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Non-inhibitory antibodies impede lysosomal storage
reduction during enzyme replacement therapy
of a lysosomal storage disease

Ulrich Matzner & Frank Matthes & Cecilia Weigelt &
Claes Andersson & Carl Eistrup & Jens Fogh &

Volkmar Gieselmann

Abstract Enzyme replacement therapy is a treatment
option for several lysosomal storage disorders. We reported
previously that treatment of a knockout mouse model of the
sphingolipid storage disease metachromatic leukodystrophy
(MLD) by intravenous injection of recombinant human
arylsulfatase A (rhASA) reduces sulfatide storage and
improves nervous system pathology and function. Here,
we show that treated mice can develop anti-rhASA anti-
bodies, which impede sulfatide clearance without inhibiting
enzyme activity. The neutralizing effect of antibodies was
reproduced in cell culture models of MLD by demonstrat-
ing that mouse immune serum reduces the ability of rhASA
to clear sulfatide from cultured ASA-deficient Schwann and
kidney cells. We show that reduced clearance is due to
an antibody-mediated blockade of mannose 6-phosphate
receptor-dependent enzyme uptake, retargeting of rhASA
from sulfatide-storing cells to macrophages, intracellular
misrouting of rhASA, and reduction of enzyme stability.
Induction of immunotolerance to rhASA by transgenic
expression of an active site mutant of human ASA restores
sulfatide clearance in mice. The data indicate that the

influence of non-inhibitory antibodies must be more inten-
sively considered in evaluating the therapeutic efficacy of
enzyme replacement in lysosomal storage disorders in general
and in patients without cross-reacting material specifically.
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Abbreviations
ASA arylsulfatase A
CNS central nervous system
CRIM cross-reacting immunological material
ERT enzyme replacement therapy
LSD lysosomal storage disease
M6P mannose 6-phosphate
M6PR M6P receptor
MLD metachromatic leukodystrophy
pNCS p-nitrocatechol sulfate
PNS peripheral nervous system
rhASA recombinant human ASA
Sap B saposin B
TDC taurodeoxycholate

Introduction

Lysosomal storage diseases (LSDs) are inherited metabolic
disorders caused by deficiencies of polypeptides involved
in the homeostasis of the lysosomal compartment [1]. Most
LSDs are due to lysosomal hydrolase deficiencies resulting
in progressive intralysosomal accumulation of undegrad-
able macromolecules causing cellular and organ dysfunc-
tion. The peculiarities of the biological sorting pathways of
lysosomal enzymes provides the rationale for treating these
diseases by enzyme replacement therapy (ERT), a treatment
strategy based on i.v. injection of the active counterpart of
the defective enzyme [2, 3]. Exogenously supplied lyso-
somal enzymes bind to cell surface receptors which
internalize ligands by receptor-mediated endocytosis and
target them to lysosomes. By this means, a systemically
administered enzyme provides a source of active enzyme
for the lysosomes of enzyme-deficient cells. In most LSDs,
the enzyme must be targeted through the mannose-6-
phosphate receptor (M6PR), which binds mannose-6-
phosphate (M6P) residues present on N-glycans of the
enzymes [4]. In this respect, only Gaucher disease is an
exception since here the deficient enzyme is targeted
through the mannose-receptor present on macrophages [5].
ERT, which has been clinically approved for Gaucher
disease, Fabry disease, Pompe disease, and mucopolysac-
charidosis type I, II and VI is considered as a safe regimen.
The only major complication can be the development of
antibodies to the infused enzyme. Antibodies can cause
hypersensitivity reactions [6], resistance to treatment due to
the development of inhibitory antibodies (which are here
defined as antibodies which block catalytic activity of the
therapeutic enzyme) [7, 8], and glomerulonephritis which
results from the subendothelial deposition of immune
complexes in kidney [9]. Many patients, however, develop
antibodies and do not develop any of these complications.

