lin-
gual dysfunction is prominent but does not respond to
conventional enzyme replacement therapy (ERT). Using
Pompe (Gaa~") mice, we tested the hypothesis that intra-
lingual delivery of viral vectors encoding GAA results in
GAA expression and glycogen clearance in both tongue
myofibers and hypoglossal (XII) motoneurons. An intra-
lingual injection of an adeno-associated virus (AAV)
vector encoding GAA (serotypes 1 or 9; 1x10'" vector
genomes, CMV promoter) was performed in 2-month-
old Gaa”~ mice, and tissues were harvested 4 months
later. Both serotypes robustly transduced tongue myo-
fibers with histological confirmation of GAA expression
(immunochemistry) and glycogen clearance (Period
acid-Schiff stain). Both vectors also led to medullary
transgene expression. GAA-positive motoneurons did
not show the histopathologic features which are typi-
cal in Pompe disease and animal models. Intralingual
injection with the AAV9 vector resulted in approximately
threefold more GAA-positive XIl motoneurons (P < 0.02
versus AAV1); the AAV9 group also gained more body
weight over the course of the study (P < 0.05 versus
AAV1 and sham). We conclude that intralingual injec-
tion of AAV1 or AAV9 drives persistent GAA expression
in tongue myofibers and motoneurons, but AAV9 may
more effectively target motoneurons.
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INTRODUCTION

Pompe disease is an autosomal recessive disorder characterized by
deficiency of acid-o glucosidase (GAA). This hydrolase degrades
lysosomal glycogen, and reduced or absent GAA can cause pro-
found glycogen accumulation, disruption of cellular architecture,

and functional neuromuscular impairments. Respiratory-related
motor units controlling the primary inspiratory muscle (e.g., dia-
phragm) and also the pharyngeal airway (e.g., tongue) are par-
ticularly affected in Pompe disease.! Indeed, severe respiratory
insufficiency and ventilator-dependence are common in both
infantile and late-onset Pompe disease.” Sleep-disordered breath-
ing and tongue motor problems are also prevalent in the Pompe
population. Since both respiratory skeletal muscle fibers®” and
motoneurons® show pathology in Pompe disease, therapeutic
approaches should target the entire motor unit.! In this regard,
adeno-associated viral (AAV) vectors carrying the GAA gene pro-
vide an important therapeutic option since it is feasible to target
both myofibers and motoneurons via intramuscular delivery.’"!
In the current study, we used the Gaa™~ mouse Pompe model*
to determine if a single intralingual injection of AAV encoding
GAA could restore GAA enzyme activity in lingual myofibers
and hypoglossal (XII) motoneurons. The tongue motor sys-
tem was selected for these studies since XII motor dysfunction
is common in Pompe disease. For example, tongue weakness is
extremely prevalent and occurs even in Pompe patients who are
otherwise asymptomatic." Patients also typically develop pharyn-
geal dysphagia and have difficulty with saliva management, secre-
tions, and drooling.’ Difficulties with phonation are also common
in advanced Pompe disease." Importantly, these abnormalities
appear to be unaffected by enzyme replacement therapy (ERT),
even if ERT is administered in the newborn period."” Accordingly,
“correction” of pathology in tongue motor units could have pro-
found functional benefits in a clinical setting. The hypoglossal-
tongue motor system also provides an ideal experimental model
to evaluate retrograde gene delivery to motoneurons (i.e., mus-
cle-to-motoneuron).!" Based on the above considerations, our
primary aim was to test the hypothesis that intralingual delivery
of AAV-GAA could restore GAA activity and reverse glycogen
accumulation in both tongue myofibers and XII motoneurons
in Gaa™" mice. Our secondary aim was to compare and contrast
the effectiveness of two different AAV serotypes at motoneuron
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transduction via retrograde movement after tongue injection.
Thus, AAV serotypes 1 and 9 encoding human GAA were admin-
istered to separate groups of Gaa~~ mice via intralingual injection.
The AAV1 serotype was selected since it is currently being tested
in a phase 1/2 clinical trial in Pompe disease NCT00976352,'¢ and
the AAV9 serotoype was evaluated since it appears to be particu-
larly effective at retrograde transport.’

RESULTS

Restoration of GAA activity and reduced glycogen
accumulation in tongue myofibers

Periodic acid Schiff (PAS) staining indicated substantial glycogen
accumulation within lingual myofibers of sham-treated Gaa™~
mice, but not wild-type mice, as expected (Figure 1). However,
a considerable reduction in the extent of positive PAS staining
was noted at or near the site of intralingual injection (i.e., the
genioglossus muscle and inferior-posterior aspect of the tongue)
in Gaa”~ mice receiving either AAVI-hGAA or AAV9-hGAA.
Figure 2 shows consecutive histological sections from the pos-
terior tongue that were incubated with GAA antibodies or PAS
reagents, respectively. Note that those areas which are immu-
nopositive for GAA (Panels a and g) show weak or entirely absent
PAS staining (Panels b and h). Thus, intralingual delivery of either
AAVI-hGAA or AAV9-hGAA reversed the pathological appear-
ance that is typical of Gaa™~ myofibers. Note in particular that
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lingual myofibers expressing GAA have a homogenous appearing
sarcoplasm and peripherally located nuclei (Figure 2). In addi-
tion, GAA-positive myofibers were no longer distended and did
not show the phenotypical swelling of lysosomes (Figure 2).
Biochemical assays confirmed robust GAA enzyme activity
in the base of tongue (i.e., at the site of injection) as suggested
by the histological results. Indeed, GAA activity was considerably
increased after AAV-GAA treatment when compared to untreated
Gaa™~ or wild-type control mice. Thus, at 4 months postinjec-
tion, GAA activity was 294 pumol/l/h*pug and 407 pmol/l/h*ug

