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1. Introduction

A functional deficiency of the lysosomal enzyme β-galactosylceramidase
(GALC; EC 3.2.1.46) causes the lysosomal storage disease (LSD) globoid
cell leukodystrophy (GLD; Krabbe disease; OMIM #245200). GALC is re-
sponsible for the degradation of galactosylceramide, amajor sphingolipid
component of myelin. In the absence of GALC activity, the cytotoxic lyso-
metabolite galactosylsphingosine (psychosine) progressively accumulates in

the central (CNS) and peripheral nervous systems (PNS), causing rapid degen-
erationof oligodendrocytes andSchwanncells, and thusdevastatingdemyelin-
ation (Suzuki andSuzuki, 1995; Suzuki, 2003;Wenger et al., 2013). Thedisease
is further characterized by CNS-infiltration of macrophages, turning into
multinucleated “globoidcells”withcharacteristicgalactosylceramide inclusions.
Most patients suffer from the infantile form of GLD with onset of disease
between 3 and 6months after birth and death by 2 years of age. However, pa-
tients with later onset, including adult-onset, have been reported (Wenger,
2000). Currently, the only treatment option is hematopoietic stem cell trans-
plantation, typically from umbilical-cord blood. Treatment has been effective,
however, only in presymptomatic patients (Escolar et al., 2005; Duffner et al.,
2009).

Several naturally occurring animal models for GLD have been
described, including dogs (Fletcher and Kurtz, 1972) and non-human
primates (Luzi et al., 1997). The twitcher mouse (Kobayashi et al.,
1980) has been, however, most widely used to study experimental
therapies. While histopathologic findings are similar to those in
human GLD, the mice display a very rapid course of disease, beginning
around postnatal day (PND) 20 with involuntary head tremor, failure
to thrive, progressive limbweakness, paralysis of the hind limbs around
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PND 35 and death approximately at PND 40 (Duchen et al., 1980; Olmstead,
1987). Twitchermice carry a GNAmutation at cDNAposition 1017 that results
in the formation of a premature stop codonW339X (Sakai et al., 1996). Due to
nonsense-mediatedmRNAdecay, almostnoGALCmRNAandnoGALCprotein
is detectable in twitcher tissues (Lee et al., 2006). Another mouse model has
been generated by introducing a missense mutation into the murine GALC
gene using homologous recombination (Luzi et al., 2001). This transgenic
H168Cmouse exhibits a slightly delayed onset of symptoms compared to the
twitchermouse, and death occurs at an average of 50 days.

Different experimental approaches for GLD treatment have been
evaluated in twitcher mice (Li and Sands, 2014). The most effective so
far have been adeno-associated virus (AAV)-mediated gene therapy
using combined intracerebroventricular, intracerebellar, and intrave-
nous injection of virus particles (Rafi et al., 2012), and a combination
of bone marrow transplantation with AAV-mediated gene therapy
(Reddy et al., 2011), respectively. Both treatments were able to triple
the 40 day-lifespan of untreated twitcher mice when administered to
neonatal mice. A gene therapy approach using a single intravenous in-
jection of AAV vector at PND 10 demonstrated encouraging results as
well and increased the life expectancy by 20–25 days on average (Rafi
et al., 2015). A similar extension by 19 days was achieved by a combina-
tion of bone marrow transplantation with intracerebroventricular and
intrathecal enzyme replacement therapy (ERT) using recombinant mu-
rine GALC (rhGALC) (Qin et al., 2012), while conventional ERT by re-
peated intraperitoneal injections of murine GALC starting at PND 20
was reported to increase the lifespan by 7 days (Lee et al., 2005). The
major limitation of the twitchermodel is its aggressive course of disease
and short lifespan, restricting therapeutic interventions to a short inter-
val of only several weeks.

In this study, we generated a novel mousemodel of GLD by inserting
a human GALC cDNA containing an adult-onset patient mutation into
themurine GALC gene. The humanized knock-in was expected to medi-
ate low expression of residual GALC activity in the mice, thereby miti-
gating disease symptoms and prolonging lifespan compared to
twitcher mice. The second rationale to generate this new model was
to induce immunotolerance to rhGALC for use in preclinical ERT trials.
ERT using repeated intravenous injection of rhGALC was successful in
reducing psychosine levels in the CNS.