In general, the presence of non-inhibitory antibodies has
been considered as negligible and irrelevant for therapeutic
efficacy. Recently, we have demonstrated that ERT
improves the nervous system pathology and function in a
mouse model of the LSD metachromatic leukodystrophy
(MLD) [10] which is characterized by deficiency of the
lysosomal enzyme arylsulfatase A (ASA; E.C. 3.1.6.8.) and
accumulation of its substrate 3-O-sulfogalactosylceramide
(sulfatide) [11, 12]. In the present study, we analyze
immune-mediated side effects occurring during ERT in
these mice.

Materials and methods

Materials

Antibodies against sulfatide (sulph I), LAMP-2 and F4/80
were kindly provided by P. Fredman (Molndal, Sweden), P.
Saftig (Kiel, Germany), and D. Hartmann (Leuven,
Belgium), respectively. Secondary antibodies were from
Jackson IR Laboratories (West Grove, USA). Saposin B
(Sap B) was a kind gift of A. Fluharty (Los Angeles,
USA). All other chemicals were from Sigma-Aldrich
(Deisenhofen, Germany), Merck (Darmstadt, Germany),
or Calbiochem-Novabiochem (Schwalbach, Germany).

rhASA

Recombinant human ASA (Metazym) was provided by
Zymenex A/S (Hillerod, Denmark). The enzyme used in
the present study was from the same purification batch as
the rhASA used in our previous proof-of-concept study
[10]. The specific activity of the enzyme preparation was
>60 U/mg. No contaminants were detectable by SDS-PAGE
and MALDI-TOF spectroscopy (not shown). ASA activity
was measured with the artificial substrate p-nitrocatechol
sulfate (pNCS) [13]. ASA and protein concentrations were
determined by an indirect sandwich ELISA [14] and the
BioRad Dc assay (BioRad, Hercules, USA). For the
determination of ASA-catalyzed sulfatide hydrolysis, a
micellar assay was established (Matzner et al., in prepara-
tion). Briefly, 3.5 μg sulfatide was ultrasonicated in 10 mM
sodium acetate pH 5.0 and mixed with 30 mU rhASA and
either 50 μg taurodeoxycholate (TDC) or 3 μg Sap B in a
total volume of 50 μl. After 1.5 h incubation at 37°C, lipids
were extracted [15], separated by high performance TLC,
and quantified as described below.

Treatment and processing of mice

Conventional ASA knockout mice [11] and ASA knockout
mice expressing an active site mutant of hASA from a
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stably integrated transgene were used [16]. The latter strain
is immunologically unresponsive to rhASA. All experi-
mental animals had the mixed genetic background
C57Bl6×129ola and were kept under standard housing
conditions according to the current version of the German
law on protection of animals. Animal experiments were
approved by the regional authorities (reference number
50.203.2-BN 24, 1/05). For high-dose treatment, 8- to 12-
month-old mice were i.v.-injected with 20 mg rhASA per
kg bodyweight. Low dose treatment was donewith 2.5 mg/kg
beginning at age 6–9 weeks. Age-matched ASA knockout
controls received infusions of 250 μl 1× TBS pH 7.4. One
week after the last infusion mice were transcardially perfused
with 50 ml 1× PBS pH 7.4 and tissues were dissected and
homogenized in 1× TBS pH 7.4.

Lipid analysis

Lipids were extracted and quantified as described [10]
using an automatic TLC sampler ATS4 operated under the
winCATS software (Camag, Berlin, Germany).

Antibody titering

For the determination of α-hASA antibody titers an initial
1-to-25 serum dilution was serially 1-to-1 diluted with
BSA/TBS (1% BSA [w/v] in 1× TBS pH 7.4). Then, 25 μl
of each dilution was incubated with 25 μl 0.75 μg/ml
rhASA in BSA/TBS at 4°C for 14 h. After addition of 20 μl
resuspended Pansorbin Staph A cells, the mixture was
incubated for 2 h at 4°C and subsequently centrifuged. The
ASA concentration of the supernatant was determined and
compared with the ASA concentration of control samples to
which BSA/TBS instead of serum dilution had been added.
The amount of ASA lost from the supernatant is a measure
for the α-hASA antibody concentration. For the detection
of activity-inhibiting antibodies, the ASA activity of the
immunoprecipitate was also determined.