Figure 1 Representative examples of periodic acid Schiff (PAS) stain-
ing in genioglossus tissue sections from an adult (a) wild-type and
(b) a sham-treated Gaa~~ mouse. The PAS reaction recognizes glyco-
gen and is evident by the magenta coloring. Myofibers from the (b)
sham-treated Gaa™~ mice are PAS-positive and have swollen vacuolar
appearance with disruption of cellular architecture. Scale bars = 200 pm.
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Figure 2 Immunohistochemical acid-o. glucosidase (GAA) staining and periodic acid Schiff (PAS) staining of transverse lingual sections
from the base of the tongue. Tissues were harvested at 4 months following intralingual injections with (a-f) AAV9-hGAA and (g-1) AAV1-hGAA.
Alternating tissue sections were stained for GAA or PAS. The approximate site of the tongue AAV injection is indicated by the asterisk, and the sites
marked c—f or i-l are shown in an expanded scale immediately below each top panel. Note that (c¢) GAA-positive myofibers are negative for (d) PAS.
In contrast, the area negative for (e) GAA is also positive for (f) PAS. Similar results were seen in the AAV1-hGAA-injected lingual sections (panels g

and h). Scale bars: 800 um (a,b,g,h); 50 um (c-f, i-I).
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following AAV1-hGAA and AAV9-hGAA injection, respectively
(P =0.473). In comparison, control 129 mice averaged 59 pmol/
I/h*pg (P < 0.05 versus AAV treated). Sham-treated Gaa™~ mice
had an average GAA activity of 3 pmol/l/h*ug (P < 0.05 versus
AAV treated).

GAA expression and glycogen clearance in XIlI
motoneurons

The cytoarchitecture of XII motoneurons in wild-type mice was
consistent with prior reports.’® Thus, the perikaryon around the
nucleus was immunopositive for GAA, and an absence of glyco-
gen accumulation was indicated by the lack of positive-PAS stain-
ing. In contrast, XII motoneurons in sham-treated Gaa~~ mice
were negative for GAA immunostaining but robustly PAS-positive
(Figure 3). XII motoneurons in the sham Gaa™~ group showed

Figure 3 Immunohistochemical acid-o glucosidase (GAA) staining
(panels a and c) and periodic acid Schiff (PAS) staining (panels b
and d) of the XIl motor nucleus in wild-type and sham-treated Gaa~~
tissues. The area highlighted by the box in the left panels is shown at a
higher magnification in the right panels. (a) Positive GAA staining is evi-
dent in XIl motoneurons with an absence of PAS staining (b) in wild-type
tissues. In contrast, sham-treated Gaa~- tissues show complete absence
of (¢) GAA immunostaining and (d) swollen PAS positive motoneurons.
Scale bars = a-d left panels: 50 um; right panels: 100 pm.
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histopathologic features consistent with prior descriptions from
Pompe animal models*®'® and human tissues."® More specifically,
as shown in Figure 3, XII motoneurons in the sham Gaa™~ group
have a distended perikaryon filled with enlarged vacuoles.

Quantification of medullary GAA immunostaining suggested
differences in the retrograde transduction efficiency between
AAV9-hGAA and AAV1-hGAA (Figure 4). More specifically, the
AAV9 group had an almost threefold increase in the number of
GAA-positive XII motoneurons when compared to the AAV1-
treated mice (P = 0.02). When XII motoneurons were transduced
following intralingual injection of AAV-GAA vectors (i.e., fol-
lowing retrograde transduction), there was a striking reversal
of the histopathological features that are typical of Gaa™~ mice
(Figure 5). Those XII motoneurons which were immunopositive
for GAA in Gaa™ mice were always negative for PAS staining.
The GAA-positive cells had a “normal” appearing soma with a
centrally located nucleus and an absence of vacuoles (i.e., com-
pared to cells from wild-type and sham-injected Gaa™~ mice;
Figure 3). In the AAV-treated tissues, GAA-positive motoneurons
were often juxtaposed with GAA-negative cells, thus providing a
contrast of “corrected” versus untreated cells (Figure 5). The his-
tologic images shown in Figure 5 demonstrate that the perikaryon
around the nucleus in the GAA-positive motoneuron lacks both
the distended vacuoles and the positive PAS staining that are char-
acteristics of the nearby GAA-negative cells (Figure 5, Panels b
and d).

