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AAV-mediated gene therapy holds promise for the treatment of
lysosomal storage diseases (LSDs), some of which are already in
clinical trials. Yet, ultra-rare subtypes of LSDs, such as some gly-
coproteinoses, have lagged.Here, we report on a long-term safety
and efficacy preclinical study conducted in the murine model of
galactosialidosis, a glycoproteinosis caused by a deficiency of
protective protein/cathepsinA (PPCA).One-month-oldCtsa�/�

mice were injected intravenously with a high dose of a self-com-
plementary AAV2/8 vector expressing humanCTSA in the liver.
Treated mice, examined up to 12 months post injection,
appeared grossly indistinguishable from their wild-type litter-
mates. Sustained expression of scAAV2/8-CTSA in the liver re-
sulted in the release of the therapeutic precursor protein in
circulation and its widespread uptake by cells in visceral organs
and the brain. Increased cathepsin A activity resolved lysosomal
vacuolation throughout the affected organs and sialyl-oligosac-
chariduria. No signs of hyperplasia or inflammation were de-
tected in the liver up to a year of age. Clinical chemistry panels,
blood cell counts, and T cell immune responses were normal in
all treated animals. These results warrant a close consideration
of this gene therapy approach for the treatment of galactosialido-
sis, an orphan disease with no cure in sight.
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INTRODUCTION
Galactosialidosis (GS) is a glycoprotein storage disease caused by mu-
tations in the CTSA gene, encoding the lysosomal carboxypeptidase
protective protein/cathepsin A (PPCA). PPCA assembles into a lyso-
somal multienzyme complex (LMC) with the glycosidases b-galactosi-
dase (b-GAL) and neuraminidase 1 (NEU1), a configuration that ren-
ders these enzymes catalytically active and stable in lysosomes.1 A
congenital defect of PPCA alters complex formation, leading to loss
of NEU1 activity and reduced (�15%–20%) b-GAL activity.2,3 To
date, the combined deficiency of the three enzymes in the complex
remains the biochemical and diagnostic hallmark ofGS. The severe sec-
ondary deficiency of NEU1 accounts for the presence of sialylated gly-
coproteins andoligosaccharides in tissues and bodyfluids, a feature that
GS shares with sialidosis, caused by the isolated deficiency of NEU1.4
644 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
This is an open access article under the CC BY-NC-ND license (http
Based on the age of onset and severity of their clinical symptoms, GS
patients are classified into three subtypes: early infantile, late infantile,
and juvenile/adult. The severe early infantile forms of the disease pre-
sent with a systemic condition associated with fetal hydrops, skeletal
dysplasia, visceromegaly, renal and cardiac failure, neurological
involvement, and premature death.2 The late infantile forms comprise
a distinct group of patients with mild or absent cognitive involve-
ment. In this group, clinical manifestations appear in the first decade
of life and continue into adulthood. They include coarse facies, dys-
ostosis multiplex, growth retardation, heart and kidney problems,
and hearing loss.2 About 60% of GS clinical cases belong to the juve-
nile/adult group, mainly of Japanese descendance.2 Although these
patients can have a normal life expectancy, they develop severe clin-
ical signs, including myoclonus, ataxia, neurological symptoms,
mental retardation, and angiokeratoma without visceral involvement.
The early-onset patients are genetically the most heterogeneous, while
the late infantile and juvenile/adult patients may share allelic variants
that segregate with these clinical phenotypes.

The onlymousemodel of GS (Ctsa–/–, formerly referred to as PPCA–/–)
currently available was generated by disruption of the Ctsa gene,
as previously described.5 Ctsa–/– mice have a reduced lifespan
(�7 months) and already display signs of the disease at birth, being
visibly smaller than their wild-type (WT) or heterozygous littermates.5

The early onset and severity of their systemic and neurological pheno-
types parallel the clinical manifestations described in GS patients of the
early infantile group. At the mid-end stage of the disease, Ctsa–/– mice
develop diffuse edema associated with inflammation of the eyelids and
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Table 1. Study design for mice receiving scAAV2/8LP1-hPPCA or vehicle

treatment

Group Test article(s) Gendera Genotype Terminal collection
time point

1 (Control) vehicle M/F WT 7 days–12 months

2 (Control) vehicle M/F Ctsa–/– 7 days–7 months

3 scAAV2/8LP1-CTSA M/F Ctsa–/– 7 days

4 scAAV2/8LP1-CTSA M/F Ctsa–/– 1 month

5 scAAV2/8LP1-CTSA M/F Ctsa–/– 3 months

6 scAAV2/8LP1-CTSA M/F Ctsa–/– 6 months

7 scAAV2/8LP1-CTSA M/F Ctsa–/– 12 months

an = 4 mice per group, 2 males and 2 females.
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thickening of the paws. The occurrence of neurological symptoms,
such as tremor, ataxia, and abnormal gait, coincides with progressive
loss of Purkinje cells in the cerebellum.5,6 Histopathological examina-
tion of Ctsa–/– mice during the preweaning period has revealed wide-
spread lysosomal expansion and storage in cells of the most affected
organs, such as kidney, small intestine, liver, and choroid plexus. Over-
all, cells of the reticuloendothelial or macrophage system are also the
primary target of the disease in the mouse model.5 The severe renal
involvement, a prominent sign of GS in patients, is fully recapitulated
in the Ctsa–/– mice and results in progressive sialyl-oligosacchariduria.
Primary deficiency of cathepsin A (CA) is accompanied by the total
loss of NEU1 activity, while b-Gal activity is reduced in certain cells,
such as skin fibroblasts, in only the early stages of the disease, but grad-
ually increases in most organs as the disease progresses.5

Target therapy for GS is still investigational, but several treatment op-
tions, which hold promise for the treatment of patients, have been
tested in the Ctsa–/–mice, ranging from bonemarrow (BM)-mediated
ex vivo gene therapy to enzyme replacement therapy (ERT) and ad-
eno-associated virus (AAV)-mediated in vivo gene therapy.5,7–9 In
recent years, AAV has emerged as the preferred in vivo gene transfer
system for the treatment of lysosomal storage diseases (LSDs) because
of its efficacy of infection, broad tropism, and safety. Multiple AAV
serotypes have been engineered with increased tropism for specific
cell populations (e.g., hepatocytes and neurons) and have been tested
in LSD patients and animal models.10,11We have experimented with a
self-complementary AAV2/8 vector (scAAV2/8-LP1-hCTSA, here-
after scAAV2/8-CTSA) with restricted expression of a human
CTSA transgene to the liver, driven by a liver-specific enhancer-pro-
moter combination.7 In a dose-finding, preclinical study, Ctsa–/–mice
were treated at 1 month of age with three escalating doses of the re-
combinant vector, resulting in a clear reversal of several clinical signs,
including edema, gait defects, and oligosacchariduria.

Given the positive outcome of this therapeutic approach, we have now
designed a comprehensive study performed in Ctsa–/– mice treated
with a high dose (2� 1013 gc/kg) of scAAV2/8-CTSA, with the intent
to evaluate AAV biodistribution; long-term efficacy and safety,
including the potential occurrence of inflammation and neoplasia;
and the presence of neutralizing antibodies. In addition to the correc-
tion of histopathological, biochemical, and clinical phenotypes, we
demonstrate that the systemic administration of a high dose of the re-
combinant vector did not elicit any adverse effect, including liver
toxicity, immune response, and hyperplasia. To our knowledge, this
is one of the few studies aimed at characterizing potential toxicity
associated with AAV-mediated gene therapy, which will facilitate
the development of a safe and effective therapy for this orphan LSD.

