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Enzyme replacement therapy (ERT) is a treatment option for lysosomal storage disorders (LSDs) caused by deficiencies of soluble
lysosomal enzymes. ERT depends on receptor-mediated transport of intravenously injected recombinant enzyme to lysosomes of patient
cells. The blood– brain barrier (BBB) prevents efficient transfer of therapeutic polypeptides from the blood to the brain parenchyma and
thus hinders effective treatment of LSDs with CNS involvement. We compared the potential of five brain-targeting peptides to promote
brain delivery of the lysosomal enzyme arylsulfatase A (ASA). Fusion proteins between ASA and the protein transduction domain of the
human immunodeficiency virus TAT protein (Tat), an Angiopep peptide (Ang-2), and the receptor-binding domains of human apolipo-
protein B (ApoB) and ApoE (two versions, ApoE-I and ApoE-II) were generated. All ASA fusion proteins were enzymatically active and
targeted to lysosomes when added to cultured cells. In contrast to wild-type ASA, which is taken up by mannose-6-phosphate receptors,
all chimeric proteins were additionally endocytosed via mannose-6-phosphate-independent routes. For ASA-Ang-2, ASA-ApoE-I, and
ASA-ApoE-II, uptake was partially due to the low-density lipoprotein receptor-related protein 1. Transendothelial transfer in a BBB cell
culture model was elevated for ASA-ApoB, ASA-ApoE-I, and ASA-ApoE-II. Brain delivery was, however, increased only for ASA-ApoE-II.
ApoE-II was also superior to wild-type ASA in reducing lysosomal storage in the CNS of ASA-knock-out mice treated by ERT. Therefore, the
ApoE-derived peptide appears useful to treat metachromatic leukodystrophy and possibly other neurological disorders more efficiently.
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Introduction
Lysosomal storage diseases (LSDs) are inherited metabolic disor-
ders that have in common that a defective lysosomal function
leads to the accumulation of undegradable macromolecules
within the lysosomal compartment (Greiner-Tollersrud and
Berg, 2005). LSDs are progressive diseases, most of which become
apparent during childhood and lead to mental retardation, high
morbidity, and premature death. Although individually rare,
they represent a relevant subgroup among pediatric neurological
disorders because they have a combined prevalence of 1 in 7000 –
8000 live births (Hopwood, 2012).

Most LSDs are caused by functional deficiencies of soluble
lysosomal enzymes. Because cells express surface receptors that

bind exogenous lysosomal enzymes and deliver them to lyso-
somes, such disorders can theoretically be treated by administra-
tion of the recombinantly expressed counterpart of the defective
enzyme (Desnick and Schuchman, 2012). Actually, enzyme re-
placement therapy (ERT) based on repeated and lifelong intrave-
nous injection of active enzyme has been clinically approved for
six LSDs. More than 20 years of clinical experience have revealed,
however, that ERT has clear limitations. The blood– brain barrier
(BBB) is largely impermeable for lysosomal enzymes. Accord-
ingly, therapeutic effects are restricted to peripheral organs. Sim-
ilar to other neurological diseases, then, the delivery of the
therapeutic molecules from the circulation to the brain paren-
chyma remains a highly challenging issue (Gabathuler, 2010).

