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Mucopolysaccharidosis (MPS) IVA is an autosomal recessive disorder
caused by deficiency of the lysosomal enzyme N-acetylgalatosamine-6-sul-
fate sulfatase (GALNS), which leads to the accumulation of keratan sulfate
and chondroitin 6-sulfate, mainly in bone. To explore the possibility of
gene therapy for Morquio A disease, we transduced the GALNS gene into
HEK293 cells, human MPS IVA fibroblasts and murine MPS IVA chon-
drocytes by using adeno-associated virus (AAV)-based vectors, which carry
human GALNS cDNA. The effects of the promoter and the cotransduction
with the sulfatase-modifying factor 1 gene (SUMFI) on GALNS activity
levels was evaluated. Downregulation of the cytomegalovirus (CMV) imme-
diate early enhancer/promoter was not observed for 10 days post-transduc-
tion. The eukaryotic promoters induced equal or higher levels of GALNS
activity than those induced by the CMV promoter in HEK293 cells. Trans-
duction of human MPS IVA fibroblasts induced GALNS activity levels
that were 15-54% of those of normal human fibroblasts, whereas in trans-
duced murine MPS IVA chondrocytes, the enzyme activities increased up
to 70% of normal levels. Cotransduction with SUMFI vector yielded an
additional four-fold increase in enzyme activity, although the level of eleva-
tion depended on the transduced cell type. These findings suggest the
potential application of AAV vectors for the treatment of Morquio A dis-
ease, depending on the combined choice of transduced cell type, selection
of promoter, and cotransduction of SUMF1I.

Introduction

Mucopolysaccharidosis (MPS) IVA (Morquio A dis-
ease; OMIM# 253000) is an autosomal recessive
disorder caused by deficiency of N-acetylgalatosamine-
6-sulfate sulfatase (GALNS; EC 3.1.6.4, UniProt
P34059), leading to lysosomal accumulation of glyco-
saminoglycans, keratan sulfate and chondroitin 6-sul-
fate, mainly in bone and cornea [1]. Clinical

Abbreviations

manifestations vary from severe to attenuated forms
characterized by systemic skeletal dysplasia, laxity of
joints, hearing loss, corneal clouding and heart valvu-
lar disease with normal intelligence [2]. Currently, no
effective therapies exist for MPS IVA, and only sup-
portive measures and surgical interventions are used to
alleviate some manifestations of the disease [2].

AAT, aq-antitrypsin promoter; AAV, adeno-associated virus; CMV, cytomegalovirus; EF1, elongation factor 1a; GALNS, N-acetylgalatosamine-
6-sulfate sulfatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IRES, internal ribosomal entry site; LSD, lysosomal storage
disease; MPS, mucopolysaccharidosis; SUMF1, sulfatase-modifying factor 1.
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Although bone marrow transplantation improves
many aspects of the somatic manifestations, it has a
limited impact on cardiac, eye and skeletal abnormali-
ties, in addition to the risk of fatal complications [3,4].
Preclinical trials for enzyme replacement therapy have
shown significant decreases in keratan sulfate in blood
and tissues [5], and clinical trials are in progress. How-
ever, patients will require weekly intravenous infusions
of the recombinant enzyme, with high costs (over
$300 000 annually), and immunological complications
are expected for most patients [6].

Gene therapy is a promising alternative approach,
and there have been a number of clinical and experi-
mental studies. The success of a gene therapy protocol
depends on the selection of the candidate disease, tar-
get cell, promoter region and ability to avoid an
immune reaction [7]. The cytomegalovirus (CMYV)
immediate early enhancer/promoter has frequently
been used for gene therapy, because of its capacity to
induce transgene expression in a wide range of tissues,
and the long-term therapeutic levels of expressed pro-
teins observed in different diseases and animal models
[8—10]. However, several reports have indicated that
the CMV promoter is associated with short-term
expression because of promoter silencing and the
immune response to the transgene product [11-13].
Eukaryotic promoters [e.g. elongation factor la (EF1),
muscular creatine kinase, and oj-antitrypsin (AAT)]
have emerged as alternatives to improve the therapeu-
tic effect, to reduce side effects and to induce immuno-
tolerance against gene products [14-16].