RESULTS
Biodistribution of recombinant AAV in tissues of treated Ctsa–/–

mice

To test the long-term effects of administering a single high dose of re-
combinant vector, a cohort of Ctsa–/– mice were treated with
scAAV2/8-CTSA at a concentration of 2 � 1013 vg/kg, two times
Molecular The
higher than the highest vector dose used previously (1 � 1011 vg/
kg).7 Male and female mice were randomized and grouped into seven
cohorts (Table 1) with a group size of four scAAV2/8-CTSA-injected
(two males and two females) mice and an equal number of WT and
Ctsa–/– vehicle-injected controls (Table 1). Ctsa–/– mice were injected
intravenously at 1 month of age and analyzed at 7 days and 1, 3, 6, and
12 months post injection. All injected Ctsa–/–mice survived the treat-
ment and outlived the knockout (KO) mice that died, on average, at
�7 months of age. Therefore, the eldest KO mice used as controls for
evaluating efficacy of this therapeutic approach were �7 months
of age.

We first assessed the vector biodistribution by measuring the copy
number of recombinant scAAV2/8-CTSA in the total genomic
DNA extracted from multiple organs of treated mice at 12 months
post injection. As expected, the highest viral load (average of
1.04 � 106) was detected in the liver, the intended target organ, fol-
lowed by lymph nodes, diaphragm, heart, ovary, and lung (Figure 1A).
The other tissues had 2 log2 lower amounts of viral genome compared
to the liver, with the pancreas containing the lowest copy number
(average of 7.76 � 102) (Figure 1A). Low but still detectable levels
of viral genome were measured in the brain of treated mice (average
of 1.03 � 104). Comparing AAV levels in the liver with those in the
brain, we noticed a similar pattern of a gradual decrease inmeasurable
viral genome from 7 days (4.09� 106 in the liver and 2.79� 104 in the
brain) to 1 year (1.04 � 106 in the liver and 1.03 � 104 in the brain)
post injection (Figures 1B and 1C).
High CA activity in AAV-treated Ctsa–/– mice restores the

function of the LMC

Ctsa–/– mice treated with scAAV2/8-CTSA showed clear improve-
ment of their gross phenotype and were nearly indistinguishable
from their WT counterparts at all time points, including at 12 months
post injection; their food intake was normal, and their generalized
edema and infertility were entirely resolved. No consistent gender
differences were recorded between male and female mice in their
response to treatment, but rather, there was variability among ani-
mals. Therefore, the data for both gender groups were combined.
rapy: Methods & Clinical Development Vol. 23 December 2021 645
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Figure 1. Biodistribution of recombinant AAV in Ctsa–/– mice

(A) scAAV2/8-CTSA copy number in multiple organs of injected animals isolated

12 months post injection, measured per milligram of genomic DNA. (B, C) scAAV2/

8-CTSA copy number shown in the (B) liver and (C) brain collected at day 7, and at 1,

3, 6, and 12 months following AAV-mediated gene transfer. Round symbols depict

males, while square symbols depict females (n R 2).
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The efficacy of infection was first determined by measuring the expres-
sion levels of therapeutic PPCA in key target tissues of AAV-injected
mice at all time points. Predictably, maximum CA activity was
measured in the liver, where enzyme levels reached values�250 times
higher than those of WT mice at 7-day (200 times) and 1-month (300
times) time points and remained �85 times higher than controls at
12 months post injection (Figures 2A and S1A). The sustained and
persistent expression of the therapeutic enzyme in the liver resulted
in the release of the PPCA zymogen into the circulation, as
demonstrated by the correction of both CA and NEU1 activities in
GS patients’ fibroblasts after the addition of serum samples from
AAV-treated mice to the culture medium (Figure S2). The circulating
precursor was efficiently recaptured by deficient cells in visceral organs
and in the brain. Spleen and kidney were chosen as representative or-
gans because of their opposing response to therapeutic PPCA (Figures
2B, 2C, S1B, and S1C). Being a hematopoietic organ, splenocytes
readily captured the therapeutic enzyme, as demonstrated by the dra-
matic increase in CA activity measured in this organ throughout the
duration of the treatment (Figures 2B and S1B). On the opposite
side, the kidney, a less accessible organ and one mainly affected by
the disease, also showed sustained levels of CA activity above or equal
646 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
to those of WT controls at all time points, including at 12 months post
treatment (Figures 2C and S1C). Interestingly, CA activity in the brain
of treated mice at 7 days and 1 month post injection was 2–1.2 times
higher than in the WT controls (Figures 2D and S1D). These results
suggest that prolonged, high expression of the therapeutic enzyme in
the liver may sustain the spread of PPCA into the brain, although it
is still unclear how the protein would cross the blood-brain barrier.
The pattern of expression of the PPCA protein in the liver, kidney,
and brain of treated male and female mice largely reflected the pattern
of CA activity measured in the same tissues (Figures S3A–S3F).

Restored CA activity in affected organs was paralleled by an increase
in Neu1 activity that was equal to or greater than that measured in
WT animals at all time points (Figures 2E–2H and S1E–S1H). Simi-
larly, b-Gal activity, which tends to be at least two times higher than
in WT controls in untreated Ctsa–/– mice, was normalized in all
tissues of AAV-injected mice, including the brain, at each time point
(Figures 2I–2L and S1I–S1L). Last, treated mice showed a complete
reversal of sialyl-oligosacchariduria up to 12 months post injection
(Figure 3), confirming that restored expression of PPCA promotes
the formation of a functional LMC.

Reversal of histopathology in AAV-treated Ctsa–/– mice

Comparative histopathology of the liver, kidney, and spleen (Figures 4,
5, 6, and S4 and Tables S1 and S2) from treated and untreated Ctsa–/–

mice andWT controls was performed onH&E-stained sections. Mon-
tages of sequential images were stitched together to render a high-res-
olution composite image encompassing a large area of the individual
tissues. The images of the Ctsa–/– liver, comprising several lobules (Fig-
ure 4A and inset), highlighted the severe andwidespread vacuolation of
the hepatocytes, the endothelial cells of the sinusoids, and the Kupffer
cells (Figure 4). In contrast,mice treatedwith scAAV2/8-CTSA showed
complete normalization of the tissue architecture at 12 months post
AAV injection (Figure S4A), which appeared nearly indistinguishable
from that of the WT control (Figures 4B and 4C and insets). In agree-
ment with the reversal of tissue morphology after treatment, immuno-
histochemistry (IHC) with anti-human PPCA antibody revealed high
levels of expression of the protein in all affected cells, particularly those
surrounding the blood vessels (Figure 4Dand inset). The composite im-
age of theCtsa–/– kidney from the cortex to themedulla (Figure 5A and
inset) showed marked vacuolation of the convoluted tubular epithe-
lium, the Bowman capsule and podocytes of the glomeruli, endothelial
cells of the blood vessels in the cortex, and the ductal epithelium in the
medulla.Occasional proteinaceousdepositswere also visible (Figure 5A
and inset). Despite being one of the most difficult organs to target by
therapeutics, the kidney of treatedmice also displayed extensive correc-
tion of tissue morphology, particularly evident in the cortex, whose
appearance was comparable to that in the WT kidney (Figures 5B
and 5C and insets; Figure S4B). Immunostaining of tissue sections
demonstrated vast uptake of the PPCA precursor protein, especially
in the cortex region by cells of the Bowman capsule and the proximal
and distal tubular epithelium (Figure 5D and inset). The composite
image of the Ctsa–/– spleen (Figure 6A and inset) showed large areas
of highly vacuolated splenocytes, primarily in the red pulp, most of
ber 2021
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Figure 2. rhPPCA restores cathepsin A activity and