In the present study, we compared different peptide vectors to
improve the brain delivery of the lysosomal enzyme arylsulfatase
A (ASA, E.C. 3.1.6.8). For this purpose, five peptides that were
shown previously to promote transcytosis of cargo molecules
across the BBB were individually fused to the C terminus of ASA:
(1) the protein transduction domain of the transactivator of tran-
scription (TAT) protein of the human immunodeficiency virus 1
(Frankel and Pabo, 1988), (2) the low-density lipoprotein recep-
tor (LDLR)-binding domain of apolipoprotein B (APOB; Spen-
cer and Verma, 2007), (3) and (4) two overlapping peptides
derived from apolipoprotein E (APOE) which bind to the LDLR
and the LDLR-related protein 1 (LRP1; Wang et al., 1997; Clay-
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ton et al., 1999), and (5) the synthetic peptide Angiopep-2, which
was derived from the LRP1-ligand aprotinin (Demeule et al.,
2008). The peptides are here designated as Tat, ApoB, ApoE-I,
ApoE-II, and Ang-2, respectively. Tat was chosen because it fa-
cilitated brain delivery of fused �-galactosidase and erythropoie-
tin when injected into the blood circulation of mice (Schwarze et
al., 1999; Zhang et al., 2010). ApoB promoted brain delivery of
fused glucocerebrosidase, green fluorescent protein, and the met-
alloprotease neprilysin (Spencer and Verma, 2007; Spencer et al.,
2011), whereas the receptor-binding domain of APOE has been
exploited to deliver �-galactosidase and antibodies to the CNS
(Sarkar et al., 2011). The vector function of Ang-2 has been vali-
dated by efficient brain targeting of conjugated nanoparticles and
therapeutic agents of low molecular weight such as paclitaxel,
doxorubicin, and etoposide (Gabathuler, 2010). The biochemical
and pharmacological properties of the five ASA fusion proteins

and wild-type ASA were compared in var-
ious in vitro and in vivo assays. The thera-
peutic potential of the most promising
fusion protein was evaluated in a preclin-
ical enzyme replacement trial.

Materials and Methods
DNA restriction and modifying enzymes
were from Thermo Scientific. Oligonucleo-
tides were from MWG Biotech. The follow-
ing cell types were used: (1) mouse
embryonic fibroblasts (MEFs) from a
C57BL/6 wild-type mouse, (2) MEFs defi-
cient for the insulin-like growth factor II/
mannose 6-phosphate receptor, MPR300
(MEF-mpr �/�; Pohlmann et al., 1995), (3)
MEFs deficient for ASA (MEF-asa �/�; Hess
et al., 1996), (4) primary porcine brain cap-
illary endothelial cells (PBCECs; von Wedel-
Parlow et al., 2009), (5) mouse brain
endothelial cells (bEND.3; ATCC number
CRL-2299), (6) Chinese hamster ovary cells
(CHO-K1; ATCC number CCL-61), and (7)
CHO-K1 cells that lack LRP1 (CHO-lrp �/�;
kindly provided by Claus Pietrzik, Mainz,
Germany).

Expression vectors. Synthetic DNA sequences
encodingthe invariant linkerLGGGGSGGGGS
GGGGSGGGGS and one of the following pep-
tides were inserted downstream from the full-
length ASA cDNA (Stein et al., 1989) cloned
into the plasmid pcDNA3 (Life Technologies):
(1) aa 47–57 of the TAT protein (Frankel and
Pabo, 1988), (2) aa 3371–3409 of human
APOB (Spencer and Verma, 2007), (3) aa 130 –
152 of human APOE (Wang et al., 1997), (4) aa
141–149 of human APOE as tandem repeat
(Clayton et al., 1999), and (5) Angiopep-2 (De-
meule et al., 2008). The fusion proteins are
shown schematically in Figure 1A.

Production of ASA fusion proteins. CHO-
suspension (CHO-S) cells (Life Technologies)
were transfected with the pcDNA3 constructs
using a Bio-Rad gene pulser II at 25 �F and 750
V. Single clones with resistance to G418 were
selected by standard methods and screened for
high ASA activities in the conditioned medium
(Baum et al., 1959). Producer cell clones were
cultured in miniPERM bioreactors (Sarstedt)
using serum-free ExCell302 medium with HT
supplement (both from Sigma), 2 mM

L-glutamine, 100 units/ml penicillin, and 100
�g/ml streptomycin (all from Life Technologies). ASA fusion proteins were
purified by immunoaffinity chromatography as described previously (Som-
merlade et al., 1994).