Measurement of vector genomes and liver GAA
activity

Real-time polymerase chain reaction (PCR) was used to quantify
the distribution of AAV vector genomes after intralingual deliv-
ery (Figure 6). Consistent with the histological results (Figure 2),
a similarly robust number of vector genomes was detected in
the base of the tongue following both AAVI-hGAA and AAV9-
hGAA injections (P = 0.7) (Figure 6a). However, the AAV9 vec-
tor had a greater neural distribution as compared to AAV1. Thus,
increased AAV9 vector genomes were observed in the XII nerve
(P = 0.007), the immediate area of the XII motor nucleus (P =
0.008), and the brain (P = 0.04) (all P values reflect comparison to
AAV1; Figure 6b-d). No differences were noted, however, in vec-
tor genomes within the spinal cord (Figure 6e). Systemic distribu-
tion of the vectors was confirmed by liver expression (Figure 6f).
Although not statistically significant, a tendency for increased
liver vector genomes was seen following AAV9 versus AAV1
injections (P = 0.07). Importantly, liver GAA activity was not
increased by intralingual injection of AAV9 or AAV 1. Specifically,
at 4 months postinjection, liver GAA activity (umol/minute/mg
protein) was 29.0+7.6 in 129 mice, but only 4.8+0.2, 3.7+1.3,
and 6.8+0.9 in Gaa™”~ mice treated with lactated ringers (LR),
AAV1, and AAVY, respectively (all P < 0.05 versus 129 value). The
values in LR-treated Gaa™~ mice were not statistically different
than the AAV-treated Gaa™~ mice (P > 0.5).

Body weight and ventilation

Following intralingual injection, a significant difference in weight
gain was noted in the AAV9-treated Gaa™~ mice as compared to
the AAV1 group. This was not due to a gender effect since there
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Figure 4 Persistent acid-o glucosidase (GAA) expression in Gaa™~ XII
motoneurons after intralingual injection of AAV9-hGAA or AAV1-
hGAA. All tissues were harvested 4 months following AAV delivery to
tongue. (a) AAV9-hGAA-treated Gaa”~ mice had more robust GAA
expression in the XIl motor nucleus as compared to (b) AAV1-hGAA. The
average number of GAA-positive cells in the XIl nucleus is shown in Panel
¢ (*P < 0.05 compared to AAV9). Scale bars = a,b: 50 pm.

was an equal number of males and females in each group. Thus,
over the course of the study, AAV9-hGAA-treated mice gained
more weight when compared to either the sham Gaa™~ (LR group)
(P =0.028) or AAV1-hGAA groups (P = 0.006) (Figure 7). The
body weight of both the LR- and AAV-treated Gaa™~ mice, how-
ever, remained below the age-matched wild-type control group
(Figure 7).

Although we had no a priori prediction that ventilation would
differ between sham- and AAV-treated Gaa™~ mice, ventilation
was assessed via whole-body plethysmography to confirm that the
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Figure 5 Acid-a glucosidase (GAA)-positive XIl motoneurons have no
glycogen accumulation. Higher magnification views of XII motoneu-
rons stained for GAA (brown) and periodic acid Schiff (PAS) (magenta) in
alternate sections. The arrows indicate the same cell in consecutive his-
tological sections. The juxtaposition of GAA-positive-GAA-negative cells
allows direct comparison of the histological appearance. Note that GAA-
positive cells lack PAS staining and do not have the vacuolar appearance
typical of adjacent Gaa~~ motoneurons. Panels a and b: examples from
AAV9-treated tissues; panels ¢ and d: examples from AAV1-treated tis-
sues. Scale bars = a-d: 200 pm.

tongue injection did not impair breathing. During both baseline
normoxic conditions (Table 1a) and a brief hypercapnic respira-
tory challenge (Table 2), the AAV1- and AAV9-treated Gaa™~ mice
showed similar breathing frequency (br*minute™), inspiratory
tidal volume (mI*br!), and minute ventilation (ml*minute!), and
both groups were comparable to sham-injected Gaa™~ mice. That
is, there was no apparent impact of AAV1 or AAV9 on overall
ventilation or breathing pattern. Compared to the wild-type mice,
all Gaa™~ groups (i.e., AAV and sham) tended to have reduced
minute ventilation during baseline (P = 0.17), and significantly
lower minute ventilation during the respiratory challenge (P <
0.05). There was no indication for a negative impact on breathing
after AAV delivery when compared to sham-treated Gaa™~ mice
(Table 1).

Some unexpected findings emerged from the whole body
plethysmography measurements that suggest a positive impact of
AAV treatment on pulmonary resistance. The PenH parameter
is derived from analyses of the expiratory airflow signal and has
been proposed to be an indirect measure of overall pulmonary
airflow resistance.”” During the baseline condition, PenH tended
to be reduced in wild-type mice as compared to sham-treated
Gaa™~ mice (P = 0.07; Table 1). However, PenH was substantially
reduced in Gaa™~ mice treated with the AAV9 vector when com-
pared to sham animals (P = 0.001). In contrast, the AAV1-treated
mice had similar PenH values to the sham Gaa™" group (P =0.19)
(Table 1). The duration of the inspiratory effort (Ti, seconds)
was also reduced in the AAV9 Gaa™~ mice when compared to
sham Gaa™~ mice (Table 1). Although speculative, the decrease
in PenH after AAV9 treatment may indicate an improvement"
in upper airway motor function resulting in decreased airflow
resistance.
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Figure 6 Mean number of vector genome copies 4 months after intralingual injection. Vector genome copies in the tongue were similar between
(a) AAV1-hGAA- and AAV9-hGAA-treated Gaa~- mice, but were greater in the (b) XII nerve, (c) medulla, (d) brain, (e) spinal cord, and (f) liver of

AAV9-hGAA- versus AAV1-hGAA-treated Gaa~~ mice.