Cell culture, ASA feeding, and immunofluorescence

ASA-deficient Schwann cells [17] and ASA-deficient
kidney cells [18] were used as cell culture models of
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Fig. 1 Side effects of ERT in conventional ASA knockout mice. a
Mortality in ASA knockout mice (triangles, n=20) and wildtype
controls (circles, n=10) during ERT with 20 mg/kg rhASA. b
Reaccumulation of sulfatide in kidney during ERT with 20 mg/kg.
Bars indicate sulfatide levels of one- to four-times-treated conven-
tional ASA knockout mice (−/−) normalized on the mean sulfatide
levels of mock-treated ASA knockout mice used as controls. Sulfatide
levels of wildtype mice (+/+) are shown as a control. While open bars
represent sulfatide levels determined in the present study, data from a
previous study are shown as closed bars [10]. Bars indicate means±
SD, n=3. c Sulfatide tissue levels after four treatments with 20 mg/kg

rhASA. Values are normalized on the mean sulfatide levels of mock-
treated ASA knockout mice used as controls. Same groups and group
sizes as in b. d rhASA serum levels 10 min after the first (closed bars)
and fourth injection (open bars) of different rhASA doses. Levels
were measured by ELISA. Bars indicate means±SD, n=7–25. e
rhASA serum kinetics after the first (closed circles) and fourth
infusion (open circles) of 20 mg/kg (ELISA). Data points indicate
means±SD, n=5. f rhASA tissue levels 8 days after the first (closed
bars) and fourth (open bars) infusion of 20 mg/kg (ELISA). Bars
indicate means±SD, n=3

435



MLD. For analysis of sulfatide reduction, cell culture media
were supplemented with 2 μg/ml (Schwann cells) or 6 μg/ml
rhASA (kidney cells). After 20 h, Schwann cells were
immunostained for sulfatide [18] and kidney cells were
harvested for lipid analysis [10]. For the analysis of en-
docytosis, primary kidney cells and baby hamster kidney
(BHK) cells were incubated with 2.5 μg/ml rhASA for 20 h
and then immunostained for sulfatide, ASA, and/or F4/80
[18] or homogenized for quantification of intracellular
rhASA by ELISA or pNCS assay. For some feeding
experiments, rhASA was preincubated with preimmune or
immune serum prepared from conventional ASA knockout
mice which had been treated by four injections of TBS and
20 mg/kg rhASA, respectively. Each microgram of rhASA
was incubated with 26.7 μl serum for 1 h at 37°C.

Calculations

Statistical analysis was done by unpaired Student’s t test
using InStat version 3.06 (GraphPad, San Diego, USA).
P<0.05 was considered statistically significant. Data are
presented as arithmetic means±SD.

Results

Side effects of ERT

Conventional ASA knockout mice were treated by weekly
injection of 20 mg/kg rhASA for 4 weeks. While the first
two infusions were well tolerated, a decline of general
motor activity and, in >50% of the mice, lethargy and death

were observed after the third and fourth injection (Fig. 1a).
In wildtype mice treated as a control, the symptoms were
substantially milder and did not cause casualties even
within an extended treatment period of 10 weeks.