Biochemical characterization. Western blotting, analysis of M6P con-
centrations, and activity measurements were as described previously
(Baum et al., 1959; Schröder et al., 2010). Proteins were deglycosylated
either with 100 mU/�g N-glycosidase F according to the manufacturer’s
recommendations (PNGaseF; Roche Applied Science) or with endogly-
cosidase H (EndoH; Matthes et al., 2011).

Cellular uptake studies. Cells were incubated with 2.5 �g/ml ASA or
ASA fusion protein for 24 h at 37 C. Glucose 6-phosphate (G6P, 7.5 mM;
Sigma) and mannose 6-phosphate (M6P, 7.5 mM, Sigma) were added as
indicated. After incubation, recombinant protein bound to cell surfaces
was removed with two washes of 50 mM glycine, 150 mM NaCl, pH 3.0.
Cells were lysed in 1� TBS, pH 7.4, 0.5% Triton N-101 and the protein
concentration of the lysate was measured with the Dc assay (Bio-Rad).

Figure 1. Biochemical characterization of ASA fusion proteins. A, Schemes of ASA fusion proteins. Amino acid sequences of the
peptide vectors are given in the one-letter code. Domains are not drawn to scale. B, Western blot analysis. Fifty nanograms of
purified ASA and 2.5–10 �l of conditioned medium from CHO-S cells stably expressing ASA fusion proteins were loaded per lane
and reacted with a polyclonal anti-human ASA antibody. C, Deglycosylation of ASA fusion proteins with EndoH. Digested and
undigested protein was separated by SDS-PAGE and stained with PageBlue Protein Staining solution (Thermo Scientific). D, M6P
contents and specific activities as indicated.
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The intracellular level and total input of recom-
binant protein was determined by a sandwich
ELISA specific for the human ASA (Matzner et
al., 2000). For the analysis of the intracellular
sorting, MEF-asa�/� cells were stained as de-
scribed previously (Klein et al., 2009).

BBB cell culture model. The transendothelial
transfer of ASA fusion proteins was deter-
mined with PBCECs cultured on microporous
polycarbonate filters (von Wedel-Parlow et al.,
2009). For each ASA fusion protein, control
dishes were incubated with wild-type ASA
under identical conditions. To correct for
possible variations in the apical concentra-
tions, the basolateral level of ASA fusion pro-
tein was normalized to its apical concentration
in the same dish. To express the differences
between transfer rates, normalized values for
ASA fusion proteins were related to the mean
of the corresponding ASA controls, which was
regarded as 100%.

Animal studies. All mouse studies were ap-
proved by the local animal care and use com-
mittee (LANUV reference number 8.87–50.10.
35.09.079). ASA fusion proteins were injected
into the tail vein of ASA-knock-out mice (Hess
et al., 1996) or APOE-knock-out mice (B6.129P2-
Apoetm1Unc/Crl from Charles River) at a dose of
20 mg/kg body weight. Age-matched control
mice were injected with the same dose of wild-
type ASA. Female mice were used for all exper-
iments. For pharmacokinetic studies, a blood
sample of �20 �l was taken immediately after
injection. Mice were deeply anesthetized 110
min after injection, a blood sample was taken
120 min after injection and mice were pro-
cessed as described previously (Matzner et al.,
2005). The serum half-life of the injected pro-
teins was calculated from the ASA concentra-
tions measured immediately after injection
and 120 min after injection assuming a mono-
exponential decline (Matzner et al., 2005). ASA
tissue levels were normalized on the protein
concentration of the homogenate and on the
ASA serum level immediately after injection.
Normalized tissue levels of ASA fusion pro-
teins are expressed as percentages of mean
wild-type ASA levels measured in the same tis-
sue of the control mice. For the ERT trial, 12-
month-old ASA-knock-out mice were treated
with four doses of 20 mg/kg recombinant
protein given in weekly intervals and lipid
profiles were analyzed as described previously
(Matzner et al., 2005).