Immune response

There was histological evidence for a local immune response
following injection of the viral vectors. Hematoxylin and eosin
staining indicated a mild endomysial inflammatory reaction in
tongue myofibers at or near the injection site, and this response
was qualitatively similar in AAV1-hGAA- and AAV9-hGAA-
treated animals (data not shown). In addition, CD3 immuno-
chemistry indicated a higher proportion of T lymphocytes at the

706

injection site as compared to the immediate surrounding tissues
(Figure 8c,d), and again this was similar between AAV1- and
AAV9-treated mice. Histological evidence of immune reactions,
however, was absent in the medulla (Figure 8f,g). Finally, serum
evaluations of anti-GAA immunoglobulins IgG1 (Figure 8e) and
IgG2 (data not shown) showed that titers could be detected at 6
weeks post-AAV injection and persisted throughout the study.
The antibody titers were significantly greater in AAVI- versus
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AAV9-treated mice at both 6 and 16 weeks following injection
(P <0.05).

DISCUSSION

Our primary finding is that a single intralingual injection of sin-
gle-stranded AAV-GAA (1x10" vg) results in persistent GAA
expression in both lingual myofibers and brainstem XII motoneu-
rons. Moreover, GAA expression was associated with a marked
reduction of glycogen accumulation (as evidenced through PAS
staining), and reversal of the histopathologic features which char-
acterize both Pompe tissues®* and Gaa™~ mouse skeletal muscle’
and motoneurons.®'**' The AAV9-hGAA vector resulted in more
robust neural transduction as compared to AAV1-hGAA suggest-
ing that it may be more appropriate for targeted gene delivery to
motoneuron pools.

Retrograde transport of AAV-hGAA

In the present study, a direct injection in the base of the tongue
with either AAV1-hGAA or AAV9-hGAA caused persistent GAA
expression in XII motoneuron cell bodies. While the detection of
vector genomes in the liver demonstrates that the vectors entered the
systemic circulation as expected,” GAA activity assays confirmed
that there was no significant lysosomal GAA activity in the liver
in AAV-treated Gaa™~ mice. Indeed, no differences in liver GAA
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Figure 7 Mean increase in body weight following intralingual adeno-
associated virus (AAV) injection. All experimental groups gained weight
similarly over the first month of the study, but by the fourth month dif-
ferences emerged between groups. The AAV9-hGAA-treated Gaa~- mice
had a significant increase in weight gain (*) compared to both LR- and
AAV1-hGAA-injected Gaa”~ mice. The LR-treated mice were housed as
cage mates with the AAV1-hGAA and AAV9-hGAA groups.
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activity levels were detected between the AAV- and sham-treated
Gaa™~ mice. Therefore, we conclude that positive immunostaining
for the transgene was not the result of liver secretion. Indeed, the
focally restricted pattern of neuronal GAA expression within the XII
motor nucleus (Figures 4 and 5) could only occur via retrograde
movement of GAA protein or AAV along the XII nerve. There is
no evidence that the GAA molecule can be transported retrogradely
along motor axons,” and we conclude that retrograde movement of
the viral vector resulted in transgene expression in XII motoneu-
rons. The specific transport mechanisms enabling AAV to move
from myofibers to motoneurons have not been established, but ret-
rograde transport has been repeatedly observed after direct skeletal
muscle delivery.!®** Accordingly, intramuscular injection with AAV
is a viable means of delivering genetic material to motoneurons. This
approach has potential clinical application beyond Pompe disease
including other neurodegenerative motor disorders such as spinal
cord injury,” spinal muscular atrophy,”” and amyotrophic lateral
sclerosis.’

A growing body of evidence indicates that AAV9 is an opti-
mal serotype for gene delivery to the central nervous system.?*
The AAV9 serotype effectively crosses the blood brain barrier,®
and results in extensive and persistent neuronal transduction in
multiple species including primates.®>° In terms of retrograde
movement, the degree of motoneuron transduction with AAV9
demonstrated here and in prior studies' exceeds the ~1-15%
transduction rates noted in prior studies with other serotypes.***
A recent study from Gransee et al. reported that AAV7 was more
effective at targeted delivery to respiratory motor neurons as com-
pared to AAV9 following intrathoracic delivery in rats. In that
study, however, there was an ~10% motoneuron transduction rate,
and this is lower than our prior report using AAV9."

Histopathology after AAV-hGAA

The reduction in Gaa™~ mice myofiber histopathology following
intramuscular AAV delivery was entirely consistent with prior
reports.®”*! Thus, the novel feature of the current data set was the
reversal of the motoneuron histopathology following intralingual
AAV dosing. Specifically, after the AAV injection, GAA-positive
motoneurons did not show the “ballooned” and vacuolar appear-
ance which is typical of humans with Pompe disease®*? and mul-
tiple Pompe animal models.*'#*"** Accordingly, the intralingual
AAV-hGAA injections were able to “correct” a characteristic his-
topathologic feature of Pompe motoneurons. Neuronal glycogen
accumulation can be detected in Gaa™~ mice as early as 3 weeks of
age.'>! Therefore, it is difficult to say if the absence of XII moto-
neuron histopathology in GAA-positive cells in adult mice repre-
sented prevention of ongoing glycogen accumulation or reversal

Table 1 Ventilation measured in unanesthetized mice during baseline normoxic conditions

Animal Treatment Freq® TV? Mv? Ti® Te? PIF? PEF? PenH? RQ?
129SVE LR 146+3.1 0.22+0.01 30.8+1.5 0.135+0.00 0.306+0.01 2.94+0.2 1.96+0.1 0.89+0.07 1.01£0.1
Gaa™~ LR 148+5.2 0.19+0.01 26.9+2.0 0.150+0.01 0.282+0.01 2.31+0.3 1.77+0.2 1.08+0.06 1.19+£0.09
Gaa™~ AAVIGAA 142+8.2 0.18+0.01*  26.6+3.3 0.127 +£0.00* 0.34+0.01* 2.70+0.3 1.68+0.2 0.73+0.05* 1.02£0.04
Gaa™~ AAV1IGAA 150+54  0.20+0.01 29.3+1.7 0.134+0.00 0.303+0.01 2.80+0.3 1.97+0.16 0.91+0.13 1.08+0.05
MV, minute ventilation; PEF, peak expiratory flows; PIF, peak inspiratory flows; TV, tidal volume.