Gene therapy studies in animal models of lysosomal
storage diseases (LSDs) have shown that after a single
vector administration, therapeutic enzyme levels can be
maintained with clinical benefits for up to 1.5 years in
mice and 7 years in dogs [17-19]. Additionally, in sul-
fatase-deficient LSDs, the coexpression of a sulfatase
gene together with the sulfatase-modifying factor 1
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(SUMFI) gene has permitted a two-fold to three-fold
increase in the corresponding sulfatase enzyme activity.
SUMFI encodes the enzyme converting serine to form-
ylglycine at the common active site among all human
sulfatases [20-22]. MPS IVA is also a candidate disease
for gene therapy, owing to the lack of central nervous
system involvement [2]. To date, no in vivo gene ther-
apy trial has been performed for MPS IVA; one report
demonstrated, using a retroviral vector in vitro, that
transduced cells produced enzyme activity five-fold to
50-fold higher than the baseline enzyme activity in
non-transduced cells [23].

In this first study on gene transfer for MPS IVA
with the use of adeno-associated virus (AAV)-based
vectors, we have compared the expression level of
GALNS under the control of either the CMV immedi-
ate early enhancer/promoter or eukaryotic AAT or
EF1 promoter in the presence or absence of human
SUMFI gene coadministration. We demonstrated that
the eukaryotic AAT promoter gives equal or higher
enzyme activity levels as that induced by the CMV
promoter, and cotransduction with SUMF]I leads to a
substantial elevation of the enzyme activity.

Results

AAV2 vectors with the CMV, AAT or EF1 promoter
driving the expression of human GALNS cDNA were
constructed as described in Experimental procedures
(Fig. 1). The CMV-SUMF1 vector was used for all
in vitro cotransduction experiments, because of the
non-tissue-specific profile of the CMV promoter, which
may allow comparison of the effects of SUMFI
coexpression on different cell types. All vector prepara-
tions had about 10" vgmL™" of viral titers, and there
was no effect of vector genome size on viral titers. The
yield of the vector packing process was 60-80%

(Fig. 1).

Vector Packing
Size Yield
CMV-GALNS cmv | GALNS 2 res | Neo [} a9k 76%
AAT-GALNS [EH AaT] GALNS [8] Res | Neo |3 4Tk 60%
EF1-GALNS EF1 | GALNS [2] Res | Neo |[ZHE| 540 es%
CMV-SUMF1 cmv | sumF1 [2] iRes | Neo | He 44k 79%

Fig. 1. Structure of CMV-GALNS, AAT-GALNS, EF1-GALNS and CMV-SUMF1 vectors. The AAV-derived vectors contain the inverted termi-
nal repeats (ITRs) from AAV2, the CMV immediate early enhancer/promoter, the human AAT or EF1 promoters, a synthetic intron (IVS), the
attenuated IRES from encephalomyocarditis virus, the neomycin phosphotransferase coding sequence (Neo), and the bovine growth

hormone poly-A signal (polyA).
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Transduction of HEK293 cells

HEK?293 cells transduced with CMV-GALNS, AAT-
GALNS or EFI-GALNS showed a 13-fold to 30-fold
increase in GALNS activity levels in cell lysates, as
compared with nontransduced cells (0.63 &+ 1.10
Umg !, n = 3) (Fig. 2A). The enzyme activity was

>
3

—*—CMV-GALNS
—8—AAT-GALNS
—4—EF1-GALNS

Specific GALNS activity (U'mg™")

0 2 4 6 8 10
Days Post-transduction

2 o
B 2 4 i3
k=3 Q,
M § 2 § 3 w T
300 po
200 po
CMV-GALNS AAT-GALNS EF1-GALNS HEK
2 4 8 10 2 4 8 10 2 4 8 10 283

GALNS C{/GAPDH C;
(% to HEK293 cells)