Results
Biochemical characterization
The ASA fusion proteins and wild-type ASA
(Fig. 1A) were purified from the secretions
of stably transfected CHO-S cells and had
the predicted molecular weights (Fig. 1B).
Treatment with EndoH, an endoglycosidase
that cleaves high-mannose-type N-glycans, reduced the molecular
weights of ASA, ASA-Tat, ASA-ApoB, ASA-ApoE-I, and ASA-
Ang-2 by 3.4–4.9 kDa (Fig. 1C). In contrast, a size shift of only 1.1
kDa was seen for ASA-ApoE-II. When ASA-ApoE-II was treated
with PNGase F, which cleaves all three types of N-linked oligosac-

charides (high-mannose, hybrid, complex), the size decrement was
7.1 kDa (data not shown).

Wild-type ASA exhibited 2.8 M6P residues per molecule,
reproducing previous results (Matthes et al., 2011). The mean
M6P concentration of ASA fusion proteins ranged between
82% and 100% of the wild-type level (Fig. 1D). The only ex-

Figure 2. Cellular uptake of ASA fusion proteins. A, Uptake by CHO-K1, MEF, and bEND.3 cells as indicated. Cells were either
coincubated with 7.5 mM M6P to block MPR300-mediated endocytosis (lower values) or, as a control, with 7.5 mM G6P (upper
values). Uptake is expressed as nanograms of intracellular ASA per microgram of input ASA and micrograms of extractable protein.
Numbers represent mean � SD of n � 3 wells per condition. S-signs denote statistically significant differences between M6P and
G6P feedings (Student’s t test, p�0.05). Asterisks and plus signs indicate statistical differences between an ASA fusion protein and
the ASA control in the presence of G6P and M6P, respectively. B, Uptake by MEF-mpr �/� cells (deficient for MPR300). Bars
represent mean � SD of n � 4 – 6 wells per condition. Asterisks indicate statistically significant differences from wild-type ASA
(Student’s t test, p � 0.05). C, LRP1-dependent endocytosis. CHO-K1 wild-type cells (closed bars) and CHO-lrp �/� cells (deficient
for LRP1; open bars) were incubated with 7.5 mM M6P to block M6P-dependent endocytosis. Bars represent mean � SD of n � 3
wells per condition. Asterisks indicate a statistically significant difference between LRP1-deficient and wild-type CHO-K1 cells
(Student’s t test, p � 0.05).
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ception was ASA-ApoE-II, which showed �50% of the normal
M6P content.

To determine possible adverse effects of the fused peptides on
the enzymatic function of the ASA domain, ASA activities of
purified fusion proteins were determined with an artificial sub-
strate (Baum et al., 1959). The specific activities of the chimeric

proteins ranged between 63% and 111%
of the wild-type ASA (Fig. 1D).

Uptake of wild-type ASA by endothelial
and nonendothelial cells
In initial experiments, uptake of wild-type
ASA by two cell types of brain endothelial
origin (bEND.3, PBCEC) and two cell
types of nonendothelial origin (CHO-K1,
MEF) was compared. Uptake by CHO-K1
and MEF cells was substantially higher
than that by the brain endothelial cells.
CHO-K1 cells, for example, internalized
59- and 37-fold more ASA on average
than bEND.3 cells (Fig. 2A) and PBCECs
(data not shown), respectively. M6P (7.5
mM) reduced the efficient uptake by
CHO-K1 and MEF cells by �99%, whereas
the low internalization by bEND.3 cells and
PBCEC was diminished by only 47% (Fig.
2A) and 59% (data not shown), respectively.
Notably, the resulting residual uptake rates
of endothelial cells exceeded those of the
nonendothelial cells (Fig. 2A; data not
shown for PBCECs).