corrects NEU1 and b-GAL activities in Ctsa–/– mice

(A–D) Cathepsin A (CA) activity measured in (A) liver, (B)

spleen, (C) kidney, and (D) brain lysates from Ctsa–/– mice

treated with scAAV2/8-CTSA and collected 7 days and at

1, 3, 6, and 12 months following AAV-mediated gene

transfer. (E–H) NEU1 and (I–L) b-GAL activities were

measured in the same sets of tissues: (E and I) liver, (F and

J) spleen, (G and K) kidney, and (H and L) brain. All the

graphs are presented as mean ± SD. Statistical analyses

were performed using the Brown-Forsythe test; statistical

differences between untreated and treated Ctsa–/– mice

are indicated: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. Round symbols depict males, while square

symbols depict females (n R 3).
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them of histiocytic origin. Again, the morphology of the spleen of
treated mice appeared entirely normalized, compared with theWT tis-
sue (Figures 6B and 6C and insets; Figure S4C). Correction was partic-
ularly evident in the highly vascularized red pulp that also contained the
highest number of PPCA-positive splenocytes (Figure 6D and inset).

Last, we were able to detect PPCA in the brain of treated mice at
12 months post injection (Figure 7). Scattered neurons and glia with
punctate PPCA staining were detected in different brain regions,
including the cortex, the cerebellum, the hippocampus, the brain
Molecular Therapy: Methods & Clinic
stem, and the deep cerebellar nucleus (Figure 7).
The protein was most efficiently internalized by
the epithelial cells of the choroid plexus, which is
a highly vascularized brain structure (Figure 7).
These findings are potentially relevant from a
therapeutic standpoint, although in order to
translate them to the clinic, we would require
further experiments in larger animal models.

Absence of neoplastic signs in the liver of

AAV-treated Ctsa–/– mice

Given the potential risk for long-term AAV-
treated mice to develop hepatocellular carci-
noma,12 we also surveyed multiple areas of the
livers from treated Ctsa–/– mice at 12 months
post injection. An example of a large, screened
area of the tissue is shown in the H&E montage
of Figure 4C. We could not detect any signs of
abnormalmorphologyor growth, pleomorphism,
aberrant trabeculae, and/or local infiltration in
any of the liver tissues from the cohort of treated
mice. In addition, we could not identify areas of
ischemia, inflammation, or necrosis (Figure 4C).

Clinical chemistry and differential blood

count in AAV-treated Ctsa–/– mice

We next performed a series of laboratory tests
commonly used in the human population to
obtain standardized, multiparametric, diagnostic measurements of
blood samples and sera collected from all seven cohorts of mice (Ta-
ble 1). The levels of amylase and glucose were used to assess pancre-
atic functionality (Table 2); the concentration of several electrolytes
(calcium, phosphorus, potassium, and sodium) and the levels of blood
urea nitrogen (BUN) and creatinine were indicative of kidney func-
tion (Table 2). In addition, to evaluate overall hepatic function and
potential toxicity of high-dose AAV with sustained expression of
the CTSA transgene in the liver, we tested a panel of liver-specific
markers in the sera of treated and untreated mice (Table 2). Measured
al Development Vol. 23 December 2021 647
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Figure 3. Sialyl-oligosacchariduria reversal in scAAV2/8-CTSA-treated

mice

Urinary sialic acid levels were measured 7 days and 1, 3, 6, and 12 months after

AAV-mediated gene transfer. Data are presented as mean ± SD. The dots in the

graphical bars represent values obtained from each mouse. Statistical analyses

were performed using the Brown-Forsythe test. *p < 0.05, **p < 0.01. Round

symbols depict males, while square symbols depict females (n R 3).
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values of albumin, globulin, total bilirubin, total protein, and the liver
enzymes alanine aminotransferase (ALT) and alkaline phosphatase
(ALP) remained within normal range in all cohorts throughout the
length of the treatment, further reiterating the safety and absence of
toxicity following this therapeutic approach. Finally, we performed
a differential blood count. We found no significant differences for
values of hemoglobin, platelets, and hematocrit, as well as no statisti-
cally significant differences for absolute cell counts of neutrophils,
lymphocytes, monocytes, eosinophils, basophils, and red blood cells
in all the groups tested and at all time points post injection (Table 3).

Testing of antibody production against AAV2/8 capsid and

human PPCA

One of the most encountered hurdles in AAV-mediated therapy is the
risk that the recipient individual would mount an immune response
toward the vector and/or the transgene product. This usually mani-
fests with a weak innate immune response and a stronger adaptive
immune response.13,14 The adaptive immune response involves the
activation of both B cells that produce antibodies and cytotoxic
T cells that ultimately kill infected cells. B cells can produce antibodies
against the product of the transgene, but more often produce neutral-
izing antibodies against the viral capsid, which may prevent infection
and therapeutic gene expression.14,15 Sera collected at 7 days and 1, 3,
6, and 12 months post injection were tested for the presence of anti-
bodies against the viral capsid (AAV2/8) or against the human PPCA
protein. These analyses showed the presence of antibodies against the
virus at all time points (Figure 8A). Most importantly, no antibody
response was detected against the human PPCA protein in any of
the treated groups (Figure 8B). The presence of antibodies against
the viral capsid may be due to the high titer of the vector employed
in this study and/or the use of a self-complementary double-stranded
AAV vector rather than a single-stranded vector.16 However, consid-
ering the widespread presence of the PPCA protein in all organs
tested, the sustained CA activity throughout the duration of treat-
648 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
ment, and the normalization of all the pathological parameters at
12 months post injection, these antibodies did not seem to hamper
the efficacy of the therapy.

Absence of T cell response to scAAV2/8-CTSA

To determine the immune-mediated toxicity that could occur during
AAV-based therapy, we also measured interferon g (IFN-g) produc-
tion and the relative percentage of CD4pos and CD8pos T cells in
cultured splenocytes harvested from AAV-treated mice and re-
exposed in vitro to the AAV virus. The IFN-g ELISpot method, in
conjunction with measurement of antibody production, is the most
widely used technique to assess T cell immunity against multiple
AAV serotypes.17 Splenocytes collected from WT and treated
Ctsa–/–mice (13 months) as well as untreated Ctsa–/–mice (7 months)
were cultured and re-infected with either scAAV2/8-CTSA or an
empty scAAV2/8 vector. No significantly high levels of IFN-g were
measured in different splenocyte cultures, unless they were treated
with the IFN-g inducer phorbol 12-myristate 13-acetate (PMA)/ion-
omycin, used as positive control (Figure 8C). In addition, splenocyte
cultures were used to assess the percentage of CD4pos or CD8pos

T cells via flow cytometry (Figures S5A–S5D). No significant differ-
ence in the percentage of these T cells was detected among the
different splenocyte cultures (Figures 8D and 8E), indicating that
AAV treatment did not elicit a T-cell-mediated immune response.