?mean + SEM. "P < 0.05 compared to LR-treated Gaa~-. "P < 0.05 compared to 129SVE.
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of a pathologic condition which existed prior to the gene deliv-
ery. However, since prior work indicates a progressive increase
in neuronal glycogen as Gaa™~ mice age,® we suggest that the
current results indicate a combination of prevention and rever-
sal of neuronal glycogen accumulation. The functional impact of
motoneuron histopathology in Pompe disease is not definitively
established, but both neurophysiological and behavioral evidence
from rodent models,*'*?' and neurophysiological evidence from
humans*~¢ indicate impairments in the neural regulation of skel-
etal muscle contraction. Moreover, neuronal lysosomal dysfunc-
tion, if left untreated, may lead to neuronal death.’”” Accordingly,
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_ 8x10%- x * | LR
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& 4
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2
[
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6 weeks 12 weeks

Figure 8 CD3 staining in the genioglossus and XII motor nucleus. No
T-cell infiltrate was observed in sham-injected genioglossal myofibers of
(a) wild-type or (b) Gaa”~ mice. In contrast, a mild T-cell infiltrate was
noted in the genioglossus of both (c) AAV1-hGAA- and (d) AAV9-hGAA-
injected mice. However, no T-cell infiltrate was observed in the medulla or
XII motor nucleus of (e) AAV9-hGAA- or (f) AAV1-hGAA-treated animals.
An IgG response against acid-o. glucosidase (GAA) was noted in both (g)
the AAV1-hGAA- and the AAV9-hGAA-treated mice. Scale bars = 200 um.
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AAV-mediated neuronal GAA expression could have dramatic
clinical consequences, particularly in light of the limited success
of ERT (see Significance section). It must be emphasized, how-
ever, that motor dysfunction in Pompe disease is likely to reflect
an interaction between myopathy and neuropathy. We recently
comprehensively reviewed the literature in this area and con-
cluded that long-term functional improvements in motor deficits
will require treatments targeting the entire motor unit (e.g., myofi-
bers and associated motoneurons).*® In the current study, this was
achieved by intralingual AAV-hGAA treatment.

Based on quantitative assessment of tissues obtained 4 months
following intralingual delivery of AAV-hGAA, we conclude that
GAA expression in motoneurons is persistent. This conclusion was
reinforced by additional experiments confirming GAA-positive
motoneurons up to 12 months following intralingual delivery
of AAV1-hGAA delivery (Figure 9). A similarly persistent GAA
expression in XII motoneurons was obtained 12 months follow-
ing intralingual delivery of AAV9-hGAA but using the chicken 3
actin promoter (data not shown). An interesting point of consid-
eration that was not addressed in the current study is whether or
not “cross correction” can occur in the vicinity of AAV-infected

Figure 9 Representative examples of medullary acid-o glucosidase
(GAA) immunostaining 12 months following intralingual injection
with AAV1-hGAA in a Gaa”~ mouse. Positive immunostaining for GAA
is restricted to the XIl motor nucleus in the rostral medulla at 12 months
following intralingual injection of (a) AAV1-hGAA. A representative sec-
tion caudal to the XII motor nucleus with no GAA labeling is shown in
(b). Panels ¢ and d show examples of “clustering” of GAA-positive moto-
neurons which was typical at 12 months postinjection. The contrast in
the histological appearance of GAA-positive versus negative cells is illus-
trated in (e-f). The GAA-positive motoneurons have a central nucleus
without evidence of vacuoles. In contrast, cells not expressing GAA (*) in
panels e and f have an eccentric nucleus with an enlarged vacuole filled
soma. Scale bars = a: 50 um; b: 200 um.
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Table 2 Ventilation measured in unanesthetized mice during a brief hypercapnic challenge

%increase

Animal Treatment Freq® TV Mv? in MV Ti Te? PIF? PEF® PenH?