M6P-dependent and M6P-independent
cellular uptake of ASA fusion proteins
CHO-K1, MEF, and bEND.3 cells were
used to analyze the cellular uptake of ASA
fusion proteins. In the absence of M6P,
internalization rates differed considerably
between the fusion proteins. For CHO-K1
cells, for example, the uptake of ASA-Tat,
ASA-ApoE-II, and ASA-Ang-2 was �95%
lower than for wild-type ASA, whereas en-
docytosis of ASA-ApoE-I was 15% above
normal (Fig. 2A). Similar peptide-specific
differences were seen when MEF cells
were fed. In contrast to CHO-K1 and
MEF cells, bEND.3 cells showed a low en-
docytic activity and there was a general
trend for a more efficient uptake of ASA
fusion proteins compared with wild-type
ASA. The internalization of ASA-ApoE-I,
ASA-ApoE-II, and ASA-Ang-2, for ex-
ample, was significantly increased by
54%, 40%, and 66%, respectively.

M6P (7.5 mM) reduced the uptake of
all five ASA fusion proteins. Internaliza-
tion of ASA-Tat and ASA-ApoE-I by
CHO-K1 cells, for example, was dimin-
ished by 76% and �99%, respectively. Ef-
fects of M6P on bEND.3 cells were less
dramatic. Depending on the fusion protein,
uptake was diminished by 1–47% and re-
ductions for ASA-Tat, ASA-ApoE-II, and

ASA-Ang-2 failed to reach statistical significance. Furthermore,
M6P aggravated the tendency for increased uptake of ASA fusion
proteins by bEND.3 cells and compared with wild-type ASA, 1.7- to
3.1-fold more of the ASA fusion proteins were internalized.

To avoid possible unspecific side effects of high M6P concen-
trations, the M6P-independent uptake was also analyzed using

Figure 3. Immunofluorescence staining of MEF-asa �/� (ASA-deficient) cells after feeding of ASA fusion proteins. Cells were
fed with wild-type ASA (A–C), ASA-Tat (D–F ), ASA-ApoB (G–I ), ASA-ApoE-I (J–L), ASA-ApoE-II (M–O), and ASA-Ang-2 (P–R),
respectively. Recombinant enzyme and LAMP-2 were stained in red (middle) and green (right), respectively. Merge panels (left)
also show nuclei counterstained with DAPI (blue). Scale bars, 10 �m.
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MPR300-deficient MEF cells (Pohlmann
et al., 1995). Just as bEND.3 cells coincu-
bated with M6P, MPR300-deficient MEF
cells endocytosed all five ASA fusion pro-
teins more efficiently than wild-type ASA
(Fig. 2B). The mean uptake was increased
by factors of 3.9 –9.5.

We compared uptake rates of LRP1-
expressing and LRP1-deficient CHO-K1
cells to determine whether ASA fusion
proteins are internalized via LRP1. Com-
petitive amounts of M6P were added to all
dishes to block MPR300. Uptake of wild-
type ASA was indistinguishable between
LRP1-deficient and LRP1-expressing cells
and no significant difference was seen for
ASA-ApoB. Endocytosis of the other four
fusion proteins was, however, reduced in
LRP1-deficient cells (Fig. 2C).

To analyze subcellular trafficking of
endocytosed ASA fusion proteins, ASA-
deficient MEF cells (Hess et al., 1996) were
fed with recombinant enzyme. Costaining
of Lamp-2 and ASA indicated an exclusive endosomal/lysosomal
localization of ASA and ASA fusion proteins (Fig. 3).

Basolateral transfer of ASA fusion proteins in an in vitro
BBB model
The transendothelial transfer rate of ASA fusion proteins was
evaluated in vitro using an established cell culture model of the
BBB (von Wedel-Parlow et al., 2009). This consists of PBCECs
grown on microporous cell culture inserts separating an apical
from a basolateral compartment representing the blood and
brain side of the capillary endothelium, respectively (Fig. 4A).
Within 24 h, �0.02% of the apically added wild-type ASA was
transferred to the basolateral medium, reproducing data from
previous transport studies (Matthes et al., 2011). Although the
basolateral transfer rates of ASA-Tat and ASA-Ang-2 were indis-
tinguishable from that of wild-type ASA, those of ASA-ApoB,
ASA-ApoE-I, and ASA-ApoE-II were significantly increased by
factors of 2.2, 2.0, and 1.5, respectively (Fig. 4B).