2. Materials and methods

2.1. Ethics statement

Animal experimentswere carried out in accordancewith the regula-
tions of the German Animal Welfare Act (TierSchG) and the Directive
2010/63/EU of the European Parliament and of the Council on the Pro-
tection of Animals used for Scientific Purposes. The protocol was ap-
proved by the local authorities (Ministry of Energy, Agriculture, the
Environment and Rural Areas, permit number: V 312-72241.123-1).

2.2. Targeting vector

Humanized knock-in mice were generated at TaconicArtemis (Co-
logne, Germany) usinghomologous recombination inmouse embryonic
stem (ES) cells. The targeting vector was constructed by standard mo-
lecular cloning methods and Red/ET recombination. First, the mutation
c.G809A (p.G270D) and the polymorphism c.T1637C (p.I546T) were in-
troduced into the full length human cDNA by site-directedmutagenesis.
Then, the cDNAwasmodified by inserting the human GALC intron 2 be-
tween exons 2 and 3 and by introducing themouse GALC 3′-untranslat-
ed region downstream of the stop codon in exon 17. The engineered
human cDNA was inserted into the murine GALC exon 1 at the position
of the endogenous translation initiation site. For positive selection a pu-
romycin resistance marker flanked by F3-recombination sites was
cloned downstream of the engineered human GALC cDNA. The short
and long arms of homology were isolated from the C57BL/6 strain BAC

library RPCI-23 and inserted into the basic targeting vector by Red/ET
recombination. Downstream of the long arm of homology a thymidine
kinase expression cassette for negative selection of random integrants
was cloned. The targeting vector is shown in Fig. 1.

2.3. ES cell culture and homologous recombination

C57BL/6N ES cells were grown on a mitotically inactivated feeder
layer of mouse embryonic fibroblasts in DMEM high-glucose medium
containing 20% fetal bovine serum (PAN-Biotech, Aidenbach, Germany) and
1200 U/ml leukemia inhibitory factor (ESG 1107; Millipore, Schwalbach,
Germany). Cells (1 × 107) were electroporated with linearized vector DNA
(30 μg) using a Bio-Rad Gene Pulser (Bio-Rad, Munich, Germany) at 240 V
and 500 μF. Puromycin selection (1 μg/ml) was started on day 2,
counterselectionwith ganciclovir (2 μM) on day 5 after electroporation. Select-
ed ES cloneswere isolated on day 8 and analyzed by Southern blotting accord-
ing to standard procedures using appropriate restriction enzymes and internal
and external probes. Correct homologous recombination and single integration
were validated in 12 of 145 ES cell clones indicating a targeting frequency of
8.3% (not shown).

2.4. Production of chimeric mice

Blastocystswere isolated from superovulated BALB/c females at days
post coitum (dpc) 3.5. For microinjection, blastocysts were placed in a
drop of DMEMwith 15% FCS under mineral oil. A flat tip, piezo actuated
microinjection pipette with an internal diameter of 12–15 μmwas used
to inject 10–15 targeted C57BL/6NTac ES cells into each blastocyst. A
total of 98 blastocysts were injected with ES cells from two targeted
clones. After recovery, 8 injected blastocysts were transferred to each
uterine horn of dpc 2.5, pseudopregnant NMRI females. The foster
mice gave birth to 29 pups of which 18 were chimeras. Chimerism
was determined by coat color contribution of ES cells to the BALB/c
host (black/white). Five highly chimeric male mice (N50%) were bred
to C57BL/6 females being transgenic for the Flp recombinase gene
(Schaft et al., 2001). Two breeding pairs produced a total of 96 pups.
Germline transmission was identified by the presence of black, strain
C57BL/6, offspring. Mice heterozygous for the humanized GALC allele
were identified by PCR genotyping and crossed to generate homozy-
gous offspring.