We have shown previously that four infusions of 20 mg/kg
rhASA continuously diminished sulfatide storage in kid-
ney (Fig. 1b; the respective data are from [10]). Similarly,
a step-wise decline of sulfatide storage was detectable
after the second and third treatment in the present study

0
20
40
60
80

100
120
140

B
S

A
irrel as
19-16-3
B

E
#3

pre immctrl

#1 #2 #3 #4 #5 #1 #2 #3 #4 #5 #6 #7 #8

prectrl

w
/o

serum
w

/o
S

ap-B
w

/o
A

S
A

#1 #3 #2#2 #1 #3 w
/o

serum
w

/o
T

D
C

w
/o

A
S

A

#2#1 #3 #1 #2 #3 S
ulf

G
alC

er

imm

stdSap-B TDC

a

b

%
of

in
pu

tA
S

A

0

1.0

µl serum

µg
rh

A
S

A
/m

ls
up

er
na

ta
nt

1/2 1/4 1/8 1/161/321/64 1/1281/2562 1

1.5

0.5

c

prectrl imm

Sulf

GalCer

Fig. 2 α-rhASA antibodies of ERT-treated conventional ASA
knockout mice. a Antibody titers. Serum prepared before (open
circles) and after injection 1 (open squares), 2 (open triangles), 3
(closed circles), and 4 (closed squares) was analyzed by immunopre-
cipitation. The decline of ASA is a measure for the α-rhASA antibody
titer. Means±SD, n=4. b pNCS-hydrolyzing activity of antibody-
bound rhASA. rhASA was mixed with mouse serum or control
antibodies and then immunoprecipitated. The ASA activities lost from
the supernatant (closed bars) and retrieved from the pellet (open bars)
are expressed as percent of the total ASA activity added to the mixture
(input ASA). Immune sera (imm) of ASA knockout mice treated by 4
injections of 20 mg/kg rhASA and, as a control, preimmune sera (pre)
from ASA knockout mice which had not been treated with enzyme or
buffer were analyzed using the pNCS assay. Additional controls (ctrl)
were 1% (w/v) BSA in 1× TBS pH 7.4 (BSA), the irrelevant rabbit
antiserum (irrel as) α-GSULT [19], the α-hASA monoclonal antibody
19-16-3 and the α-hASA antiserum BE#3 [20]. Bars represent means±
SD, n=3. c Effect of antibodies on the sulfatide-hydrolyzing activity of
rhASA. Sap B or TDC was used to solubilize sulfatide. Three immune
sera (imm) and, as control 3 preimmune sera (pre) were analyzed. In
control reactions (ctrl), rhASA was not preincubated (w/o serum) or
either Sap B (w/o Sap B) or rhASA (w/o ASA) was omitted. The
intensity of the galactosylceramide band is a measure for the ASA
activity. Sulf sulfatide, GalCer galactosylceramide

�

436



(Fig. 1b). In striking contrast to the previous study,
sulfatide levels reaccumulated to pretreatment levels after
the fourth injection. Also, in the nervous system of four-
times-treated mice, significant storage reduction was
detectable only in the previous, but not in the present,
studies (Fig. 1c).

rhASA serum concentrations were analyzed 10 min after
the first and the last of four consecutive injections of 2.5, 5,
or 20 mg/kg rhASA. After the fourth treatment, serum levels
were diminished by 93, 81, and 44% compared to the first
infusion (Fig. 1d). Repeated measurements within the first
hour after injection of 20 mg/kg rhASA confirmed the
differences in the serum kinetics (Fig. 1e).

Next, we determined hASA tissue levels. After the first
injection of 20 mg/kg rhASA, most rhASA was detectable
in liver; intermediate levels were present in kidney and
peripheral nerves (Fig. 1f) and enzyme was undetectable in
brain (not shown). After the fourth infusion, rhASA levels
of the kidney and brain were unchanged. However, levels
of rhASA in the liver had dropped by 44% and those of the
sciatic nerve and brachial plexus were increased 13- and
4-fold, respectively.

α-hASA antibodies

After the third and fourth infusion of 20 mg/kg rhASA,
increasing titers of α-hASA antibodies were detectable
(Fig. 2a). To test for inhibitory antibodies, we immunopre-
cipitated rhASA with mouse immune serum and measured
the pNCS-hydrolyzing activity of the precipitate (Fig. 2b).
The rabbit antiserum BE#3, which diminishes the activi-
ty of rhASA by ~30% and the antibody 19-16-3, which
does not inhibit ASA activity, were used as controls [20].
While preimmune sera did not precipitate rhASA, >90%
of rhASA was immunoprecipitated by α-hASA control
antibodies and immune sera. For all mouse immune sera,
the total activity of the immunoprecipitate equaled the
activity removed from the supernatant, showing that the
antibody-bound rhASA is fully active. Only for BE#3,
around 31% of the ASA activity was not recovered,
confirming the partial inhibitory potential of this control
antiserum.