129SVE LR 373+7.0 0.41+0.02  152+6.6 501% +21  0.071£0.00  0.102+0.0  9.28+0.3 7.78+0.4 1.08£0.06
Gaa™~ LR 351+18.1  0.37+0.03  126+9.6" 477% 41 0.078+0.00  0.106+0.0  7.50+0.5"  6.59+0.6 1.16+0.10
Gaa™~ AAVIGAA 353+25.8 0.35+0.01 121+7.07 508% + 32 0.080+0.01 0.106+0.0 6.84+0.5" 6.12+0.57 1.17+0.14
Gaa™"~ AAVIGAA 343+24.3 0.39+0.03 128+8.8" 440% + 31 0.081+0.01 0.111+0.0 7.66+0.6" 6.50+0.4 1.05+0.15

MV, minute ventilation; PEF, peak expiratory flows; PIF, peak inspiratory flows; TV, tidal volume.
“mean + SEM. "P < 0.05 compared to LR-treated Gaa~-. P < 0.05 compared to 129SVE.

cells.”” In other words, can GAA protein be secreted from an
AAV-transduced cell to “correct” a neighboring cell via receptor-
mediated endocytosis? Prior work has established that a localized
AAV transduction can indeed produce more widespread delivery
of the transgene product.*’ Inspection of brainstem histology at 12
months postintralingual AAV1-hGAA delivery suggests that XII
motoneuron cross correction should be evaluated in future stud-
ies. Specifically, clusters of GAA-positive motoneurons are evi-
dent, with some cells showing robustly positive GAA staining and
neighboring cells showing reduced staining intensity (Figure 9).

Immune response

Consistent with prior reports, we observed a mild inflammatory
reaction following intramuscular delivery of AAV? There was no
histological evidence of inflammation within the central nervous
system, but mild persistent T-cell infiltration was apparent in lingual
myofibers. As expected, a humoral response to human GAA was
detected in the AAV-hGA A-treated mice. This is most likely because
the GAA protein was not species-specific since this immune response
has not been a problem in humans treated with AAV-hGAA.' In any
case, the humoral response validates that GAA protein was being
produced by the transduced tissues. The significance of the greater
immune response to AAV 1 as compared to the AAV9 vector (Figure
8) is not clear, but may indicate an elevation in systemic levels of GAA
in the AAV1 group. The lack of a cell-mediated immune response in
the “immune privileged” central nervous system (CNS) following
intramuscular delivery of AAV-hGAA is consistent with previous
studies.’ In contrast to intraparenchymal injections of AAV which
induce innate and adaptive immune responses,*' the intramuscular
delivery method avoids temporary breaching of the blood-brain
barrier and prevents mechanical stress and release of viral particles
in extracellular spaces. Towne et al.’ have suggested that these factors
result in humoral or cell-mediated immune responses in the CNS.
When a CNS immune response occurs, it is likely to result in the
elimination of transgene-expressing cells.’

Significance

The current standard of treatment for Pompe disease is ERT in
which recombinant GAA is delivered intravenously every 2 weeks.>
This approach has improved ventilator-free survival rates in patients
with infantile-onset disease, but substantial pulmonary and tongue
motor problems remain.' For example, there is a 35% mortality rate
in ERT-treated children, and many patients show progressive losses
in pulmonary function after ERT is initiated.** In addition, children
receiving ERT typically have impaired hypoglossal motor func-
tion as indicated by weak and ineffective swallowing® and speech
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disorders.” Rohrbach et al.** reported that neurological symptoms
including impaired language development persisted despite a 44
months period of ERT in a Pompe child. Adults with late-onset
Pompe disease also continue to have lingual weakness with both
dysphagia and dysarthria despite ongoing ERT.?

The persistent motor symptoms following ERT are likely to
occur because intravenously delivered GAA protein does not
cross the blood-brain barrier to treat the motoneuron pathology
which is prominent in both Pompe patients® and animal models
including mice®'**! and quail.» Another consideration is that ERT
itself could exacerbate motoneuron disease as a result of preserved
muscle function in the absence of neural correction. The limited
effectiveness of ERT indicates that a better approach is needed.
The persistent GAA expression and reversal of the histopathologic
appearance of tongue myofibers and motoneurons shown in the
present study suggests the potential to use AAV-hGAA to treat
both peripheral (myopathy) and central (neuropathy) compo-
nents of motor weakness.”2**

We did not directly assess the impact of the AAV-hGAA
therapy on tongue motor function, but the plethysmography
results were nevertheless intriguing. The “PenH” measurement
has been proposed to noninvasively assess airway resistance in
mice by comparing airflows in the early versus late phases of expi-
ration.” When the early expiratory airflow peak becomes more
prominent, as happens with airway constriction, the PenH value
increases.”” On the other hand, some groups have questioned
the validity of this approach,* and conclusions based on PenH
need to be validated using more invasive methods. Accordingly,
we had no a priori hypothesis regarding PenH, and we interpret
the data cautiously. It is nevertheless intriguing that the sham-
treated Gaa™~ mice showed an elevation in PenH, and this value
was significantly reduced following AAV9-hGAA but not AAV1-
hGAA tongue injection. One interpretation of these data is that
airway resistance is elevated in Gaa™~ mice secondary to pharyn-
geal neuromuscular dysfunction, and the AAV9 tongue injections
improved the neuromotor control of the oropharyngeal airway.
Further study will be needed to validate this hypothesis.