Fig. 1. Targeting strategy. The coding and non-coding regions of the 17 exons of the GALC
locus on murine chromosome 12 are indicated by open and hatched boxes, respectively.
Introns and flanking regions are shown as dashed lines. The human GALC cDNA (filled
boxes) harbors exons1 to 17 (underlinednumbers) and intron 2 (black line). A puromycin
resistance cassette (puro) flanked by F3 recombination sites (triangles) is located down-
stream of the human GALC cDNA. The lengths of the short arm (SA) and long arm of ho-
mology (LA) are indicated. A thymidine kinase expression cassette (Tk) was used for
negative selection of ES cell clones with random integration of the targeting vector. The
puromycin resistance cassette was excised from the targeted allele by Flp recombinase.
Not drawn to scale.
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2.5. Quantitative polymerase chain reaction (qPCR)

Tissue (30mg) conserved in 500 μl RNAlater RNA stabilization reagent
(Qiagen, Hilden, Germany) was lysed using the TissueLyser instrument
(Qiagen). Total RNA was extracted from tissue homogenates and total
blood with the RNeasy Plus Mini Kit (Qiagen). cDNA was synthesized
from 1 μg RNA using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems/Life Technologies, Darmstadt, Germany). Levels of
murine and humanized humanGALCmRNAweremeasured in triplicates
with a 7900 HT Fast Real-Time PCR System (Applied Biosystems/Life
Technologies, 384-well format) using 2 μl cDNA and normalized on the
expression level of the housekeeping gene Hp1bp3. For human GALC
the forward primer CCAGAGCCCTATCGTTCTCAGAT, the probe CTTTAA
GCCGAATTTTG and the reverse primer CCCATCACCACCTATTTCCACTTTT
were used. Predesigned TaqMan® Gene Expression Assays (Applied
Biosystems/Life Technologies) were used for qPCR of murine GALC
(Mm01337513_m1) and Hp1bp3 (Mm00802807_m1). The cycle condi-
tions were 2 min 50 °C, 110 min 95 °C and 15 s 95 °C (40 cycles).

2.6. Measurement of GALC activity

Brain, spinal cord, liver, heart and kidney were removed immediately
after killing, flash frozen in liquid nitrogen, and stored at−80 °C. Tissue
homogenates were prepared in 10 volumes of 0.05 M phosphate buffer
(pH 6.5) and the protein concentration was determined using the
Lowry method. Endogenous GALC activity was determined by using ei-
ther [3H]galactose-labeled galactosylceramide (Wenger and Williams,
1991) or 2-hexadecanoylamino-4-nitrophenyl-β-D-galactopyranoside
(HNG, Syntagon, Sweden) as a substrate (Gal et al., 1977).

2.7. Immunofluorescence and histology

Mice were transcardially perfused with phosphate-buffered saline
(PBS) pH 7.4/1% (w/v) procaine followed by 4% (w/v) paraformalde-
hyde in PBS. Tissues were dissected, postfixed in 4% (w/v) paraformal-
dehyde overnight at 4 °C, and cryoprotected with 20% (w/v) sucrose
for 2 days at 4 °C. Fixed tissues were flash-frozen on dry ice and 10 μm
cryosections were prepared using a Leica CM3050 S cryostat (Leica
Biosystems, Wetzlar, Germany).

For immunofluorescence staining, sections were blocked with 3%
normal goat serum in PBS containing 0.05% Tween-20 for 1.5 h at RT,
reacted with primary antibodies for 16 h at 4 °C and stained with sec-
ondary antibodies for 2 h at RT. Nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Taufkirchen, Germany).
Signals were analyzed by confocal microscopy using a FV1000 microscope
(Olympus, Tokyo, Japan). Primary antibodies were rabbit anti-rhGALC (1:100,
kindlyprovidedbyZymenexA/S, Lidingö, Sweden), ratanti-F4/80(1:200,kind-
lyprovidedbyD.Hartmann,Bonn), rat anti-LAMP2(1:100,ABL-93,Hybridoma
Bank, IowaCity, Iowa, USA),mouse anti-GFAP (1:200, GF5, Abcam, Cambridge,
UK), mouse anti-NeuN (1:100, A60, Millipore) and rat anti-MBP (1:100, 12,
Abcam) antibodies. Secondary antibodies were Alexa-546 conjugated goat
anti-rat IgG (1:500, Invitrogen/Life Technologies, Darmstadt, Germany), Cy3-
conjugated goat anti-rabbit IgG (1:100, Dianova, Hamburg, Germany), Alexa-
488-conjugated goat anti-rat IgG (1:100, Invitrogen/Life Technologies) and
Alexa-488-conjugated goat anti-mouse IgG (1:100; Invitrogen/Life Technolo-
gies). To analyze the dissemination and uptake of GALC in the brain parenchy-
ma,brainsections fromaGALC-treatedmouseweredoubly immunostained for
GALC and cell type-specific markers for microglial cells (F4/80), astrocytes
(GFAP), oligodendrocytes (MBP) and neurons (NeuN), respectively. The per-
centages of the GALC-positive cells were evaluated by visual inspection of
400 × 400 μm2 test areas of parallel sections through the cerebral cortex. For
each cell type-specific staining, the number of nucleated (DAPI-positive) pro-
files showing a clear signal for GALCwas related to the total number of nucle-
ated cells of this type and thepercentages ofGALC-positive cellswere averaged
from 3–5 counts.