Hydrolysis of the main natural ASA substrate, sulfatide,
requires solubilization by a proteinaceous cofactor, Sap B.
We hypothesized that even in the absence of inhibitory
effects on pNCS hydrolysis, antibodies might interfere with
cofactor-dependent sulfatide hydrolysis. To test this notion,
we established a micellar in vitro assay for ASA-catalyzed
hydrolysis of sulfatide (Matzner et al., in preparation).
Sulfatide was solubilized either with TDC or Sap B. In both
assays, preincubation of rhASA with mouse immune serum
did not affect the substrate turnover and equal amounts of
the reaction product galactosylceramide were detectable

after preincubation of rhASAwith different preimmune and
immune sera (Fig. 2c).

Sulfatide clearance in cell culture models of MLD

To analyze effects of α-hASA antibodies on ERT in vitro,
cultured ASA-deficient cells were investigated. While
feeding of Schwann cells [17] with rhASA, which had
been pretreated with preimmune serum, clearly reduced the
number of sulfatide storage granules (Fig. 3a3), pretreat-
ment with immune serum led to the persistence of most
granules (Fig. 3a4). Also, in ASA-deficient kidney cells,
feeding with preimmune serum-pretreated rhASA led to

Fig. 3 Antibody effects in cell culture models of MLD. a Immortal-
ized ASA-deficient Schwann cells stained with sulph I to visualize
intracellular sulfatide storagematerial (red). Nuclear counterstaining with
DAPI. a1—cells under bright field illumination. a2—intralysosomal
sulfatide storage of cells cultured in the absence of rhASA. a3—cells
fed with rhASA which had been preincubated with preimmune serum.
Intracellular storage virtually disappeared. a4—cells incubated with
rhASA which had been preincubated with immune serum. Sulfatide
storage largely persisted. Bars represent 20 μm (a2–a4) and 100 μm
(a1), respectively. b Primary ASA-deficient kidney cells. Levels of
sulfatide (open bars) and, as an internal standard, cholesterol (closed
bars) were determined in ASA-deficient cells (ASA−/−) and wildtype
control cells (ASA +/+) fed with rhASA preincubated with serum as
indicated. *P<0.05 (Student’s t test)
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sulfatide clearance and pretreatment with immune serum
reduced the extent of clearance under otherwise identical
experimental conditions (Fig. 3b).

Endocytosis, half life, and targeting of rhASA in primary
kidney cells

ASA-deficient kidney cells were used to analyze the impact
of preimmune and immune serum on cellular uptake and
distribution of rhASA more precisely. For this purpose,
rhASA was quantified in homogenates of cells fed with
serum-pretreated rhASA. Surprisingly, rhASA uptake/bind-
ing was 2.5-fold increased after pretreatment with immune
serum compared to pretreatment with preimmune serum
(Fig. 4a). Furthermore, while M6P (a competitive inhibitor
of M6PR-mediated endocytosis) blocked endocytosis/
binding of preimmune serum-pretreated rhASA almost com-
pletely, internalization/binding of immune serum-pretreated
rhASAwas unaffected (Fig. 4b).

To verify that the antibodies interfere with M6PR-
dependent endocytosis, BHK cells were incubated with

serum-preincubated rhASA in the absence or presence of
M6P. After preincubation with preimmune serum, rhASA
was endocytosed via M6PR whereas preincubation with
immune serum blocked endocytosis completely (Fig. 4c).