DISCUSSION
In recent years, AAV-mediated gene therapy has become the
preferred therapeutic method for LSD patients, and, as a result,
several clinical trials have been approved by the Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA). This effort has been spearheaded by the development of
numerous AAV serotypes, isolated from humans, nonhuman pri-
mates, and other species.18 AAV2 was the first serotype to be vector-
ized and has been pseudo-typed using the capsids of other AAVs.19

This has expanded the cell types that can be infected by AAV, and,
in turn, increased the efficacy of AAV-mediated gene therapy. An
example of such engineering is the AAV we have used in this study,
a pseudo-type of the AAV2 vector genome with the AAV8 capsid
(designated AAV2/8), with enhanced tropism for hepatocytes.20

Furthermore, efficient transduction depends on the binding of
different AAV vectors to specific receptors and co-receptors present
on target cells, which is again influenced by the specific AAV capsid.21

LSDs are particularly amenable to AAV-mediated gene therapy
compared with other genetic diseases, because of the unique proper-
ties of many lysosomal enzymes to be secreted into the circulation as
inactive or partially active precursors and, then, recaptured by neigh-
boring or distant cells via receptor-mediated endocytosis.22 Thus,
AAV-infected deficient cells can become producers of the therapeutic
enzyme that, when secreted, cross-corrects other deficient cells and, in
turn, reverts the pathologic manifestations inherent to the disease.
AAV-mediated, in vivo gene therapy has been implemented in several
LSD models and patients for the treatment of GM1 gangliosidosis,
mucopolysaccharidosis type I (MPSI) andMPSIIIB, Sandhoff disease,
ber 2021
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Figure 4. Complete restoration of liver morphology

in scAAV2/8-CTSA

Composite images of H&E-stained sections show

extensive vacuolization in the liver of untreated Ctsa–/–

mice (A and inset), but a complete clearance and resto-

ration to WT morphology in animals treated with scAAV2/

8-CTSA (B, wild type; C, scAAV2/8-CTSA; and insets). (D

and inset) Representative composite of IHC images per-

formed on the liver of scAAV2/8-CTSA-treated mice us-

ing a human PPCA-specific antibody. Brown punctate

staining depicts compartmentalized/lysosomal PPCA

staining.
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metachromatic leukodystrophy, and Krabbe disease.23 However, only
a few reports are present in the literature that have addressed the po-
tential side effects of long-term overexpression of a therapeutic
enzyme and/or high vector dose.24–26 Here, we have exploited the
therapeutic potential of PPCA for the treatment of GS by investi-
gating the effect of a high-dose scAAV2/8-CTSA vector in Ctsa–/–

mice, expressing the transgene from a liver-specific promoter. The
intent of the study was to evaluate not only the efficacy of the treat-
ment in correcting several disease-specific phenotypes, but also the
potential toxicity associated with a high dose of the AAV vector
and/or overexpression of the CTSA transgene, including the
mounting of an immune response.

Overcoming the host immune response is indispensable for the suc-
cessful treatment of LSDs in patients, since it can seriously hamper
the safety and efficacy of this gene therapy approach. The host may
elicit both humoral and cellular immune responses by activating anti-
gen-specific CD4pos helper and/or CD8pos cytotoxic T cells, and by
producing antibodies against the viral capsid and/or the transgene
product. Capsid-neutralizing antibodies have been detected following
Molecular Therapy: Methods & Clini
AAV-mediated gene therapy with detrimental
effects on treatment outcome, as was reported
in preclinical studies carried out in animal
models of Pompe disease and hemophilia B.27–
29 Surprisingly, in our current study, we have de-
tected antibodies only against the viral capsid,
not the PPCA transgene product, despite the
fact that our mouse model is a total knockout.
This indicates that the human PPCA protein is
not particularly immunogenic in this experi-
mental setting, as was observed previously using
other therapeutic approaches in the same mouse
model.5,7–9 In addition, the lack of neutralizing
antibodies against PPCA explains the sustained
expression of the transgene at 12months post in-
jection. These results should also take into ac-
count the intrinsic characteristics of the PPCA
protein, which is secreted as a zymogen, is
readily internalized by deficient cells, and is sta-
ble in tissues. In contrast, in a human clinical
trial for hemophilia B, which employed the iden-
tical AAV backbone used in this study, intravenous injection of a
scAAV2/8.LP1.hcoFIX vector resulted in a long-lasting (>5 years) in-
crease in plasma FIX (from <1% to 1%–8%), but the patients developed
antibodies against AAV capsid epitopes.30 In addition, and again
contrary to our observations, elevated transaminases were measured
at 7–10 weeks post AAV injection, and the patients needed to be
treated with corticosteroids to normalize their levels.31 Most likely,
the combination of persistent liver insult and the strong immune
response against the AAV capsid contributed to the clearance of
50%–70% in plasma FIX.31 Although we cannot compare our mouse
study with the aforementioned human clinical trial, we can postulate
that the persistent expression of the PPCA transgene for up to
12 months post injection is indeed attributable to the nonimmuno-
genic and nontoxic nature of the protein. This also explains why there
is no activation of antigen-specific CD4pos helper and/or CD8pos cyto-
toxic cells and no detectable liver inflammation.

The results of these studies are also relevant in light of recent reports
that link high doses of AAV particles to acute liver failure and shock
in nonhuman primates as well as proprioceptive ataxia in pigs.32,33
cal Development Vol. 23 December 2021 649
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Figure 5. Extensive correction of kidney morphology in scAAV2/8-CTSA-treated mice

Montage of images of H&E-stained sections shows extensive disruption of kidney architecture in untreated Ctsa–/– mice (A and inset), but a nearly full improvement of tissue

morphology similar to WTmorphology in animals treated with scAAV2/8-CTSA (B, wild type; C, scAAV2/8-CTSA; and insets). (D and inset) Representative composite of IHC

images performed on the kidney of AAV2/8-treated Ctsa–/– mice using a human PPCA-specific antibody. Brown punctate staining depicts compartmentalized/lysosomal

PPCA staining.
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Although AAV gene therapy seems to be the elected therapeutic choice
for LSDs, a few studies have raised concerns about the use of recombi-
nant AAV as a gene transfer vector because of evidence of AAV
integration in the host cells.34–37 This could occur within or in the prox-
imity of oncogenes, potentially promoting malignant transformation.
Several reports have described integration of AAV into the RNA im-
printed and accumulated in nucleus (Rian) locus or near growth-regu-
latory genes, following long-term gene therapy.38 These integration
events have been linked to the development of hepatocellular
carcinoma (HCC). For example, in a preclinical gene therapy study
performed in a canine model of factor VIII deficiency, nine dogs
were followed for 10 years. Analysis of integration sites in liver samples
from six treated dogs identified more than 1,700 AAV integration
events in the genomic DNA, with a considerable percentage of these
650 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
in the vicinity of regulatory genes, resulting in hyperplasia of liver cells
in five dogs.39 Adding to these concerns is the high incidence of HCC
observed in a murine model of Krabbe disease after CNS-directed ther-
apy.40 Although worrisome, the occurrence of HCC seems to depend
on several contributing factors, i.e., the very high dose of AAV vector,
the use of strong promoter/enhancer elements, the starting of
treatment during the neonatal period, and, most importantly, liver
damage/inflammation.12 These “predisposing factors” have been impli-
cated in increased occurrence of HCC41 inmice with nonalcoholic fatty
liver disease or liver injury that have been treated with AAV-based
therapy, targeting the Rian locus. This is also in line with an occurrence
of HCC in a hemophilic patient treated with AAV5-FIX,42 which has
halted a clinical trial for hemophiliamanaged by the company uniQure.
As in the case of the murine study, the patient had multiple risk factors
ber 2021
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Figure 6. Normalization of spleen architecture in

scAAV2/8-CTSA-treated mice

Montage of images of H&E-stained sections shows

extensive ballooning of splenocytes in untreated Ctsa–/–

mice (A and inset), but resolution of cell vacuolation and

complete normal morphology similar to WT in animals

treated with scAAV2/8-CTSA (B, wild type; C, scAAV2/8-

CTSA; and insets). (D and inset) Representative com-

posite of IHC images performed on the spleen of injected

animals using a human PPCA-specific antibody. Brown

punctate staining depicts compartmentalized/lysosomal

PPCA staining.
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associated with HCC, including a history of hepatitis C and hepatitis B
and evidence of nonalcoholic fatty liver disease.