——CMV-GALNS
—8— AAT-GALNS
—&—EF1-GALNS

0 2 4 6 8 10
Days post-transduction

Fig. 2. Transduction of HEK293 cells. (A) HEK293 cells were trans-
duced with 1 x 10'° vg of CMV-GALNS, AAT-GALNS or EF1-GAL-
NS, and the enzyme activity was measured in cell lysates 2, 4, 8
and 10 days post-transduction. (B) Viral DNA was extracted from
transfected HEK293 cells 2, 4, 8 and 10 days post-transduction.
DNA was amplified with GALNS cDNA-specific primers, using 1 pg
of total DNA. The standard was obtained with 500 pg to 5 fg, with
the plasmid pAAV-CMV-GALNS. Nontransduced HEK293 cells
were used as negative controls. (C) Vector mRNA from transduced
HEK293 cells was amplified using 1 pg of total RNA. GALNS
mRNA was amplified with GALNS cDNA-specific primers, and the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was
used for normalization. cDNAs were quantified by real-time PCR,
and results were expressed as the increase of the GALNS Cr/GAP-
DH Cr ratio as compared with the values observed in nontrans-
duced HEK293 cells (day 0).
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detectable from the second day post-transduction in all
transduced cells. In CMV-GALNS-transduced cells,
no significant increment (P > 0.05) of GALNS activ-
ity was observed between days 2 and 10 post-transduc-
tion. A peak of the enzyme activity level was observed
at day 4 in cells transduced with AAT-GALNS
(18.63 + 1.39 Umg™!, n =3) and EFI-GALNS
(14.57 + 0.8 Umg™', n = 3). However, these values
decreased by 22% and 46%, respectively, on day 8
(Fig. 2A). At day 10, no significant difference in
enzyme activity was observed among the three vectors
(P = 0.062), and the final enzyme activity levels were
22 times higher than those in nontransduced cells
(P = 0.041). No enzyme activity was detected in cul-
ture medium at any point of the study. All three vec-
tors showed similar efficiencies of gene transfer,
regardless of their DNA size (Fig. 2B). RNA analysis
showed a similar profile to that observed for the
enzyme activity; a peak in expression at day 4 post-
transduction, a slight decrease at day 8, and similar
levels of expression at day 10 (Fig. 2C). Transduced
HEK?293 cells increased GALNS mRNA levels by 7—
14%, and they were significantly higher (P < 0.001)
than those observed in nontransduced cells, regardless
of the promoter. No statistical difference was observed
in GALNS expression levels among the different vec-
tors (P > 0.095).

Cotransduction of HEK293 cells with
CMV-SUMF1

As compared with those cells transduced without
CMV-SUMF1, transduction of HEK293 cells with
GALNS and SUMFI in a 1:1 ratio gave 2.4-fold,
1.5-fold and 1.5-fold increases in cells cotransduced with
CMV-GALNS (28.31 = 1.52 Umg™', P = 0.006),
AAT-GALNS (28.19 + 1.74 Umg™', P = 0.012) and
EF1-GALNS (23.69 + 477 Umg™', P = 0.223),
respectively (Fig. 3). A 4.5-fold (51.72 + 2.80 U'mg ™',
P = 0.001), 48-fold (53.34 + 244 Umg!, P <
0.001) and 5.3-fold (56.59 + 8.28 U'mg™', P = 0.013)
increases, respectively, were observed when GALNS
and SUMFI were cotransduced in a 1:2 ratio
(Fig. 3). The GALNS activity levels corresponded
approximately to 85 times the levels in nontransduced
cells (0.63 + 1.10 Umg™", n = 3).

The enzyme activity was detectable in medium when
the cells were cotransduced with the CMV-SUMF1
vector (Fig. 3). Coexpression with SUMFI in a 1:1
ratio provided 0.45 + 0.08 UmL™', 0.18 + 0.08
UmL™ and 0.18 + 0.18 UmL™" of GALNS activity
in media for CMV-GALNS, AAT-GALNS and EF1-
GALNS, respectively. The levels increased 1.8-fold
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Fig. 3. SUMF1 coexpression in HEK293 cells. HEK293 cells were
cotransduced with 1 x 10'° vg of CMV-GALNS, AAT-GALNS or
EF1-GALNS, and CMV-SUMF1ina 1:0, 1:1or 1: 2 ratio. Activ-
ity in cell lysates and culture media was assayed 4 days post-trans-
duction. The dashed line represents the GALNS activity levels in
nontransduced HEK293 cells (0.63 + 1.10 U-mg’w), and no GALNS
activity was detected in culture medium from HEK293 cells.
*P < 0.05, **P < 0.01, ***P < 0.001.

(0.81 + 0.14 UmL™), 3.5-fold (0.63 + 0.16 U'mL™")
and 4.0-fold (0.72 + 0.08 U'mL™"), respectively, when
the cells were cotransduced with a GALNS/SUMFI
1 : 2 ratio, as compared with levels in cells transduced
with GALNS/SUMFI 1 : 1.