Treatment of ASA-knock-out mice
Intravenously injected wild-type ASA was cleared from the blood
of ASA-knock-out mice (Hess et al., 1996) with an apparent se-
rum half-life of 11 min (data not shown). ASA-Tat, ASA-ApoB,
ASA-ApoE-I, and ASA-Ang-2 showed similar half-lives of
13–16 min, whereas ASA-ApoE-II had an �2-fold prolonged
serum half-life of �30 min.

ASA-Tat and ASA-Ang-2 showed the same tissue distribution
as wild-type ASA, whereas significant differences were seen for
ASA-ApoB, ASA-ApoE-I, and ASA-ApoE-II (Fig. 5A–E). The
brain levels of ASA-ApoB, for example, were 43% lower than
those of wild-type ASA on average (Fig. 5B). In contrast, brain
levels of ASA-ApoE-II were increased by 54% (p � 0.05; Fig. 5D).
To test the hypothesis that delivery of ASA-ApoE-II to the
brain is hindered by endogenously expressed APOE compet-
ing for APOE receptors at the BBB, we treated also APOE-
knock-out mice with ASA-ApoE-II. In this experiment, brain
levels of ASA-ApoE-II were 62% higher than that of wild-type
ASA. The small difference between brain levels of ApoE- and
ASA-knock-out mice was, however, not significant and, for

the other tissues, essentially the same levels were obtained
(Fig. 5F ).

To compare the therapeutic potential of ASA-ApoE-II and
wild-type ASA, ASA-knock-out mice were treated by four injec-
tions of 20 mg/kg recombinant enzyme given in weekly intervals.
Treatment with wild-type ASA reduced sulfatide storage in both
kidney and brain by 22% (p � 0.05, Student’s t test; Fig. 6).
ASA-ApoE-II was more effective and diminished sulfatide stor-
age by 37% and 38%, respectively. Therefore, the fusion protein
cleared 1.7-fold more sulfatide from the two tissues than wild-
type ASA.

Discussion
A number of peptides have been reported to surmount the BBB
and to promote delivery of cargo molecules to the brain (Ga-
bathuler, 2010). In an attempt to optimize ERT in mouse models
of metachromatic leukodystrophy (MLD; Matzner et al., 2005,
2009; Matthes et al., 2012), five of them were individually fused to
the human ASA polypeptide and analyzed (Fig. 1A).

The N-glycosylation and M6P content of ASA-Tat, ASA-
ApoB, ASA-ApoE-I, and ASA-Ang-2 was similar to that of wild-
type ASA (Fig. 1C,D). ASA-ApoE-II, however, exhibited less M6P
residues and an increased concentration of complex and/or hy-
brid type N-glycans. This suggests that the ApoE-II domain in-
terferes with the N-acetylglucosamine-1-phosphotransferase,
which catalyzes the first step in the formation of M6P residues
(Coutinho et al., 2012). Phosphorylation of high-mannose-type
N-glycans precedes oligosaccharide remodeling and hampers
their maturation to hybrid and complex type structures (Miller et
al., 1993). Therefore, the shift toward hybrid and/or complex
type oligosaccharides might be secondary to the low mannosyl
phosphorylation of ASA-ApoE-II.