For Luxol fast blue (LFB) and periodic acid-Schiff (PAS) staining, sec-
tions were equilibrated in 95% ethanol and stained with LFB solution
[0.1% (w/v) LFB in 95% ethanol/0.5% acetic acid] for 16 h at 54 °C. Excess
stain was rinsed off with 95% ethanol and the slides were placed into
distilled water. Sections were differentiated for 30 s in 0.05% (w/v) lith-
ium carbonate and 30 s in 70% ethanol, then placed into distilled water.
PAS staining was conducted by incubating the slides in 0.5% periodic
acid for 12min, tapwater for 10min, and Schiff's reagent (Merck, Darm-
stadt, Germany) for 10 min. Sections were counterstained with Mayer's
hemalum solution (Merck, Darmstadt, Germany) for 15 s.

2.8. Myelin isolation

Myelin was isolated from total brain as described (Norton and
Poduslo, 1973). Briefly, one hemisphere of frozen mouse brain was ho-
mogenized in 10.5% (w/v) sucrose using an Ultra-Turrax T25 homogeniz-
er (Janke & Kunkel, Staufen, Germany). Homogenates were centrifuged
for 45 min at 17,000 g. The myelin-containing upper part of the pellet
was resuspended in 30% (w/v) sucrose, overlaid with 10.5% (w/v) su-
crose, and centrifuged for 50 min at 68,000 g. Myelin was recovered
from the interphase, washed twice with H2O, and subjected to a second
sucrose gradient to remove contaminating axolemma. Purified myelin
was again washed twice with H2O, resuspended in H2O, frozen on dry
ice, and freeze-dried over night.

2.9. Western blot analysis

Brains were homogenized in Tris-buffered saline (TBS) pH 7.4 con-
taining 0.25% (w/v) Triton N-101 and protease inhibitors (2 μg/ml
aprotinin, 1 mM EDTA, 0.5 μg/ml leupeptin, 0.1 mg/ml Pefabloc SC,
0.7 μg/ml pepstatin). Homogenateswere frozen and thawed, and centri-
fuged for 10 min at 20,000 g. Then, protein concentrations of the super-
natants were determined using the Bio-Rad Dc assay (Bio-Rad, Munich,
Germany). Identical amounts (20 μg) of total protein were separated by
10% SDS-PAGE and transferred onto nitrocellulose membranes
(Whatman, Dassel, Germany) by semi-dry blotting. Bound proteins
were decorated using the following antibodies: anti-GFAP (MP Biomed-
icals, Eschwege, Germany), anti-GAPDH (Santa Cruz, Heidelberg,
Germany), Alexa680-goat anti-rabbit (Invitrogen/Life Technologies,
Darmstadt, Germany), and IRDye800-goat anti-mouse (Rockland,
Gilbertsville, USA). Membranes were scanned on an Odyssey infrared
imager (Li-Cor, Lincoln, USA) and signalswere quantified usingOdyssey
Software V3.0.21.

2.10. Antibody titer

The presence of anti-GALC antibodies in mouse serum was deter-
mined by immunoprecipitation as described (Matzner et al., 2008).
Briefly, 8 μl mouse serum was mixed with 92 μl TBS/0.1% (w/v) Triton
X-100/0.1% (w/v) BSA, and a series of 1:1 dilutions was prepared
using the same buffer. rhGALC was added at a final concentration of
1 μg/ml to each dilution, and the mixtures were incubated for 3 h at
4 °C under agitation. Antibody/rhGALC complexes were precipitated
with Pansorbin (Calbiochem/Merck, Darmstadt, Germany) and the re-
sidual rhGALC activity in the supernatant was determined using the
HNG activity assay (Gal et al., 1977).