It is, however, reassuring that a very recent prospective study in
mouse and cat models of MPSVI treated at young adult age and at
postnatal day 50, respectively, with a high-dose, single-stranded
AAV2/8 vector expressing human arylsulfatase B in the liver found
low incidence of HCC.25 In line with this study, we found no evidence
of liver injury or inflammation, as well as no detectable HCC for up to
12 months after scAAV2/8-CTSA-mediated therapy.

In conclusion, the high-efficacy and low-toxicity results of this pre-
clinical study provide a strong rationale for implementing AAV-
mediated in vivo gene therapy in the treatment of patients with GS.

MATERIALS AND METHODS
Study design

The Ctsa–/– model has been extensively used in several preclinical
studies to test various therapeutic approaches, and no clear gender
Molecular Therapy: Methods & Clinic
bias to treatment has been observed. In addi-
tion, because the males are infertile and the
crossing of heterozygotes produces small lit-
ters with often a limited number of Ctsa–/–

mice, we were allowed by an FDA pre-IND
panel to reduce the number of animals in
compliance with the 3R guiding principles
for animal experimentation.43 A total of 28
mice were used in this study. They were
divided into seven groups, composed of
four mice each, two males and two females.
Four Ctsa–/– mice in each group received a
dose of scAAV2/8-LP1-hCTSA (scAAV2/
8-CTSA) at 2 � 1013 vg/kg administered via
tail vein at 1 month of age and were sacri-
ficed 7 days and 1, 3, 6, and 12 months
post injection. Two male and two female
WT and Ctsa–/– mice were used as controls
in each group. Liver, lung, spleen, heart, kid-
ney, pancreas, testis, epididymis or uterus
and ovary, diaphragm, jejunum, inguinal
lymph nodes, and brain were collected
for enzymatic activities and immunohistochemistry and bio-
distribution analyses and were either snap-frozen in liquid nitro-
gen or fixed in 10% neutralized formalin and paraffin embedded.
Blood and urine were collected at all time points. Sera were used
for the clinical chemistry and complete blood count (CBC) panels
and antibody response; urine was used for sialic acid content
analyses.

Animals

Animals were housed in a fully Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited
animal facility with controlled temperature (22�C), humidity, and
lighting (alternating 12-h light/dark cycles). Food and water were
provided ad libitum. All procedures in mice were performed accord-
ing to animal protocols approved by the St Jude Children’s Research
Hospital Institutional Animal Care and Use Committee and
National Institutes of Health guidelines. All experiments were per-
formed in Ctsa–/– mice and WT littermate controls in the FVB
background.
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Figure 7. Detection of PPCA in the brain of scAAV2/

8-CTSA-treated mice

Representative IHC images using a human PPCA-spe-

cific antibody in several regions of the brain of injected

animals. Corresponding brain regions of untreated

Ctsa–/– mice are shown for comparison. Brown punctate

staining depicts compartmentalized/lysosomal PPCA

staining. CP, choroid plexus; DCN, deep cerebellar nu-

cleus.
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scAAV2/8-CTSA vector production and titration

The production and titration of the scAAV2/8-CTSA construct have
been previously described.7 The scAAV vector particles were made
using a good manufacturing practice (GMP) process, comparable to
the transient-transfection procedure in the Children’s GMP, LLC, fa-
cility on the St Jude campus, as previously described for the hemo-
philia B vector.44

Biodistribution

Genomic DNA was extracted from liver, lung, heart, kidney,
pancreas, testis, epididymis or uterus and ovary, diaphragm,
jejunum, inguinal lymph nodes, and brain by using the DNeasy
Blood and Tissue Kit (Qiagen, Germantown, MD, USA), following
the manufacturer’s guidelines. qRT-PCR was performed using a
primer set spanning the LP1 promotor and the PPCA gene insert.
A standard curve with known copy number was used to determine
the concentration in all tissues tested. Results were plotted as copy
number/mg DNA.

Cathepsin A, Neu1, and b-GAL activity assays

Snap-frozen liver, spleen, kidney, and brain samples isolated from
WT, untreated, and treated Ctsa–/– mice from each group were ho-
mogenized on ice in three volumes of water (w/v) using the Qiagen
TissueLyser II (Qiagen, Germantown, MD, USA). CA activity was
652 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
measured against the dipeptide Z-Phe-Ala
(Sigma, St. Louis, MO, USA), Neu1 catalytic
activity was measured against synthetic
4-methylumbelliferyl-a-D-N-acetylneuraminic
acid (Sigma, St. Louis, MO, USA), and b-GAL
was measured against 4-methylumbelliferryl-
b-D-galactopyranoside (Sigma, St. Louis,
MO, USA). All reactions were performed at
37�C for 1 h and stopped with carbonate
stop buffer (0.5 M Na2CO3 with the pH set
to 10.7 by adding 0.5 M NaHCO3) for Neu1
and b-GAL activities, while the CA activity
was stopped at 100�C for 5 min, and 10 mL re-
action mixture was read in 250 mL 50 mM so-
dium-carbonate stop buffer (pH 9.5), contain-
ing 500 mL o-phthaldialdehyde (10 mg/mL)
and 500 mL 2-mercaptoethanol (5 mL/mL)
per 30 mL. Fluorescence was measured at
lex 355/lem 460 and interpolated to a stan-
dard curve adjusted for dilution and normalized to protein
concentration.

Uptake of PPCA zymogen in patients’ fibroblasts

A total of 1.5 � 105 GS and control fibroblasts were seeded into
six-well plates in duplicate and cultured until 90% confluency. Fi-
broblasts were grown at 37�C in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(BioWest), 2 mM GlutaMAX, penicillin (100 U/mL), and strepto-
mycin (100 mg/mL) (Gibco) in a humidified 5% CO2 atmosphere.
Fifty microliters of sera collected from three treated Ctsa–/– mice
(S1, S2, and S3) and 100 mL collected from a WT mouse were
added in 1 mL fresh medium to the wells containing GS fibro-
blasts. After 60 h, the cells were rinsed extensively with PBS,
collected, and lysed in H2O containing 0.5% Tween 20 (3�) and
incubated on ice for 30 min, with mixing every 10 min by vortex.
Both untreated WT and GS fibroblasts were used as controls. The
CA and NEU1 activity assays were performed as described above.
The fluorescence was measured (lex 355/lem 460), and the specific
enzyme activities were calculated. NEU1 activities were calculated
as nanomoles of substrate converted per milligram of protein
per hour (nmol/mg/h), whereas the CA activities were calculated
as picomoles of substrate converted per milligram of protein per
minute (pmol/mg/min).