Wild-type ASA, used as a control, was efficiently endocytosed
by CHO-K1 and MEF cells and soluble M6P reduced internaliza-
tion by �99% (Fig. 2A). MPR300-mediated endocytosis appears,
therefore, to be the primary entry route for wild-type ASA into
these and other nonendothelial cells (Hartmann et al., 1992;
Schmitz et al., 1995; Muschol et al., 2002; Matzner et al., 2008).
Brain endothelial cells (bEND.3, PBCECs) endocytose up to 59-
fold less ASA than nonendothelial cells (CHO-K1, MEFs). There-
fore, only minute amounts of enzyme will be routed to brain

Figure 4. Basolateral transfer of ASA fusion proteins in an in vitro BBB model. A, Scheme of the experimental setup. B,
Basolateral concentrations of ASA (closed bars) and ASA fusion proteins (open bars) were measured 24 h after the addition of 0.1
mg/ml purified protein to the apical medium. Bars represent mean � SD of n � 3–5 wells per condition. Asterisks indicate
statistically significant differences between ASA and ASA fusion proteins (Student’s t test, p � 0.05).
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endothelial cells when they compete with
nonendothelial cells for intravenously in-
jected ASA. This wass clearly confirmed
by measurements of ASA tissue levels after
injection of wild-type ASA into ASA-
knock-out mice. Although mean levels of
liver, spleen, and kidney ASA were 3250,
1200, and 37 ng/mg, respectively, only 0.6
ng/mg was found in the brain (n � 25,
data not shown). After the addition of sol-
uble M6P, the high endocytic activity of
nonendothelial cells dropped below the
levels of bEND.3 cells and PBCECs (Fig. 2A
and data not shown). This indicates that the
discrepancy in the uptake rates is entirely
due to a very low endocytic activity of the
MPR300 in brain endothelial cells. Be-
cause the MPR300 has a low activity at the
BBB and acts as a sink for lysosomal en-
zymes in the periphery, delivery of ASA to
the brain might be favored by two basi-
cally independent strategies: (1) by reduc-
ing the MPR300-dependent bulk flow of
injected ASA to peripheral tissues and
(2) by targeting the enzyme to M6P-
independent receptors at the BBB.

When the MPR300 was blocked,
bEND.3 cells endocytosed ASA fusion
proteins 2- to 3-fold faster than wild-type
ASA, with the highest uptake rates detect-
able for ASA-ApoE-I, ASA-ApoE-II, and
ASA-Ang-2 (Fig. 2A). LRP1 contributed
to the M6P-independent uptake of these
three constructs (Fig. 2C). Another obser-
vation was that all five peptides impaired
the MPR300-mediated endocytosis by
CHO-K1 and/or MEF cells (for ASA-
ApoE-I only in MEF cells). Uptake of
ASA-Tat, for example, was �98% lower
than for wild-type ASA (Fig. 2A). Therefore,
the fused peptides target new receptor sys-
tem(s) at the BBB and concomitantly re-
duce the affinity of the ASA to the MPR300;
that is, they comply with both requirements
proposed to favor ASA delivery to the brain
(see last paragraph).

Preclinical ERT trials revealed that the
observed retargeting from MPR300- to
M6P-independent receptors indeed had
the potential to alter the biodistribution of
ASA fusion proteins in vivo (Fig. 5). In
view of the endocytosis experiments and

4

Figure 5. Tissue distribution of ASA fusion proteins. ASA-
knock-out mice were injected with ASA-Tat (A), ASA-ApoB
(B), ASA-ApoE-I (C), ASA-ApoE-II (D), and ASA-Ang-2 (E), re-
spectively (open bars). In F, APOE-knock-out mice were in-
jected with ASA-ApoE-II. For each fusion protein, a separate
set of control mice was treated with ASA (closed bars). Bars
represent mean � SD of n � 4 –5 mice. Asterisks indicate
statistically significant differences between wild-type ASA and
ASA fusion proteins (Student’s t test, p � 0.05).
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increased transendothelial transfer rates
observed in vitro (Fig. 4), it was, however,
surprising that, among the five ASA fu-
sion proteins, only ASA-ApoE-II acquired
significantly higher brain levels than wild-
type ASA. The ApoB-peptide, for exam-
ple, mediated the highest transcytotic rate
in the BBB model, but it did not in-
crease—and in fact reduced— the deliv-
ery of ASA to the brain. This suggests that
even though receptors for ApoB exist at
the BBB, such receptors might prepon-
derate in peripheral tissues and cause,
under competitive conditions, a redistri-
bution of the fusion protein to the disfa-
vor of the brain.