2.11. Recombinant human GALC

The full length wildtype human GALC cDNA was cloned into the eu-
karyotic expression vector pExp1 (Clontech Laboratories, Mountain
View, USA) containing a dihydrofolate reductase expression cassette.
The resulting plasmid pExp1-GALC was electroporated into Chinese
hamster ovary suspension cells (Life Technologies, Darmstadt, Germany) cul-
tured in serum-free ExCell302 medium with HT supplement and 2 mM L-
glutamine (Sigma-Aldrich, Stockholm,Sweden). Single clones stablyexpressing
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high levelsofGALCwere selectedby increasing concentrationsofmethotrexate
(20, 50 and 200 nM; Calbiochem, Solna, Sweden). Producer clones were
adapted to chemically defined, serum-free PowerCHO-2 medium (Lonza,
Stockholm, Sweden) and cultured under bioreactor conditions. Details on the
production and purification of rhGALC will be given elsewhere. Briefly, GALC
was purified to greater than 99% homogeneity from conditionedmedium by
acombinationofaffinity,mixedmodeandhydrophobic interactionchromatog-
raphy. The specific activity, measured with the HNG activity assay (Gal et al.,
1977), was 14,000 U/mg.

2.12. Treatment

rhGALC was intravenously injected into the tail vein of humanized
GALC mice beginning at PND 21. For the evaluation of therapeutic ef-
fects, animals were dosed twice a week with 40 mg rhGALC per kg
body weight (enzyme concentration 2.2 mg/ml) or the equivalent vol-
ume of vehicle. Treatment was repeated until PND 38 (6 injections in
total). For the analysis of anti-rhGALC antibodies, mice were treated 6
times with 10 mg rhGALC/kg according to the same schedule. For bio-
chemical and histological analyses, mice were sacrificed between PND
40 and 42.

2.13. Psychosine quantification

Psychosinewas isolated from tissues of PBS-perfusedmice by strong
cation-exchange and C18 solid-phase extraction chromatography es-
sentially as described (Whitfield et al., 2001). N,N-dimethyl psychosine
(Avanti Polar Lipids, Alabaster, USA) was used as internal standard
(ISTD) and added to the tissues before extraction. Extracts were ana-
lyzed by ESI-MS/MS on an HCTultra ion trap instrument (Bruker
Daltonik, Bremen, Germany). Samples were directly infused into the
electrospray source at 5 μl/min and quantified by multiple reaction
monitoring in the positive ion mode, averaging spectra over 1 min. In-
tensities of the secondary ions relating to psychosine (m/z 462–N264,
282, 444) and the ISTD (m/z 490–N292, 294, 310, 472) were summed
up, and the response ratios were calculated, whichwere then compared
to calibration curves derived from addition of psychosine standard (0–8
nmol) and ISTD (1 nmol) to brain tissue ofwild typemice before extrac-
tion. It has to be mentioned, that this method cannot distinguish
psychosine from its epimer glucosylsphingosine, which is, however, of
very low abundance in tissues unless β-glucocerebrosidase or saposin
C is deficient (Sun et al., 2013).

2.14. Cytokine measurements

A bead-based multiplex sandwich immunoassay kit (Bio-Plex Pro
Mouse Cytokine 23-plex Panel, Bio-Rad, Munich, Germany) was used
to screen for pro-inflammatory cytokines. Brains of PBS-perfused mice
were dissected and homogenized with an Ultra-Turrax T25 in TBS con-
taining Complete protease inhibitor cocktail (Roche, Mannheim,
Germany). Homogenates were diluted 1:2 in Bio-Plex Cell Lysis Buffer
(Bio-Rad) containing Complete protease inhibitor cocktail, frozen and
thawed, sonicated for 10 s, and centrifuged at 10,000 g for 10 min. The
supernatants, containing protein concentrations of 3–4mg/ml, were di-
luted 1:3 in Bio-Plex sample diluent and used for themultiplex assay ac-
cording to the manufacturer's specifications. The beads were analyzed
on a Bio-Plex 200 system (Bio-Rad). The following cytokines were
quantified: interleukin (IL)-1α, IL-1β, IL-2, IL-5, IL-6, IL-9, IL-10, IL-12
(p40), IL-12(p70), IL-13, IL-17, eotaxin, granulocyte-macrophage
colony-stimulating factor (GM-CSF), interferon (IFN)-γ, keratinocyte
chemoattractant (KC), macrophage chemoattractant protein (MCP)-1,
macrophage-inflammatory protein (MIP)-1α, MIP-1β, RANTES, and
tumor necrosis factor (TNF)-α.