A phase I/II study administering rAAV2/1-CMV-hGAA to
the diaphragm in children with Pompe disease is ongoing at our
institution (ClinicalTrials.gov Identifier: NCT00976352). This
trial was initiated following extensive preclinical work document-
ing a positive impact of diaphragm application of this vector in
animal models.*” Initial results are encouraging and confirm
that diaphragm delivery of rAAV1-hGAA is safe. In addition,
significant increases in inspiratory tidal volume as well as the
duration of unassisted breathing (i.e., without ventilator support)
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have occurred.’® In the present work, we confirmed in the Gaa™"~
Pompe mouse model that the clinically used vector does indeed
move retrogradely to transduce motoneurons. Based on the ret-
rograde transport described here (Figure 4), we suggest that the
AAV9 vector may be a prime candidate for use in future clini-
cal studies since this serotype may increase the overall retrograde
transduction of motoneurons. Lastly, direct intralingual injection
of AAV-GAA vectors could be considered as an adjunct therapy
to conventional ERT, which has minimal impact on tongue motor
dysfunction in Pompe disease.>*’

MATERIALS AND METHODS

All experimental procedures were approved by the Institutional Animal
Care and Use Committee at the University of Florida. 129SVE (wild-type)
mice were obtained from Taconic, Albany, NY. Gaa”" mice, originally
developed by Raben et al.'> were outbred to a 129SVE background
(Taconic). An intralingual injection of vector or LR was administered
at 8 weeks of age. Animals were weighed prior to injection, then 1 and
4 months after injection. Immunoglobulin G levels were performed 6
weeks and 4 months posttreatment. Plethysmography was performed at 4
months postdose and immediately prior to sacrifice. Animal tissues were
processed for molecular, biochemical, and histological studies 4 months
posttreatment. A subset of treated animals were maintained and sacrificed
at 12 months of age to assess for persistence of GAA expression.

AAV vectors. Single-stranded AAV vectors encoding human GAA (hGAA),
driven by the CMV promoter, were injected into the tongue at a vector
dose of 1 x 10" vg/ml. This concentration was determined by prior experi-
ence with tongue injections using AAV serotype 9 (AAV9)." Two vector
serotypes, were used for comparison: AAV serotype 1 (AAV1) which is the
vector currently in use in a currently active clinical trial (NCT00976352),'°
and AAVY9, a vector considered to have greater neuronal transduction.'-*
All vectors were generated and titered at the University of Florida Powell
Gene Therapy Center Vector Core Laboratory. Vectors were purified by
iodixanol gradient centrifugation and anion-exchange chromatography
as described previously.*® Final formulations of AAV1-CMV-hGAA and
AAV9-CMV-hGAA were in LR solution.

In vivo vector administration. The Gaa™~ mice were created by disruption
of exon 6 as previously described. '* Animals were 8 weeks of age at the
time of dosing.* Twelve 129SVE mice were used as controls. Forty Gaa™~
mice were randomly assigned to one of the three groups by a blinded inves-
tigator: an AAV1-hGAA-injected group, an AAV9-hGA A-injected group,
a group injected with LR. An equal number of male and female mice were
randomized into each group. Mice were anesthetized with 3% isoflurane
in oxygen administered via a nose cone. All mice were placed on a heating
pad during the injections to maintain body temperature at 37 °C. A surgi-
cal microscope was used to visualize the injection site and to administer
the sham or vector injection. The tongue was gently retracted from the
mouth using blunt forceps. A single injection of 30 ul of LR (sham injec-
tion) or vector was directly injected into the left side of the base of the
tongue lateral to the lingual frenulum. The needle was held at a 45 degree
angle and inserted to a depth of 2mm. PE50 tubing was placed over the
needle to insure that the depth of injection was uniform in each mouse.
Sham- and vector-injected mice shared the same cages to minimize vari-
ability. These sham-injected mice were used as a control group for studies
of ventilation, biochemical, molecular, and histological studies.

Vector pharmacology

Genomic DNA extraction and real-time PCR. Four months following
intralingual injections, AAV genome copies using PCR were measured
in the tongue, liver, brain, medulla, and spinal cord of wild-type and
Gaa™~ mice (N = 3 in each group). Tissues were harvested in a manner
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that prevented crosscontamination, snap frozen in liquid nitrogen, and
stored at —80 °C until genomic DNA (gDNA) was extracted. All tissue was
divided equally, with half used for PCR and half for GAA activity assay (see
below). The tongue was harvested and divided into anterior and posterior
portions. gDNA was isolated using a DNeasy blood and tissue kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. gDNA con-
centrations were determined using the NanoDrop system (Wilmington,
DE). AAV genome copies present in gDNA were quantified by real-
time PCR using an ABI 7900 HT sequence detection system (Applied
Biosystems, Carlsbad, CA) according to the manufacturer’s instructions,
and results were analyzed using the Sequence Detection Systems (SDS)
2.3 software. Briefly, primers and probe were designed to the SV40 poly-A
region of the AAV vector as previously described.” A standard curve was
performed using plasmid DNA containing the same SV40 poly-A target
sequence. PCR reactions contained a total volume of 100 ul and were run
at the following conditions: 50 °C for 2 minutes, 95 °C for 10 minutes, and
45 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. DNA samples
were assayed in triplicate. In order to assess PCR inhibition, the third rep-
licate was spiked with plasmid DNA at a ratio of 100 copies/pug gDNA. If
this replicate was greater than 40 copies/ug gDNA, then the results were
considered acceptable. If a sample contained greater than or equal to 100
copies/pg gDNA, it was considered positive for vector genomes. If a sample
contained less than 100 copies/ug gDNA, it was considered negative for
vector genomes. If less than 1 ug of gDNA was analyzed, the vector copy
number reported was normalized per ug gDNA and the plasmid spike-
in was reduced to maintain the ratio of 100 copies/ug gDNA. Data were
reported as AAV genome copies per ug total genomic DNA + SD.