Table 2. Comprehensive metabolic panel

Rangea/unit 7 days 1 month 3 months 6 months 12 months

Pancreatic function

Amylase

602–2,311 WT 1,175 ± 88 1,529 ± 252 1,452 ± 65 1,844 ± 671 1,394 ± 352

U/L Ctsa–/– 1,153 ± 154 1,405 ± 320 1,774 ± 575 1,955 ± 315 2,494 ± 384

scAAV2/8-CTSA 1,778 ± 592 1,552 ± 186 1,642 ± 237 1,305 ± 226 1,772 ± 762

Glucose

106–278 WT 294 ± 36 267 ± 42 245 ± 40 208 ± 42 219 ± 49

mg/dL Ctsa–/– 253 ± 58 265 ± 36 193 ± 31 219 ± 43 100 ± 51

scAAV2/8-CTSA 179 ± 63 242 ± 43 177 ± 58 208 ± 45 238 ± 15

Renal function (electrolytes)

Calcium

9–12 WT 10.2 ± 0.16 10.6 ± 1.98 10.7 ± 0.10 9.4 ± 1.12 15.9 ± 1.54

mg/dL Ctsa–/– 11.3 ± 0.77 10.5 ± 0.64 9.5 ± 0.38 9.7 ± 0.80 11.2 ± 2.04

scAAV2/8-CTSA 10.6 ± 1.12 10.8 ± 1.02 8.7 ± 1.81 9.3 ± 1.06 13.1 ± 0.93

Phosphorus

6–13 WT 12.8 ± 0.30 10.4 ± 1.23 8.43 ± 0.92 10.5 ± 1.25 12.9 ± 2.97

mg/dL Ctsa–/– 15.6 ± 1.70 11.0 ± 0.60 10.8 ± 2.85 10.0 ± 0.69 12.6 ± 2.35

scAAV2/8-CTSA 13.5 ± 1.74 9.93 ± 0.86 8.10 ± 0.96 11.3 ± 0.55 10.8 ± 1.30

Potassium

5–9 WT 9.7 ± 0.43 9.2 ± 1.2 7.6 ± 0.57 9.6 ± 1.5 10.0 ± 2.6

mmol/L Ctsa–/– 12 ± 1.9 9.3 ± 1.9 10 ± 0.63 9.6 ± 0.77 7.9 ± 1.5

scAAV2/8-CTSA 11 ± 2.3 7.4 ± 0.0 7.3 ± 0.57 10 ± 0.41 11 ± 1.9

Sodium

147–167 WT 143 ± 1.2 151 ± 7.7 139 ± 1.5 152 ± 8.7 142 ± 2.2

mmol/L Ctsa–/– 147 ± 4.2 144 ± 5.5 148 ± 2.8 144 ± 8.5 148 ± 17

scAAV2/8-CTSA 147 ± 3.1 141 ± .00 132 ± 8.5 138 ± 13 152 ± 7.7

Renal function

Blood urea nitrogen (BUN) 19–34 WT 25.5 ± 4.8 28.1 ± 6.0 28.5 ± 3.5 24.0 ± 1.5 25.5 ± 6.7

mg/dL Ctsa–/– 26.2 ± 1.5 24.8 ± 3.0 27.0 ± 2.1 29.5 ± 5.5 51.4 ± 22.6

scAAV2/8-CTSA 27.2 ± 4.4 26.5 ± 4.4 28.7 ± 7.2 27.6 ± 11.4 28.3 ± 2.6

Creatinine

0.5–0.8 WT 0.33 ± 0.10 0.42 ± 0.16 0.35 ± 0.12 0.25 ± 0.10 0.20 ± 0.04

mg/dL Ctsa–/– 0.18 ± 0.12 0.60 ± 0.01 0.36 ± 0.21 0.33 ± 0.11 0.38 ± 0.14

scAAV2/8-CTSA 0.25 ± 0.08 0.32 ± 0.12 0.30 ± 0.15 0.24 ± 0.04 0.24 ± 0.09

Hepatic function

Albumin

2.6–4.6 WT 2.95 ± 0.10 3.00 ± 0.00 3.25 ± 0.13 3.05 ± 0.30 3.00 ± 0.43

g/dL Ctsa–/– 3.20 ± 0.28 3.23 ± 0.32 2.80 ± 0.16 2.65 ± 0.34 2.00 ± 0.50

scAAV2/8-CTSA 2.60 ± 0.37 3.13 ± 0.15 3.15 ± 0.41 2.80 ± 0.43 2.60 ± 0.87

Globulin

2.2–2.6 WT 2.40 ± 0.16 2.73 ± 1.03 2.78 ± 0.17 2.65 ± 0.38 2.35 ± 0.62

g/dL Ctsa–/– 2.20 ± 0.52 2.30 ± 0.46 2.50 ± 0.58 2.45 ± 0.34 1.90 ± 0.86

scAAV2/8-CTSA 2.60 ± 0.98 2.75 ± 0.21 3.80 ± 0.49b 2.75 ± 0.38 2.65 ± 0.57

Total bilirubin

0.3–0.8 WT 1.50 ± 0.58 0.53 ± 0.33 0.62 ± 0.51 0.60 ± 0.26 1.30 ± 0.13

mg/dL Ctsa–/– 0.92 ± 0.62 0.68 ± 0.14 0.38 ± 0.23 0.61 ± 0.16 0.63 ± 0.66

scAAV2/8-CTSA 0.78 ± 0.64 0.62 ± 0.39 0.39 ± 0.19 1.10 ± 0.42 1.30 ± 0.18

Total protein

4.3–6.4 WT 5.5 ± 0.25 6.3 ± 1.30 6.0 ± 0.15 5.7 ± 0.62 5.4 ± 0.97

g/dL Ctsa–/– 5.4 ± 0.78 5.6 ± 0.29 5.3 ± 0.38 5.1 ± 0.66 4.5 ± 1.80

scAAV2/8-CTSA 5.3 ± 0.60 5.9 ± 0.21 6.9 ± 0.89 5.6 ± 0.81 6.1 ± 0.93

Alanine 26–120 WT 43.5 ± 15 136 ± 79 116.0 ± 30 45.5 ± 18 45.0 ± 21

Aminotransferase (ALT) U/L Ctsa–/– 22.5 ± 19 95.7 ± 27 101.0 ± 78 37.5 ± 6.8 61.5 ± 46

scAAV2/8-CTSA 104.0 ± 69 140.0 ± 39 88.7 ± 9.5 52.0 ± 9.2 33.0 ± 20

(Continued on next page)
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Table 2. Continued

Rangea/unit 7 days 1 month 3 months 6 months 12 months

Alkaline phosphatase (ALP) 44–118 WT 186 ± 17 187 ± 99 144 ± 23 58 ± 15 90 ± 20

U/L Ctsa–/– 251 ± 30 173 ± 35 124 ± 50 71 ± 7 80 ± 49

scAAV2/8-CTSA 299 ± 33b 223 ± 26 124 ± 12 90 ± 23 82 ± 26

aThe range is based on data from mice ages 6–8 weeks provided by St Jude Children’s Research Hospitals Veterinary Pathology Core.
bValues in treated animals that show statistical difference from the WT group, p < 0.05.
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Sialic acid content assay

The total sialyl-oligosaccharide content in mouse urine was deter-
mined by the release of bound sialic acid using an EnzyChrom Sialic
Acid Assay Kit (ESLA-100, Bioassay Systems, Hayward, CA, USA).
Total sialic acid was measured following acid hydrolysis for 1 h at
80�C. After the addition of neutralization buffer, samples were set
to cool at room temperature (RT) and incubated with an enzymatic
master mix to utilize an enzyme-coupled reaction to oxidize any liber-
ated sialic acid. A standard curve was generated from a 10 mM sialic
acid stock solution that was serially diluted in ultra-pure water. The
fluorescence was read at lex 535 nm and lem 595 nm. Results were
interpolated to a standard curve and presented as micromolar
(nmol/mL) sialic acid.