3. Results

3.1. Generation of a humanized mouse model of GLD

AGNAnucleotide exchange at position809 of the humanGALC cDNA
causes the amino acid substitutionG270D.Homozygosity for this partic-
ularmissensemutation results in amild variant of GLDwith adult onset,
slow progression and a clinical course of more than 20 years (Furuya
et al., 1997; Hossain et al., 2014). Also compound heterozygous patients
with the G270Dmutation on one and a functional null mutation on the
other allele present with late-onset GLD (Wenger et al., 1997; De
Gasperi et al., 1999). The G270Dmutation of such compound heterozy-
gotes was always found with the polymorphic amino acid exchange
T1637C on the same allele. To reproduce the mild phenotype in mice,
both the mutation and the polymorphism was introduced into the
wildtype human GALC cDNA and the modified cDNA was inserted into
exon 1 of the murine GALC gene. Because the human GALC intron 2 is
supposed to contain regulatory sequences, the cDNA was additionally
engineered by inserting the human GALC intron 2 between exons 2
and 3. Likewise, themurine 3′-untranslated region and the genomic se-
quence downstream of exon 1 were left intact in order to maintain po-
tential regulatory elements (Fig. 1). Using homologous recombination
in ES cells, the cDNAwas placed at the position of the endogenous trans-
lation initiation site. Homozygosity for the insertion was anticipated to
have two consequences. First, it should result in a complete loss of mu-
rine GALC protein due to the termination of transcription at the inserted
3′-untranslated region downstream of the human cDNA. Second, posi-
tioning of themutant humanGALC under the control of the endogenous
murine GALC promoter was expected to result in the expression of low
GALC activities in a normal tissue- and stage-specific pattern. This was
done to minimize unwanted side effects due to ectopic expression of
the transgene and to ensure residual expression levelsmitigating the se-
vere phenotype of functional null mutants for GALC.

3.2. Expression of human GALC

The expression of the human andmurine GALCmRNAwas analyzed
in thebrain, lung, kidney and liver of twomice per group byquantitative
PCR. Human GALC mRNA was detectable in all tissues of heterozygous
GALC knock-in mice and undetectable in wildtype control mice (not
shown). The murine GALC mRNA levels of heterozygous mice ranged
between 34 and 48% of wildtype levels. The ratio of human and murine
GALC expression in heterozygous humanized mice demonstrates that
7% (kidney) to 53% (brain) of the human GALC is expressed compared
to the murine GALC.

Enzyme activity measurements were performed in the brain, spinal
cord, liver, heart, and kidney samples fromwild type, heterozygous, and
homozygous mice (Fig. 2). GALC activities of heterozygous mice were
around 50% of wild type, whilemice homozygous for the knock-in allele
displayed very low values not exceeding background values.

3.3. Characterization and pathology

While heterozygous humanized GALCmice appear normal and gain
weight similar to wild type mice (Fig. 3), homozygous knock-in mice
display a clinical course of GLD comparable to twitcher mice and trans-
genic H168C mice (Luzi et al., 2001). Growth retardation becomes ap-
parent in the third week of age, when the homozygous humanized
mice start to gain less weight than heterozygous or wild type mice
(Fig. 3). Total weights were slightly higher than those reported for
twitchermice and lower than those of transgenic H168Cmice. Between
PND 26–32 (average 30.1) the first signs of tremors and twitchingwere
observed, progressive hind leg weakness started to appear, and be-
tween PND 34–50 (average 40.4) reduced cage motility was noted.
The average lifespan of 14 observed animals was 45.8 ± 7.3 days
(mean ± SD). This life expectancy ranges between that reported for
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the twitcher mouse (40 days) and the transgenic H168C mouse
(50 days).

To check for pathological hallmarks of GLD, LFB/PAS staining and F4/
80 immunofluorescence staining were performed on brain sections of
homozygous humanized GALC mice at PND 35 (Fig. 4). As described
for twitcher mice and GLD patients (Suzuki and Suzuki, 1995; Wenger
et al., 2013), a massive infiltration of PAS-positive cells into the white
matter of the cerebellum was observed (Fig. 4A). Immunofluorescence
staining of comparable sections against the macrophage marker F4/80
show that the infiltrating cells are indeed “globoid cell” macrophages
(Fig. 4C). As expected, no PAS- or F4/80-positive infiltration was ob-
served in wild type mice analyzed as a control (Figs. 4B, D).