Finally, primary kidney cells were used to determine the
half life of the internalized/bound rhASA. Following
preincubation of rhASA with preimmune serum, around
60% of the initial rhASA level was still detectable after a
3-day chase, indicating a half life of >72 h (Fig. 4d).
Immune serum reduced the rhASA stability significantly
and 50% of the initial immunoreactivity was already lost
after 48 h.

Primary kidney cell cultures are enriched for epithelial
cells, but also contain macrophages (Fig. 5a–d). To
investigate the dissemination of rhASA between different
cell types, we immunostained rhASA-fed cells with α-
hASA antibodies (Fig. 5). rhASA pretreated with preim-
mune serum was readily taken up by epithelial cells and
rhASA-containing vesicles were discernible intracellularly
(Fig. 5a,e). A population of globular, non-epithelial cells
showed diffuse staining (Fig. 5a). After preincubation of
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rhASA with immune serum, epithelial cells showed no or
only weak intracellular rhASA signals (Fig. 5b,f) while the
small, globular cells were heavily stained (Fig. 5b,c). Co-
immunostaining for rhASA and F4/80, a macrophage-
restricted cell surface glycoprotein, identified the latter as
macrophages (Fig. 5c). Some enlarged F4/80-rhASA
double-positive cells (Fig. 5c inset) and swollen macro-
phages with extended vacuolar structures which were
positive for rhASA and the lysosomal marker LAMP-2
were also visible (Fig. 5d).

Possible effects of antibodies on the intracellular target-
ing of rhASA were analyzed by co-staining of rhASA and
LAMP-2 after rhASA feeding of kidney epithelial cells.
rhASA pretreated with preimmune serum co-localized with

LAMP-2 indicating lysosomal localization of the endocytosed
enzyme (Fig. 5e). In contrast, pretreatment with immune
serum largely abolished ASA/LAMP-2 co-localization
(Fig. 5f).

ERT of immunotolerant ASA knockout mice

ASA knockout mice expressing an active site mutant of
hASA from a stably integrated transgene are immunotolerant
to rhASA [16]. To demonstrate the therapeutic impact of α-
hASA antibodies in vivo, we treated immunotolerant and,
in parallel, conventional, immunocompetent ASA knockout
mice by weekly injection of rhASA. To allow for survival
of the conventional ASA knockout line, low rhASA doses

Fig. 5 Targeting of rhASA in primary cultures of ASA-deficient
kidney cells. Cells were incubated with rhASA which had been
pretreated either with preimmune serum or immune serum. After 20 h,
cells were washed and immunostained for different antigens. Nuclear
counterstaining was done with DAPI. a, b Staining for rhASA (red). a
rhASA which had been preincubated with preimmune serum is
detectable on the surface of small, globular cells (arrows) and in
vesicles (arrowheads) of epithelial cells (asterices). b Uptake of
immune-serum-pretreated rhASA by epithelial cells (asterices) is low
(arrowheads), but surface binding to the small, globular cells is
considerably enhanced (arrows). c, d Macrophages after feeding of
rhASA pretreated with immune serum. c Co-immunostaining of
rhASA (red) and F4/80 (green) identifies the rhASA-positive, globular

cells as macrophages. Enlarged double-positive cells display a thready
ASA staining pattern suggesting surface binding to pseudopodial
processes, characteristic of reactive macrophages (inset). d Co-
immunostaining of rhASA (green) and the lysosomal marker
LAMP-2 (red) reveals some macrophages with extended double-
positive vacuolar structures indicating massive phagocytosis of
rhASA. e, f Epithelial cells after co-staining of rhASA (green) and
LAMP-2 (red). e rhASA which had been pretreated with preimmune
serum co-localizes with LAMP-2 indicating lysosomal localization of
the endocytosed enzyme (arrowheads). f Uptake of immune-serum-
pretreated ASA is low and endocytosed rhASA hardly co-localizes
with LAMP-2 (arrowheads). Bars represent 20 μm, a–d or 50 μm, e
and f
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of 2.5 mg/kg had to be applied. While immunocompetent
ASA knockout mice started to develop high and sustained
α-rhASA antibody titers after the third treatment, anti-
bodies were undetectable in immunotolerant mice during
the entire treatment period (data not shown). After
17 weeks, mice were sacrificed and sulfatide levels were
analyzed in kidney and central nervous system (CNS).
While no decline of sulfatide was detectable in tissues of
immunocompetent ASA knockout mice, sulfatide levels
were significantly reduced by 21.1 and 8.3% in kidney and
spinal cord of immunotolerant mice, respectively (Fig. 6).