Immunohistochemical analyses

Six-micrometer-thick paraffin-embedded tissue sections were sub-
jected to deparaffinization and antigen retrieval using pressure
cooker methods, according to the manufacturer’s instructions
(Prestige Medical, Los Angeles, CA, USA). After being blocked
with 0.1% bovine serum albumin and 0.5% Tween 20 in PBS, the
sections were incubated overnight at RT with anti-hPPCA anti-
body (generated in-house). Sections were rinsed in PBS and subse-
quently incubated with biotinylated secondary goat anti-rabbit
antibody (Jackson ImmunoResearch Laboratory, West Grove, PA,
USA) for 1 h. Endogenous peroxidase was quenched by incubating
the sections with 3% hydrogen peroxidase for 15 min. Antibody
detection was performed using the ABC Kit (Vector Laboratories,
Burlingame, CA, USA) and diaminobenzidine substrate (Invitro-
gen). Sections were counterstained with hematoxylin, according
to the standard method. For histopathological examination, 6-
mm-thick sections were stained with a standard H&E method
and analyzed blindly. To measure the extent of vacuolation in sec-
tions from liver, spleen, and kidney, a macro was developed in Im-
ageJ to analyze the total area occupied by vacuoles. A threshold for
detection was set for each tissue and batched to all images using
the same parameters. The total vacuolation area was normalized
to that measured in WT samples.

Clinical chemistry and complete blood count panels

Whole blood samples (�250 mL) were collected at different time
points fromWT, untreated, and treated Ctsa–/–mice in tubes contain-
ing 15 mL EDTA. Clinical chemistry and CBC panels were performed
by the Veterinary Pathology Core of St Jude Children’s Research
Hospital.
654 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
Detection of antibodies against AAV2/8 capsid and humanPPCA

transgene product

Antibody levels were tested in the sera of WT, untreated, and treated
Ctsa–/– mice via an enzyme-linked immunosorbent assay (ELISA).
Serum was used for the ELISA. Briefly, either disrupted scAAV2/8-
CTSA virus or purified PPCA protein was diluted to 1 mg/mL in
DPBS at 50 mL per well in a Nunc MaxiSorp ELISA plate. When pu-
rified virus was used, virus concentration was estimated using bicin-
choninic acid (BCA) assay prior to disruption. The virus stock was
incubated in disruption buffer containing 5 mM Tris (pH 7.8),
60 mM KCl, and 0.05% Triton X-100 for 15 min at RT. Virus was
then diluted in DPBS to 1 mg/mL. A human-specific PPCA antibody
was used as positive control for the ELISA against PPCA. Plates were
incubated at 4�C overnight to allow the protein/virus to bind.
Following incubation, the plates were washed twice with DPBS/
0.05% Tween 20 (washing buffer) and blocked with 10% FBS in
DPBS (blocking buffer) for 30 min at RT. Plates were washed twice
with washing buffer, and diluted samples in triplicate were placed
in the wells for 2 h. Plates were then washed twice with washing
buffer, and goat anti-mouse immunoglobulin G-horseradish peroxi-
dase (IgG-HRP) (Southern Biotechnology, Birmingham, AL, USA)
was used as a secondary antibody diluted 1:5,000 in blocking buffer.
Plates were incubated for 1 h at RT and washed three times with
washing buffer, and TMB 2-Component Microwell Peroxidase Sub-
strate (SeraCare Life Sciences, Gaithersburg, MD, USA) was added
to each well. Plates were allowed to develop for 15 min, and the reac-
tion was stopped by adding an equal volume of 1 M phosphoric acid.
Plates were then read in a Molecular Devices Spectramax M5 at an
OD of 450. Triplicates were averaged and plotted.

Interferon-g ELISpot

The ELISpot 96-well plate was washed four times with sterile PBS
(200 mL/well). The plate was then conditioned with culture medium
(DMEM supplemented with 10% FBS, 1� Pen-Strep, and 1� Gluta-
MAX) (200 mL/well) and incubated at RT for 30 min. Splenocytes
were then resuspended into 1-mL aliquots, each containing 1.5 � 106

cells. These aliquots were spun down in a microcentrifuge at
1,500 rpm for5min followedby resuspension in600mLofmediumcon-
taining: (1) 100 MOI of scAAV2/8-CTSA with a titer of 4.0� 1012 gc/
mL, (2) 100MOI of empty AAV capsid with a titer of 2.5� 1013 gc/mL,
or (3) 40.5 nMPMAplus 670 nM ionomycin or (4)medium only. Con-
ditioning medium was removed from the plate and replaced with
200 mL/well of stimulusmedium, containing 500,000 cells. Each sample
was plated in triplicate, and the plate was incubated at 37�C with 5%
ber 2021