Transduction of human MPS IVA fibroblasts and
murine MPS IVA chondrocytes

Human MPS IVA fibroblasts

Transduction of human MPS IVA fibroblasts with the
CMV-GALNS, AAT-GALNS or EFI-GALNS gave
36.5%, 54.6% and 15.3% of GALNS activity levels in
normal fibroblasts (13.47 + 0.73 Umg™!, n = 3),
respectively (Fig. 4A). Furthermore, cotransduction
with CMV/SUMF1 in a 1:1 ratio led to a 1.5-fold
increase of activity in the cells transduced with CMV—
GALNS, AAT-GALNS or EFI-GALNS, which gave
60%, 86% or 23% of normal GALNS Ilevels, respec-
tively (Fig. 4A). When GALNS and SUMFI were
cotransduced into the cells in a 1 :2 ratio, an addi-
tional 2.1-2.6-fold increase in enzyme activity was
seen. This corresponded to 93.6%, 112% and 39% of
the GALNS activity levels of nontransduced normal fi-
broblasts, respectively. GALNS activity in medium
was detected only when GALNS and SUMFI were co-
transduced in a 1:2 ratio (Fig. 4A). Although the
enzyme levels were lower than those observed in
HEK?293 cells, they were comparable to those in med-
ium from normal fibroblasts.
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Fig. 4. Human fibroblast and murine chondrocyte transduction. (A)
Human MPS IVA fibroblasts and murine MPS IVA chondrocytes
were transduced with 1 x 10'° vg of CMV-GALNS, AAT-GALNS or
EF1-GALNS with or without CMV-SUMF1 ina 1:1 or 1: 2 ratio.
GALNS activity in cell lysates and culture media was measured
4 days post-transduction, and the results are shown as percentages
of GALNS activity levels in normal human fibroblasts. (B) Murine
MPS IVA chondrocytes were transduced with 1 x 10'° vg of CMV-
GALNS, AAT-GALNS or EF1-GALNS with or without CMV-SUMF1
in a 1:2 ratio. GALNS activity in cell lysates and culture media
was measured 4 days post-transduction, and the results are shown
as percentages of GALNS activity levels in normal murine chondro-
cytes. ¥*P < 0.05, **P < 0.01.

Murine MPS IVA chondrocytes

In murine MPS IVA chondrocytes, transduction with
CMV-GALNS induced up to 70% of the GALNS
activity levels of normal chondrocytes (24.12 £+ 6.23
Umg™' versus 34.0 = 16.47 Umg™'), whereas AAT—
GALNS and EFI-GALNS gave 40% of normal levels
(13.16 + 729 Umg™" and 1491 + 4.71 Umg™',
respectively) (Fig. 4B). Unlike the results observed in
HEK?293 cells and MPS IVA fibroblasts, cotransduc-
tion with SUMFI yielded a lesser impact on GALNS
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activity, with a 1.3-fold increase in cells cotransduced
with AAT-GALNS or EFI-GALNS (Fig. 4B).

GALNS activity in medium from affected murine
chondrocytes after treatment with CMV-GALNS
reached 230% of the enzyme activity of normal chon-
drocytes (0.43 + 0.05 UmL™" versus 0.19 + 0.06
UmL™"), whereas transduction with AAT-GALNS
and EFI-GALNS produced 90% (0.18 £ 0.08
UmL™) and 60% (0.11 = 0.09 UmL™") of normal
GALNS activity, respectively (Fig. 4B). The cells co-
transduced with CMV-GALNS and CMV-SUMFI
showed slightly increased GALNS activity in medium,
whereas in those cells cotransduced with AAT-GAL-
NS or EF1-GALNS, 2.0-fold and 2.3-fold increases
were observed in GALNS activity. These corresponded
to 190% and 130% of the enzyme activity in medium
from wild-type chondrocytes (Fig. 4B).

Discussion

The aim of this study was to establish the optimal con-
ditions for in vivo AAV gene therapy for MPS IVA by
evaluating the effects on GALNS enzyme activity of:
(a) different promoters; and (b) SUMFI coexpression.
We have demonstrated that: (a) GALNS activity level
was influenced by the promoter and the cell type; (b)
eukaryotic AAT and EF1 promoters induced similar
or higher GALNS activity levels as those induced by
the CMV promoter; (c) unlike previous findings
obtained with the CMV promoter [11,24,25], no reduc-
tions in mMRNA and enzyme activity levels were
observed, at least up to 10 days post-transduction, sug-
gesting the absence or delay of gene silencing; and (d)
cotransduction with an SUMFI vector allowed a
further increase in the GALNS enzyme activity.

We selected an AAV2 vector because of its well-
established transduction of HEK293 cells [26-28],
human skin fibroblasts [27,29,30] and chondrocytes
[31], and transduction efficiencies higher than those
observed with other AAV serotypes [29,31]. As Com-
pared with other gene therapy vectors, AAV vectors
themselves have several advantages: (a) long-term
expression; (b) wide-ranging cell and tissue tropism; (c)
well-characterized serotypes; (d) lack of pathogenicity;
and (e) low immunogenicity [32-34]. In addition, AAV
vectors have been used for more than 30 different met-
abolic diseases, half of which were LSDs, resulting in
complete correction of phenotype or substantial
improvement of biochemical and phenotypic manifes-
tations without side effects [32]. Previously, Toietta
et al. [23] reported five-fold to 50-fold increases in nor-
mal GALNS activity levels in different cell types when
a retroviral vector was used. Although retroviral vec-
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tors induced high levels of expression, they could cause
insertional mutagenesis [35]. Thus, we selected AAV-
based vectors because of their higher efficiency and
safer profile [36], although there are a few in vivo stud-
ies referring to the asymptomatic immune response in
clinical trials [37] and the occurrence of hepatocellular
carcinoma in MPS VII mice [38].