Discussion

We demonstrated previously that repeated i.v. injection of
20 mg/kg rhASA into ASA knockout mice reduces
sulfatide storage [10]. Importantly, storage was also
diminished in the peripheral (PNS) and central nervous
system (CNS), which represent the main sites of disease in
MLD [12]. In the experiments presented here, mice were
treated in an identical manner using the same enzyme
batch. The detailed analysis of immunological side effects
of ERT was initiated when we noticed that in contrast to our
previous study, sulfatide levels of kidney, PNS, and CNS
were only transiently diminished and increased to pretreat-
ment levels after the fourth dosing (Fig. 1b,c). We
speculated that the discrepancy between the two studies
might be due to α-rhASA antibodies, which may have
developed slightly earlier in the present study. To verify a
causative role of antibodies for diminished sulfatide
clearance, we performed ERT in a conventional, immuno-

competent [11], and a novel, immunotolerant ASA knock-
out mouse line [16]. While immunocompetent mice
developed α-hASA antibodies and showed no sulfatide
clearance, immunotolerant mice did not develop a humoral
immune response and sulfatide levels were significantly
reduced in kidney and spinal cord (Fig. 6). This clearly
demonstrated that the immune response of conventional
ASA knockout mice impaired clearance effects of ERT in
peripheral tissues and CNS. It is well established that ERT
of LSDs can result in the development of inhibitory
antibodies which neutralize therapeutic effects by interfer-
ing with the catalytic activity of the therapeutic enzyme.
Thus, 61% of Fabry disease patients expressed activity-
inhibiting antibodies to α-galactosidase A in a previous
clinical trial [8]. In our study, however, the impairment of
sulfatide clearance cannot be explained by an antibody-
mediated inhibition of enzymatic activity. Antibodies had
no effect on enzyme activity, which was determined also
under physiological conditions in which Sap B-associated
sulfatide was hydrolyzed by ASA (Fig. 2c). Nevertheless,
immune sera of mice significantly diminished the ability of
rhASA to reduce sulfatide storage in cultured Schwann
cells and kidney cells (Fig. 3). The analysis of enzyme
dissemination, uptake, and targeting in mixed cultures of
kidney cells indicated that at least four antibody-mediated
processes contributed to reduced sulfatide clearance: inhi-
bition of M6P-dependent endocytosis, intracellular misrout-
ing of endocytosed rhASA, reduction of enzyme half life,
and redistribution of rhASA from sulfatide-storing epithe-
lial cells to macrophages (Figs. 4 and 5). Reduced enzyme
stability and redirection to macrophages may be explained
by preferential binding and uptake of antibody-conjugated
rhASA via macrophage-restricted Fc receptors mediating
trafficking of rhASA to the MIIC compartment where it is
degraded for antigene processing. Our data partially
confirm earlier studies which showed an altered subcellular
distribution of endocytosed arylsulfatase B (ASB) and α-L-
iduronidase in the presence of high titer antibody [21, 22].