The most important result of our study
is that the ApoE-II peptide not only in-
creased brain delivery of ASA, but also im-
proved the therapeutic potential of ERT in
a mouse model of MLD. Compared with
wild-type ASA, the brain level and sul-
fatide clearance was elevated by similar
factors of 1.6 and 1.7, respectively. Pro-
gressive demyelination is a hallmark of
MLD. However, not only oligodendro-
cytes, but also astrocytes, microglial cells,
and subpopulations of neurons store sul-
fatide (von Figura et al., 2001). The
ApoE-II peptide might also affect the dis-
semination of ASA between these cell
types. A redistribution of ASA-ApoE-II
between cell types may explain the unex-
pected result for kidney, where the sul-
fatide clearance is improved (Fig. 6A)
even though the tissue level is diminished
(Fig. 5D). Possibly, a smaller amount of
ASA is more effective there because the ApoE-II peptide targets
ASA to cells that are the most affected by storage.

The potential of ApoE-II to target ASA across the BBB con-
firms a recent gene therapy approach in which a fusion protein
between �-L-iduronidase and an APOE peptide reached 5-fold
higher brain levels than wild-type �-L-iduronidase (Wang et al.,
2013). However, not all peptides derived from the receptor-
binding domain of APOE are equivalent. In our study, ASA-
ApoE-I did not reach the elevated brain levels of ASA-ApoE-II
and this was correlated with a decreased M6P content (Fig. 1D), a
lower uptake rate by CHO K1 cells, and a higher serum half-life of
ASA-ApoE-II. Therefore, brain targeting of ASA-ApoE-II via
LRP1 and/or other receptors might be advanced by higher levels
of enzyme staying for longer periods of time in the circulation of
the CNS. Sly and coworkers were the first to demonstrate that a
prolongation of the plasma half-life can increase the delivery of a
lysosomal enzyme to the brain parenchyma (Grubb et al., 2008;
Huynh et al., 2012). These investigators modified the N-glycans of
the lysosomal enzyme �-glucuronidase to eliminate its uptake by
MPR300 and other carbohydrate-dependent receptors. Compared
with unmodified enzyme, modified �-glucuronidase had a �100-
fold prolonged plasma half-life, acquired 6-fold higher brain levels,
and eliminated brain storage in �-glucuronidase-deficient mice
more efficiently.

In summary, we have shown here that a peptide derived from
the receptor-binding domain of APOE is effective in delivering

ASA to the brain of mice. We demonstrated binding of the fusion
protein to LRP1, a high-capacity transport system that mediates
rapid transcytosis of proteins from blood to brain (Gabathuler,
2010). We have shown previously that treatment of MLD mice
with high doses of intravenously injected wild-type ASA im-
proves the CNS histopathology and function due to small
amounts of ASA reaching the brain parenchyma (Matzner et al.,
2005, 2009; Matthes et al., 2012). In the present study, we have
demonstrated that ASA-ApoE-II is superior to wild-type ASA in
reducing sulfatide storage in brain and kidney. Minor variations
in the residual enzyme activity between 0% and 5% of the normal
ASA activity determine the entire spectrum of clinical manifesta-
tions of MLD from early-onset forms to healthy individuals (von
Figura et al., 2001). It is therefore likely that the observed increase
in brain delivery and sulfatide clearance may significantly im-
prove the therapeutic benefit of ERT. Future long-term studies in
ASA-knock-out mice and MLD patients are required to test this
notion.
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