Effect of promoter and cell type

Promoter selection has been widely studied to date;
however, no consensus has been reached [39]. We dem-
onstrated that expression profiles varied, depending on
a combination of the cell type and the promoter. In
HEK?293 cells, no significant difference in GALNS
activity was observed among the promoters used,
whereas in human fibroblasts and murine chondro-
cytes, GALNS activity levels were as follows:
AAT > CMV > EFl, and CMV > AAT = EFI,
respectively. In transduced HEK?293 cells, the GALNS
enzyme activity showed an approximately 20-fold
increase, whereas mRNA levels were increased by
between 7% and 14%, resulting in an absence of cor-
relation between GALNS enzyme activities and
mRNA levels (r = 0.377, P = 0.226). The difference
between the increases in GALNS enzyme activities and
mRNA levels could be explained by the presence of
additional sequences within the cassette (Fig. 1). The
synthetic intron (IVS) used in our constructs has been
associated with improvement in polyadenylation/trans-
port and mRNA processing, which resulted in a six-
fold to 50-fold increase in the indicator (CAT) protein
[40]. The presence of introns in expression plasmids
can also increase by up to 10 times the transport of an
mRNA to the cytoplasm [41], or extend its half-life
significantly [42]. In addition, the bovine growth hor-
mone poly-A signal has been associated with more effi-
cient post-transcriptional — processes than those
observed with other poly-A signals, which increase
mRNA instability and production of the target protein
[43.44]. The results presented in this work agree with
previous reports showing that the inclusion of a syn-
thetic intron and the use of the bovine growth hor-
mone poly-A signal allowed high-level production of
the indicator protein [44,45]. Finally, the internal ribo-
somal entry site (IRES) sequence has not been associ-
ated with an increase in mRNA stability, but with
gene control expression and synthesis of several pro-
teins from a single multicistronic mRNA [46,47].

The CMV promoter has been used frequently in pre-
clinical and clinical protocols of gene therapy [39],
because it induces higher expression levels than other
promoters [39,48]. High and long-term expression
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levels have been achieved in some in vivo studies
[8-10,13,49,50]. However, in other studies, the CMV
promoter has been associated with relatively short-
term expression, because of promoter silencing
[11,24,51] or downregulation by cytokines [52,53].
These observations were confirmed for adenovirus-
derived, retrovirus-derived or plasmid-derived vectors
[11,24,25,53]. Previously, we showed that GALNS
expression was downregulated in HEK293 cells at
4 days post-transfection, using a calcium phosphate
method with a plasmid carrying the CMV promoter
and human GALNS cDNA [54]. In the present study,
no reductions in GALNS mRNA and activity levels
were observed for 10 days post-transduction of
HEK?293 cells. This finding suggests the absence or
delay of promoter silencing, as some previous data
have shown that silencing occurs within the first 6 h or
during the first week after gene transfer [11,24,55-59].
Promoters that are not silenced within this period can
allow long-term gene expression without subsequent
downregulation [55-59]. In addition, preliminary
results in the MPS IVA mouse model have shown sus-
tained expression over 3 months after AAV-mediated
gene delivery (data not shown). Several reports also
indicated long-term expression with the use of AAV
vectors with a CMV promoter [8-10,13,49,50], sup-
porting our results.

The reason why CMV promoter silencing does not
happen in particular cases, including our study, remains
unknown. However, in vitro [60] and in vivo [61] studies
have shown that AAV vectors induce a change in gene
expression profile. Genes involving cellular prolifera-
tion and differentiation, DNA replication, DNA
binding and mRNA transcription are downregulated,
whereas immunoregulatory genes are upregulated
[60,61]. Further investigations are required to establish
gene expression profiles of epigenetic regulatory factors.