In treated mice, antibodies against rhASA also affected
the pharmacokinetics and tissue distribution of rhASA.
Thus, concomitant with the increase of the antibody titer,
the peak concentration of rhASA in serum declined
(Figs. 1d,e, and 2a). It is readily conceivable that rising
antibody levels cause complexation of increasing percent-
ages of rhASA from treatment to treatment. The inacces-
sibility of the sequestered rhASA for ELISA antibodies
might explain the continuous decrease of the apparent
serum level. Alternatively, the immune complexes might
get lost from the circulation by transcytosis across the
endothelial cell layer [9] and/or phagocytosis by macro-
phages. One of these processes might also explain the
unexpected and more than 10-fold accumulation of ASA in
peripheral nerves (Fig. 1f). A redistribution of substituted
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Fig. 6 Sulfatide reduction in tissues of ASA knockout mice treated by
weekly injection of 2.5 mg/kg rhASA for 17 weeks. Sulfatide levels of
conventional, non-immunotolerant ASA knockout mice (open bars),
immunotolerant ASA knockout mice (closed bars), and untreated
wildtype control mice (scattered bars) were measured and normalized
on the mean sulfatide levels of mock-treated controls of the same
genotype or, for wildtype mice, on that of mock-treated conventional
ASA knockout mice. Bars indicate means±SD, n=5. Asterices
indicate a significant difference to the corresponding mock-treated
control group. *P<0.05 (Student’s t test)
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enzyme between tissues has been observed in other ERT
studies as well. Thus, similar to ASA in mice, lower levels
of ASB reached the liver of rats when the α-ASB antibody
titer increased [21, 22].

Development of antibodies to the therapeutic enzyme
has also been observed in the clinic. Thus, about 13% of
Gaucher patients developed antibodies against injected
recombinant β-glucocerebrosidase [7]. So-called non-
inhibitory antibodies, i.e., antibodies, which do not inhibit
the enzyme activity, have been suggested to have no effect
on therapeutic efficacy in this disease and are therefore
negligible. In Gaucher type I patients, however, the
macrophage is the primary target of the therapy and, most
likely, it is therefore irrelevant whether the enzyme is
targeted via mannose residues or antibodies. In this
particular case, antibodies may even enhance targeting of
enzyme to the primary affected cell population. In other
LSDs, therapeutic efficacy depends on targeting via the
M6PR-pathway [4]. Thus, ASA, which lacks M6P, has a
reduced potency to diminish sulfatide storage in ASA
knockout mice after retroviral expression from hematopoi-
etic cells [23, 24]. Also, in mucopolysaccharidosis type VII
mice, phosphorylated β-glucuronidase reduces storage
more efficiently than a non-phosphorylated enzyme [25].
Therefore, in LSDs, which treatment depends on M6PR-
targeting, the antibody-directed delivery of enzyme to
macrophages is likely to reduce clearance.

In Fabry disease, antibodies to α-galactosidase were not
found to interfere with normalization of plasma globotriao-
sylceramide (Gb3) levels and clearance of Gb3 from skin
biopsies [26]. Two studies, however, independently showed
that the development of antibodies coincided with an
increase in urinary Gb3 excretion to pretreatment levels
[7, 27]. Although it is unclear how this relates to renal
problems in the patients, the antibody-induced elevation of
urinary Gb3 levels clearly demonstrates that antibodies
have an effect on the pharmacological properties of the
injected enzyme. One of these studies also demonstrated
that injected enzyme is indeed associated with antibodies
after injection and that antibodies enhanced uptake of
enzyme by leukocytes, which is in accordance with the
preferential uptake by macrophages found in our study.
Thus, Fabry disease may be an example of an LSD in
which antibody-induced mistargeting of therapeutic enzyme
reduces clearance efficacies. These results and those
presented here emphasize that in ERT, so-called non-
inhibitory antibodies should not be ignored, but may in
fact be a major reason for low clearance of lysosomal
storage.

Development of antibodies correlates with the presence
of cross-reacting immunological material (CRIM) in the
patients. In Gaucher type I patients, who express β-
glucocerebrosidase with reduced activity, only about 13%

of affected individuals develop antibody titers during
treatment [7]. In Fabry disease, however, most patients are
CRIM-negative and seroconversion occurs in 70–90% of
patients [8]. In MLD, the majority of patients bear alleles,
which express ASA polypeptides and only about 6% of all
patients are expected to be CRIM-negative [28]. Our data
suggest that these patients might profit from immunosup-
pression during ERT.
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