Progressive demyelination was demonstrated in twitcher mice
starting at PND 20 (Taniike and Suzuki, 1994). We isolated total myelin
from the brains of homozygous humanized GALC mice and wild type
mice at PND 42. The humanized GALC mice displayed a significant re-
duction of the myelin mass by 42% (Fig. 4E).

Another hallmark of GLD is astrocytic gliosis, readily detectable by
immunohistochemical staining of glial fibrillary acidic protein (GFAP)
in histological sections (Mikoshiba et al., 1985; Kobayashi et al., 1986).
Since a reliable quantification using this method can be intricate, we

determined GFAP expression by Western blot analysis from whole
brain lysates (Fig. 4F). In homozygous humanized GALC mice at PND
42, GFAP expression was elevated 4.3-fold compared to wild type ani-
mals. This value is comparable to twitcher mice with a reported 5-fold
GFAP increase above wild type levels (Kobayashi et al., 1986).

3.4. Immunological tolerance to rhGALC

Transgenic expression of mutant human GALC in the novel human-
ized mouse model of GLD was expected to confer immunological toler-
ance to intravenously injected rhGALC, allowing for long-term ERT trials
without immunological side-effects. To test this notion, three week-old
humanized GALC mice were treated for three weeks with a total of six
intravenous injections of 10 mg rhGALC per kg body weight or the
equivalent volume of vehicle. Subsequent to each injection the mice
were visually inspected and no obvious signs for immunoreactions
such as reduced cage activity, scraping or breathing difficulties were ob-
served. At PND 42 anti-rhGALC antibodies were titered by incubation of
serum dilutions with rhGALC and subsequent immunoprecipitation of
potentially present rhGALC-antibody complexes, the decline of GALC
activity in the supernatant being a measure for anti-rhGALC antibodies
(Fig. 5). A diluted polyclonal rabbit antibody against rhGALC was used
as a control. No antibody titer was detected in rhGALC-treated and
mock-treated mice, proving immunological resistance of the mouse
model to rhGALC. Also repeated injection of a 4-fold higher rhGALC
dose (six injections of 40 mg/kg) did not induce any obvious immune
reactions (not shown).

3.5. Intravenously injected rhGALC crosses the blood–brain barrier

To investigate the tissue distribution of repeatedly injected rhGALC,
mice were injected twice a week, between PND 21 and 40, with 40 mg
of rhGALC per kg body weight (6 injections in total). Animals were
transcardially perfused 10–14 h after the final injection and GALC activ-
ities in homogenates of different tissues weremeasured using the HNG-
assay (Gal et al., 1977). Compared to themean tissue levels of untreated
GALC knock-in mice, the GALC activities of the liver, kidney, brain and
spinal cord were increased by factors of 19.1 ± 4.3 (P b 0.01), 8.3 ±
6.1 (P b 0.01), 1.8 ± 1.6 (P=0.133) and 1.9 ± 1.3 (P=0.233), respec-
tively (means± SD, n=4 per group, Student's t-test). Thus,most of the
injected rhGALC ended up in the liver, intermediate levels reached the
kidney and only a slight, non-significant increase of the mean activity
was found in the CNS.

For amore detailed analysis of enzyme delivery to the CNS, histolog-
ical sections through the fore brain and cerebellum were stained with
antibodies to human GALC. In enzyme-treated mice, strongest signals
were found in endothelial cells of blood vessels pervading the brain pa-
renchyma (Fig. 6A) and the choroid plexus (Fig. 6C). Clear intracellular
staining was, however, also detectable beyond the blood–brain barrier
(Fig. 6A). To identify the brain cell types that were positive for rhGALC,
sectionswere costained with antibodies to the cell type-specific marker
proteins F4/80 (for macrophages, microglial cells), NeuN (for neurons),
glialfibrillary acidic protein (GFAP, for astrocytes) andmyelin basic pro-
tein (MBP, for oligodendrocytes), respectively. This analysis revealed
prominent signals for rhGALC in many brain macrophages and astro-
cytes throughout the brain parenchyma (Figs. 6E, F). In contrast, only
a fraction of neurons showed immunoreactivity (Fig. 6G), whereas up-
take of rhGALC by oligodendrocyte was undetectable (Fig. 6H). A mor-
phometric analysis of the cerebral cortex revealed that 39.3%, 25.6%
and 7.1% of brain macrophages, astrocytes and neurons, respectively,
were positive for GALC on average (not shown). Although the number
of GALC-positive cells might have been underestimated by immuno-
staining and possibly also oligodendrocytes endocytose GALC albeit at
a rate below the limit of detection, the data clearly indicate that the up-
take rates differ in a cell type specific manner. Costaining of human
GALC and LAMP-2 indicated that the endocytosed rhGALC was

Fig. 2.GALC activity. Cleavage of [3H]-galactose-labeled galactosylceramidewasmeasured
in tissues of wild type (wt) mice and animals heterozygous (het) or homozygous (hom)
for the humanized GALC knock-in allele.