GAA activity assay. Tongue, liver, brain, medulla, and spinal cord were
harvested from 129 mice and Gaa™ mice intralingually injected with
either LR or AAV-GAA. Tissues were immediately harvested, frozen in
liquid N, and maintained at —80 °C until biochemical analyses were per-
formed. Briefly, tissues were homogenized in water containing a complete
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) and
subjected to three freeze-thaw cycles. Homogenates were centrifuged
at 14,000rpm for 10 minutes at 4 °C and the resulting supernatant was
assayed for GAA activity by measuring cleavage of 4-methylumbelliferyl-
a-D-glucopyranoside after incubation for 1 hour at 37 °C. Protein con-
centration was measured using the Bio-Rad DC protein assay kit per
manufacturer’s instructions. Data were expressed relative to values mea-
sured in untreated GAA tissue levels (% control).

Immunoglobulin G quantification. Enzyme-linked immunosorbent assay
for IgG1 and IgG2 were developed and optimized.” Immulon 4HBX 96-well
plates (Thermo Fisher Scientific, Waltham, MA) were coated with hGAA
protein and incubated overnight at 4 °C. The following standards IgG1x
(4,000 to 62.5ng/ml), IgG2a (1,000 to 15ng/ml) were coated overnight at
4 °C at twofold dilutions. Experimental mouse plasma at a 1:50 dilution
was used for IgG1 and IgG2a. Plasma samples were incubated for 2 hours
at room temperature. The secondary detection antibodies rat anti-mouse
IgG1 heavy chain-HRP (AbD Serotec, UK) or goat antibody to mouse
IgG2a- HRP (Abcam, MA) were incubated for 2 hours at 37 °C. Plates were
allowed to develop for 5-10 minutes in a solution containing Sigmafast
OPD tablets (Sigma, MO) for color production. Plates were washed three
times between procedures with Tris wash buffer. A BD-colorimetric plate
reader was used to read the 96-well clear ELISA plates.

Brainstem histology. Mice were anesthetized with isoflurane and ure-
thane (1.5g/kg) and euthanized via systemic perfusion with 4% parafor-
maldehyde. Tissues were harvested 4 months after injection of sham or
vector. The brainstem and spinal cord tissues were extracted and post-
fixed by immersion in 4% paraformaldehyde (N = 4 animals per group)
for 24 hours then transferred to 70% ethanol until processing for paraf-
fin embedding. Paraffin serial sections (5 pum) were stained with PAS,
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hematoxylin and eosin staining and by immunohistochemistry to GAA.
GAA THC coupled with a Vectastain ABC secondary detection kit and
(3,3’-Diaminobenzidine) DAB was performed. The tissue was incubated
overnight in primary antibody against GAA, 1:2,000 (rabbit polyclonal
GAA antibody (Covance, Emeryville, CA). On the following day, the tissue
was washed in PBS, incubated in a biotinylated anti-rabbit IgG secondary
antibody;, 1:200 (Vector Laboratories, Burlingame, CA) and coupled with
a Vectastain ABC Kit and DAB for bright field microscopy. In addition,
inflammatory cell immunophenotype was determined with monoclonal
antibodies that recognize CD3. CD3 is a protein complex important in
transducing the signal that initiates a T-cell activation and differentiation
pathway. The presence of CD3 indicates activation of a T-cell inflammatory
response.

Tongue histology. After perfusion, the tongue was removed, postfixed in
4% paraformaldehyde for 24 hours then transferred to 70% ethanol until
processing. Paraffin serial sections (5 pm) were stained with PAS, hema-
toxylin and eosin staining and by immunohistochemistry to GAA as
described above. Inflammatory cell immunophenotype was assessed using
monoclonal antibodies that recognize CD3.

Microscopy and quantitative analyses. Brightfield photographs were
taken with a Zeiss AxioPhot microscope and an AxioCam HRc digital
camera linked to a PC. By using brightfield microscopy, GAA-positive
XII motoneurons with visible nuclei were counted at x10 magnification in
every 10th 5um transverse section of the medulla from each animal. Only
cells with a visible nucleus were counted.

Ventilation. These studies were undertaken to determine the impact of
vector injection to the tongue on ventilation. Thus, ventilation was quanti-
fied by a blinded investigator using whole-body plethysmography in unre-
strained, unanesthetized mice as previously described.® Mice were placed
inside a 3.5” x 5.75” Plexiglas chamber which was calibrated with known
airflow and pressure signals before data collection. Data were collected in
10-second intervals and respiratory volumes including tidal volume and
minute ventilation were calculated as described previously.® During both
a 30 minutes acclimation period and subsequent 30-60 minutes baseline
period, mice were exposed to normoxic air (21% O,, 79% N,). At the con-
clusion of the baseline period, the mice were exposed to a brief respiratory
challenge which consisted of a 10-minute hypercapnic exposure (7% CO,,
balance O,). Experiments were conducted using wild-type 129SVE mice
and Gaa™~ mice that had received tongue injection of sham or AAV-GAA.
Data were collected 4 months postinjection.

Statistical analysis. The number of transduced neuronal cells was com-
pared between AAV9-hGAA- and AAVI-hGAA-injected Gaa™~ mice
using an unpaired ¢-test. A one-way analysis of variance was used for the
analysis of PCR and GAA activity assay quantification, with statistical sig-
nificance considered if P < 0.05. A two-way ANOVA was used to compare
body weight between groups. The ventilation data were compared between
all groups using a one-way analysis of variance, with a post hoc Tukey HSD
analysis used for multiple pairwise comparisons. Data were considered to
be statistically different when P < 0.05.
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