Recently, eukaryotic promoters have emerged as an
alternative option to achieve long-term expression and
immunotolerance induction against the recombinant
protein [14,39,51]. The liver-specific AAT promoter
has been used in gene therapy for mucopolysacchari-
doses [62,63] and hemophilias [12,64]. We have
observed that GALNS expression in deficient fibro-
blasts and chondrocytes transduced with AAT-GALNS
was compatible with that induced by the CMV-GALNS
or EFI-GALNS vector. This is attributed to: (a) the
alteration of the expression profile in promoters, espe-
cially tissue-specific ones [65], owing to the difference
in expression of transcription factors between in vitro
and in vivo cells; and (b) the fact that the AAT pro-
moter used here was a 400 bp fragment of the 3’-end
derived from the full-length 1.2 kb fragment (GenBank

Promoter and SUMF1 effect on Morquio gene transfer

accession no. D38257.1). Loss of cell specificity of the
AAT promoter could be explained by the presence of
specific transcription factor sites in the deleted region
of 880 bp [54,66,67]. A loss of tissue specificity for the
AAT promoter was also reported in a retroviral vector
carrying the same AAT promoter fragment used here,
driving the expression of the human B-glucuronidase
gene (GUSB) [63].

The EF1 promoter produced similar GALNS activ-
ity levels in HEK293 cells and 1.6-fold to 2.3-fold
lower levels in human MPS IVA fibroblasts and mur-
ine MPS IVA chondrocytes, respectively, than those
obtained with the CMV promoter. These variations
were observed in previous studies with the EFI1 pro-
moter [68-72].

Coexpression of SUMF1

The CMV promoter was selected for all SUMFI coex-
pression experiments, to assess the SUMFI coexpres-
sion effect objectively without variations associated
with the other promoters and the cell types used. In
HEK?293 cells cotransduced with GALNS and SUMFI
vectors, the enzyme activity approached 4.5-fold of
that in cells transduced only with the GALNS vector,
as previously reported for arylsulfatase A in HEK293
cells [73,74]. In human MPS IVA fibroblasts, SUMFI
coexpression allowed up to a 2.6-fold increase in GAL-
NS activity in cell lysates. These results are compatible
with the elevations of enzyme activity observed for
different sulfatases coexpressed with SUMFI [20].
Cotransduction with CMV-SUMF1 and any of CMV—
GALNS, AAT-GALNS or EFI-GALNS in murine
chondrocytes had a lower impact on elevation of
enzyme activity than in HEK293 cells and human
MPS IVA fibroblasts. These results showed that the
effect of SUMFI coexpression could vary with the cell
type, as previously described [21,74]. Sulfatase activity
elevation after cotransduction with an SUMF1 vector
has been evaluated and confirmed in media from
HeLa, COS and HEK293 cells [20,21,74], but not in
medium from primary cell cultures. Here, we have
investigated GALNS activity in medium from different
cell types cotransduced with the CMV-SUMF1 vector.
The results indicated that elevation of GALNS activity
in medium depends on the transduced cell type. In
HEK?293 cells GALNS activity was detectable with
both 1:1 and 1:2 ratios of GALNS and SUMFI,
whereas in MPS IVA fibroblasts, GALNS activity was
only detected with a 1 : 2 ratio of GALNS and SUMF1I.
Unlike for HEK293 cells and human MPS IVA fibro-
blasts, GALNS activity was detectable in medium
of transduced murine MPS IVA chondrocytes even
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without SUMFI coexpression within the range of
43-230% of mnormal activity levels. Cotransduction
with CMV-GALNS and CMV-SUMF1 did not mark-
edly increase GALNS activity in medium of murine
chondrocytes, whereas AAT-GALNS or EFI-GALNS
cotransduction provided twice the normal level of
enzyme activity. In vivo studies have shown that the
coexpression of sulfatases (arylsulfatase A and sulfami-
dase) and SUMFI genes, in a 1 : 1 ratio, produces a
significant elevation of enzyme activity [21,22]. How-
ever, the optimal ratio between the individual sulfatase
and SUMFI has not been fully investigated to date.
Taken together, all of these data indicate that secretion
of GALNS and the effect of SUMFI coexpression are
affected by cell type, and also demonstrate the impor-
tance of defining the optimal ratio of sulfatase and
SUMFT1 genes.

Bone dysplasia is one of the most important clinical
obstacles in Morquio A patients [2]. Therefore, the
enzyme and/or vector should be delivered mainly to
bone cells. Gene therapy studies for LSDs often use
the liver as a ‘factory’ to produce and secrete the
enzyme, which is taken up in nontransduced cells via
the mannose 6-phosphate receptor [75,76]. This mecha-
nism of cross-correction has allowed pathology correc-
tion in spleen, heart, eye, ear, bone and liver, in MPS 1
[19,77], MPS II [78] and MPS VII [17,79] animal mod-
els. In future in vivo studies, we can expect that, after
an intravenous infusion of the vector, the liver will be
the main transduced tissue [80], and the enzyme will be
secreted extracellularly to be taken up by nontrans-
duced cells. Although the biodistribution of AAV2-
derived vectors has been well characterized [80], their
delivery to bone has not been confirmed. Our prelimin-
ary in vivo results also suggest that AAV2 vectors are
not delivered directly to bone (data not shown). How-
ever, we have previously shown that inclusion of a
bone-tag sequence in the N-terminus of the mature
GALNS enzyme significantly increases the retention
time in bone, and allows substantial clearance of the
storage material [81]. Therefore, to improve the distri-
bution of the enzyme to bone, an AAV vector encod-
ing a bone-targeting enzyme should be considered.