Table 3. Complete blood count

Units Rangea 7 days 1 month 3 months 6 months 12 months

Hemoglobin g/dL 10.9–13.0

WT 13.0 ± 0.5 13.8 ± 0.6 12.0 ± 0.5 12.5 ± 0.5 13.9 ± 0.6

Ctsa–/– 13.2 ± 0.9 13.2 ± 0.9 12.1 ± 0.5 11.3 ± 0.3 9.9 ± 2.3

scAAV2/8-CTSA 13.3 ± 0.4 12.7 ± 0.5 13.1 ± 0.4 11.6 ± 1.0 12.7 ± 0.8

Platelets �103/mL 706.5–988.2

WT 725 ± 43 567 ± 69 701 ± 90 634 ± 24 736 ± 56

Ctsa–/– 689 ± 104 546 ± 181 469 ± 91 672 ± 15 616 ± 103

scAAV2/8-CTSA 771 ± 137 533 ± 26 657 ± 54 485 ± 53 641 ± 25

Hematocrit % 36.3–44.5

WT 42 ± 1.1 47 ± 2.4 43 ± 2.1 46 ± 1.6 49 ± 3.0

Ctsa–/– 50 ± 1.5 47 ± 2.0 44 ± 2.5 44 ± 1.1 33 ± 6.3

scAAV2/8-CTSA 50 ± 1.5 45 ± 2.0 47 ± 1.3 38 ± 2.7 44 ± 2.1

White blood cells �103/mL 2.0–6.5

WT 5.1 ± 0.92 7.2 ± 3.3 3.5 ± 0.45 4.6 ± 0.7 4.6 ± 0.85

Ctsa–/– 6.8 ± 1.7 11.0 ± 3.2 9.5 ± 2.9 4.3 ± 0.79 2.3 ± 0.89

scAAV2/8-CTSA 7.5 ± 2.2 9.5 ± 1.7 5.3 ± 1.0 6.0 ± 1.7 4.4 ± 0.82

Neutrophils % 16.7–24.6

WT 33.4 ± 2.2 21.3 ± 3.8 19.1 ± 4.3 29.5 ± 3.7 40.5 ± 10.9

Ctsa–/– 31.2 ± 2.8 20.5 ± 4.2 22.9 ± 5.2 38.2 ± 8.7 44.9 ± 7.3

scAAV2/8-CTSA 24.4 ± 5.6 21.4 ± 7.0 26.6 ± 4.6 25.6 ± 1.9 31.1 ± 4.0

Lymphocytes % 62.1–73.9

WT 55.5 ± 2.7 67.1 ± 10.8 78.1 ± 5.5 59.3 ± 5.7 53.2 ± 7.2

Ctsa–/– 54.6 ± 2.1 72.2 ± 6.4 67.8 ± 9.0 52.8 ± 7.2 51.0 ± 7.0

scAAV2/8-CTSA 62.1 ± 10.3 68.6 ± 6.3 65.6 ± 4.6 60.2 ± 1.7 60.1 ± 5.7

Monocytes % 6.2–14.5

WT 9.92 ± 1.3 7.57 ± 0.5 3.34 ± 1.91 9.41 ± 1.4 5.63 ± 4.1

Ctsa–/– 10.8 ± 2.2 6.24 ± 1.0 8.07 ± 2.9 8.23 ± 1.7 2.98 ± 1.7

scAAV2/8-CTSA 9.04 ± 2.2 9.28 ± 0.7 7.59 ± 0.2 10.5 ± 1.6 7.37 ± 1.6

Eosinophils % 0.03–0.4

WT 0.89 ± 0.6 0.36 ± 0.4 0.05 ± 0.05 1.42 ± 1.2 0.48 ± 0.3

Ctsa–/– 2.26 ± 0.7 0.59 ± 0.9 0.79 ± 1.3 0.38 ± 0.3 0.77 ± 1.2

scAAV2/8-CTSA 1.43 ± 1.1 0.73 ± 0.6 0.23 ± 0.3 2.4 ± 1.8 1.21 ± 1.3

Basophils % 0.05–0.4

WT 0.26 ± 0.2 0.13 ± 0.1 0.02 ± 0.03 0.45 ± 0.6 0.23 ± 0.3

Ctsa–/– 1.20 ± 0.2 0.45 ± 0.5 0.38 ± 0.4 0.40 ± 0.4 0.33 ± 0.6

scAAV2/8-CTSA 0.52 ± 0.5 0.09 ± 0.08 0.03 ± 0.1 0.70 ± 0.7 0.20 ± 0.3

Red blood cells �106/mL 7.5–9.1

WT 7.9 ± 0.2 8.6 ± 0.6 8.9 ± 0.4 8.6 ± 0.3 9.3 ± 0.2

Ctsa–/– 8.1 ± 0.3 8.8 ± 0.4 8.3 ± 0.4 8.3 ± 0.2 7.0 ± 1.4

scAAV2/8-CTSA 8.2 ± 0.6 8.2 ± 0.5 8.7 ± 0.4 7.8 ± 0.4 8.4 ± 0.5

aThe range is based on data from mice ages 6–8 weeks provided by St Jude Children’s Research Hospitals Veterinary Pathology Core.
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CO2 for 48 h. Following incubation, cells were collected for downstream
flow cytometry analyses, and the plate was washed five times with PBS
(200 mL/well). The detection antibody was diluted to 1 mg/mL in PBS,
containing 0.5% fetal calf serum (PBS-0.5% FCS) and added at
100 mL/well to the plate. The plate was then incubated for 2 h at RT. Af-
terwashing, the platewas incubated for 1 h atRTwith streptavidin-ALP
diluted 1:1,000 in PBS-0.5% FCS. Ready-to-use substrate solution
(BCIP/NBT-plus) -was added to eachwell. Theplatewasdevelopedun-
til distinct spots emerged (about 10 min). Spots were counted using the
Molecular Devices Spectramax M5 plate reader.

Flow cytometry analyses

Splenocytes collected at the end of incubation for the ELISpot ana-
lyses were transferred to a new 96-well plate. Cells were spun at
Molecular The
1,500 rpm for 5 min at RT, re-suspended, and washed in flores-
cence-activated cell sorting (FACS) buffer (10% FBS and 2 mM
EDTA in PBS). Cells were then blocked in 100 mL FACS buffer con-
taining anti-CD16/CD32 antibodies, which are directed against Fc re-
ceptors, for 10 min at RT. After incubation, 100 mL FACS buffer was
added to each well, and the cells were spun at 1,500 rpm for 5 min at
RT. Cells were then washed twice in 200 mL FACS buffer and spun at
1,500 rpm for 5 min at RT after each wash. Following the washing
steps, cells were incubated in 100 mL FACS buffer containing anti-
CD3e-PE, anti-CD4-FITC, anti-CD8-BV605, and anti-CD19-APC
for 20 min at RT, in the dark. Following antibody staining, 100 mL
FACS buffer was added to each well, and the cells were spun at
1,500 rpm for 5 min at RT. After the last wash, cells were resuspended
in FACS buffer containing DAPI and run on a flow cytometer. Data
rapy: Methods & Clinical Development Vol. 23 December 2021 655

http://www.moleculartherapy.org


A C

D

B

E

Figure 8. Antibody production and T cell response

following treatment with scAAV2/8-CTSA

Levels of neutralizing antibodies against the AAV-2/8

capsid (A) and PPCA transgene product (B) were as-

sessed by ELISA. Anti-PPCA antibody was used as

positive control. (C) IFN-g-specific spot-forming cells

weremeasured via ELISpot for IFN-g following stimulation

of splenocyte samples with scAAV2/8 and scAAV2/8-

CTSA. Media from unstimulated splenocytes (medium

only) were used as a negative control; PMA-stimulated

splenocytes were used as positive control for the assay.

Percentage of (D) CD4pos T and (E) CD8pos T cells

measured via flow cytometry of cultured splenocyte

samples from treated mice following in vitro re-exposure

to scAAV2/8 capsid and scAAV2/8-CTSA. Data are pre-

sented as mean ± SD. Statistical analyses were per-

formed using the Brown-Forsythe test. ns, not significant;

**p < 0.01, ***p < 0.001. Round symbols depict males,

while square symbols depict females (n R 3).
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collected by flow cytometry were imported into FlowJo software and
analyzed for the total percentage of CD4pos and CD8pos T cells.

Statistics

The data are presented as mean ±SD. Statistical p values of <0.05 were
considered significant. Statistical analyses were performed using the
Brown-Forsythe test (Figures 2, 3, 8, and S1) with GraphPad Prism,
considering that the number of animals was n < 6 and that there
was an unequal variance among the groups.

Statistics shown in Figure S4 were calculated by the Biostatistics
Department at St Jude Children’s Research Hospital using pairwise
comparisons.

Groups were compared as follows:

Figure 2: To assess the efficacy of the treatment, statistical analyses were
performed comparing the treatment groups with the untreated Ctsa–/–.

Figure 3: Statistical analyses were performed comparing WT with
Ctsa–/–, WT with scAAV2/8-CTSA, and Ctsa–/– with scAAV2/8-
CTSA groups at each time point.

Figure 8A and 8B: Statistical analyses were performed comparingWT
with Ctsa–/–, WT with scAAV2/8-CTSA, and Ctsa–/– with scAAV2/8-
CTSA groups at each time point.

Figures 8C–8E: Statistical analyses were performed comparing WT
with Ctsa–/–, WT with scAAV2/8-CTSA, and Ctsa–/– with scAAV2/
656 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
8-CTSA groups after re-exposure of the splenocyte cultures to the
different agents (medium only, PMA, AAV-empty, and scAAV2/8-
CTSA).

Figure S1: To assess the extent of enzyme correction, statistical ana-
lyses were performed comparing the treatment groups with WT
controls.

Figure S4: The difference in mean vacuolization betweenWT, Ctsa–/–,
and scAAV2/8-CTSA groups was examined using linear mixed effects
to handle the correlation derived from the repeated measurements
(n = 10 per mouse) on the same individual mice with a random effect
for the mice. Considering there was an overall difference in mean va-
cuolization, and there was a significant association between vacuoli-
zation and the tested groups, we conducted pairwise comparisons
among the groups. The results are summarized in two tables shown
in the figure.
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