Conclusions

We have demonstrated that eukaryotic promoters can
increase GALNS activity in transduced cells to levels
comparable to those obtained with the commonly used
CMV promoter. This fact could have a significant
impact on the reduction of potential side effects
and/or immune reactions against a recombinant pro-
tein in in vivo experiments. We have also observed that
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the CMV promoter in an AAV vector may not be
silenced, which supports previous studies showing
long-term expression with the use of CMYV-bearing
AAV vectors. Thus, the use of AAV-based vectors
could avoid or substantially delay the CMV promoter
silencing process by an unknown mechanism. In addi-
tion, we showed that SUMFI coexpression allowed
a substantial increase in GALNS activity in trans-
duced cells and their media, indicating the advantage
of coexpression of SUMFI and GALNS. The effect of
SUMFI coexpression on the sulfatase activity is influ-
enced by mutual interactions among different types of
promoters, target cells, sulfatases and the ratio
between the sulfatase and SUMFI1. Overall, the current
in vitro data suggest that combinations of eukaryotic
promoters, especially AAT-GALNS and CMV-
SUMF1 cotransduction, will be the optimal choices
for future in vivo studies with MPS IVA mouse mod-
els. We will clarify the following issues through future
long-term in vivo studies: (a) evaluation of silencing of
the promoter, and the resultant level of coexpression
of SUMFI and GALNS; and (b) confirmation of tar-
geting of the expressed enzyme into affected chondro-
cytes and their pathological improvement.

Experimental procedures

Plasmid construction

The pAAV-CMV-GALNS plasmid was previously con-
structed [27], carrying human GALNS cDNA with a CMV
promoter flanked by the inverted terminal repeats of
AAV2. The pAAV-AAT-GALNS plasmid was constructed
by replacement of the CMV promoter in pAAV-CMV-
GALNS with a 0.4 kb fragment of the AAT promoter
(kindly provided by K. Ponder, Washington University in
St Louis). The pAAV-EF1-GALNS plasmid was con-
structed by replacement of the CMV promoter in
pPAAV-CMV-GALNS with a 1.2 kb fragment of the EF1
promoter (kindly provided by T. Sferra, Ohio State Univer-
sity) [18]. The pAAV-CMV-SUMFI1 plasmid, carrying
human SUMFI cDNA, was constructed by replacing the
GALNS cDNA portion in pAAV-CMV-GALNS with the
1.2 kb fragment of human SUMFI cDNA.

Production and purification of AAV vectors

AAV vectors were produced by calcium phosphate-medi-
ated cotransfection of pAAV-CMV-GALNS, pAAV-
AAT-GALNS or pAAV-CMV-SUMF1 with pXX2 and
pXX6-80 (Gene Therapy Center, University of North Caro-
lina at Chapell Hill, NC, USA). HEK293 cells
(ATCC CRL-1573) were seeded on 15 cm culture plates,
and the culture medium [DMEM (Gibco, Carlsbad, CA,
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USA) supplemented with fetal bovine serum 15%, penicillin
100 U'mL™" and streptomycin 100 U'mL™'] was removed
immediately before starting the transfection. Plasmids were
mixed in 18 : 18 : 54 pg ratio (a 1:1: 1 molar ratio) with
0.25 m CaCl, and 2x HeBS buffer (280 mm NaCl, 1.5 mm
Na,HPO,4, 50 mm Hepes, pH 7.1), and the mixture was
immediately dispensed into the culture plates. Forty-eight
hours after transfection, cells were harvested, resuspended
in AAV lysis buffer (0.15wm NaCl, 50 mm Tris/HCI,
pH 8.5), and lysed by three freeze—thaw cycles. The solution
was clarified by centrifugation at 4 °C for 20 min. AAV
vectors were purified by iodixanol gradient (Sigma-Aldrich,
Saint Louis, MO, USA) and affinity chromatography as
previously described [82]. Quantification was carried out
with a spectrophotometric method, based on the extinction
coefficient of the AAV2 capsid proteins and genome [83].
The yield of the packaging process was measured by com-
paring the experimental As50 nm/ 4280 nm ratio against a
hypothetical Asgp nm/ 4280 nm ratio for a preparation with-
out empty capsids (100% yield) [83].

In vitro experiments

HEK?293 cells, normal human skin fibroblasts or MPS IVA
human skin fibroblasts were used. For transduction experi-
ments, 1 x 10° HEK293 cells per well were seeded in
24-well plates and transduced with 1 x 10" vg (1 x 10° vg
per cell) of CMV-GALNS, AAT-GALNS or EF1-GAL-
NS. Nontransduced cells were used as controls. After 24 h,
the medium was changed to one containing 0.4 mgmL™
geneticin (Gibco, Carlsbad, CA, USA). GALNS activity in
the medium and cell lysate was measured 2, 4, 8 and
10 days post-transduction. For SUMFI coexpression exper-
iments, 1 x 10> HEK293 cells or MPS IVA fibroblasts were
seeded in 24-well plates and cotransduced with 1 x 10 vg
(1 x 10° vg per cell) of CMV-GALNS, AAT-GALNS or
EF1-GALNS with CMV/SUMFl ina1:0,1:1or1:2
ratio. After 4 days, GALNS activity was measured in the
medium and cell lysate. The wild-type and Galns™'~ mouse
chondrocytes were isolated and cultured as previously
described [84]. Chondrocytes were grown up to 60-70%
confluence to avoid differentiation, and were cotransduced
with 1x 10" vg (1 x10° vg per cell) of CMV-GALNS,
AAT-GALNS or EFI-GALNS with CMV/SUMFI in a
1:0 or 1:2 ratio. GALNS activity was measured for
4 days post-transduction in the medium and cell lysate. All
cells were lysed by resuspension in 1% sodium deoxycho-
late (Sigma-Aldrich, Saint Louis, MO, USA). All transduc-
tions were carried out in triplicate.

GALNS enzyme activity

GALNS activity was assayed with 4-methylumbeliferyl-B-p-
galactopyranoside-6-sulfate (Toronto Chemicals Research,
North York, Canada) as a substrate. The enzyme assay
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was performed as described previously [85]. One unit was
defined as the catalysis of 1 nmol of substrate h™!. GALNS
activity was expressed as UmL™" (medium) or Umg™' pro-
tein (cell lysate), as determined by micro-Lowry assay.

Viral DNA and qRNA

For viral DNA and RNA analysis 2 x 10> HEK293 cells
were seeded in six-well plates and cultured as previously
described. Cells were transduced with 2 x 10'° vg of CMV-
GALNS, AAT-GALNS or EF1-GALNS, and harvested 2,
4, 8 and 10 days post-transduction. All assays were carried
out in duplicate. Total DNA and RNA were isolated with
the AllPrep DNA/RNA miniprep kit (Qiagen, Valencia,
CA, USA), according to the manufacturer’s instructions.
Viral DNA was amplified from 1 pg of total DNA with the
primers TOMF23 (5"-acagggccattgatggcctcaaccteet-3") and
TOMF34R  (5'-gcttcgtgtggtettccagattgtgagttg-3’),  which
amplify a 235 bp fragment of human GALNS cDNA. PCR
products were visualized in a 1.5% agarose gel, and
band density (intensity per mm?) was measured using
IMAGE J 1.38 x (http://rsb.info.nih.gov/ij/, National Insti-
tutes of Health, USA). Band density was compared with a
standard curve of pAAV-CMV-GALNS between 500 pg
and 5 fg. First-strand ¢cDNA was synthesized using the
SuperScript 11 First-Strand Synthesis System kit (Invitro-
gen, Carlsbad, CA, USA), according to the manufacturer’s
instructions, with 1 pug of total RNA. Viral cDNA was
quantified by real-time PCR with the Fast SYBR Green
Master Mix (Applied Biosystems, Foster City, CA, USA),
according to the manufacturer’s instructions, with 20 ng of
first-strand product. Threshold cycles (Ct) of GALNS
amplification curves were normalized to Cr values of
human glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH). Results were expressed as the increase of the GALNS
Ct/GAPDH Cr ratio as compared with the values
observed in nontransduced HEK293 cells.

Statistical analysis

Differences between groups were tested for statistical signif-
icance by using Student’s z-test. An error level of 5%
(P < 0.05) was considered to be significant. All analyses
were performed with spss 13.0 for Macintosh (SPSS, Chi-
cago, IL, USA). All results are shown as mean + standard
deviation.
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