Fig. 3. Analysis of body weight. Animals heterozygous for the humanized GALC knock-in
allele (open squares, n=15) develop similar towild typemice (triangles, n=14),where-
as animals homozygous for the knock-in allele (circles, n = 11) display reduced body
weights (means ± SD). Asterisks indicate statistically significant differences to age-
matched wild type control mice (P b 0.05, Student's t-test).
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delivered to the endosomal/lysosomal compartment of target cells
(Fig. 6D). The endogenous GALC expression of mock-treated GALC
knock-in mice was undetectable (Fig. 6B).

3.6. ERT reduces psychosine levels but does not extend lifespan

Psychosine levels were quantified in the CNS and PNS of 40-days-old
knock-in mice treated with six biweekly doses of 40 mg/kg rhGALC and
compared to those of age-matched mock-treated animals. Importantly,
ERT caused a significant decline of psychosine in all tissues analyzed
(Fig. 7A). Mean psychosine levels were reduced by 16% in the brain, by
14% in the spinal cord, and by 16% in the sciatic nerve. However, clearance
of psychosine had no effect on survival (Fig. 7B). The 12 animals treated in
this study lived for an average of 45.9 days, which is almost identical to
the 45.8 day lifespan of untreated humanized GALC mice.

3.7. Humanized GALC mice display elevated cytokine profiles that were un-
altered by ERT

Previous studies have shown alterations in the cytokine profile of the
CNS of twitchermice (Wu et al., 2001; Luzi et al., 2009; Ripoll et al., 2011;
Reddy et al., 2013). We determined the concentrations of 20 cytokines in
brain lysates of humanized GALC mice at PND 40–42 by multiplex ELISA
(Fig. 8). Four chemotactic cytokines, also termed chemokines, were dras-
tically upregulated (Fig. 8A, black bars). Themost prominent increasewas
found for MIP-1α (CCL3), which was elevated 47-fold compared to wild
type brains on average. Concentrations of RANTES (CCL5), KC (CXCL1),
andMCP-1 (CCL2)were increased 18-fold, 11-fold, and6-fold, respective-
ly. Other cytokines that were elevated around factor 2–3 included IL-1α,
IL-2, IL-12 (p40), and MIP-1β (Fig. 8B).

To investigate the effect of ERTon cytokine profiles,we also analyzed
brain lysates of mock-treated and rhGALC-treated humanized GALC

Fig. 4. Brain pathology of humanized GALCmice. (A–D)Histological analyses of the cerebellum at PND 35 (scale bars 50 μm). (A, B) LFB/PAS staining reveals prominent infiltration of PAS-
positive cells within the white matter of humanized GALCmice (A), while no PAS-positive signals are found in wild type control mice (B). (C) F4/80 immunofluorescence staining proves
that the infiltrating cells are “globoid cell”macrophages. (D) Essentially no F4/80-positive signals are detected inwild type animals. (E) Totalmyelin is reduced by 42% in humanizedGALC
knock-inmice (k.i.) compared towild typemice (wt) at PND 42 (n=3; P=0.007, Student's t-test). (F)Western blot analyses of brain homogenates using antibodies against glialfibrillary
acidic protein (GFAP) and, as a loading control, GAPDH show a 4.3-fold increase of GFAP expression in humanized GALC knock-in mice (k.i.) compared to wild type mice (wt) at PND 42
(n = 4; P = 2 × 10−6, Student's t-test).
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mice, respectively (Fig. 8, dark gray and light gray bars). As expected,
mock-treatment caused no significant alteration of cytokine concentra-
tions compared to untreated animals. Despite the decline of psychosine
levels, cytokine concentrations in high-dose ERT-treated animals were
also unaltered at PND 40.

4. Discussion

In an attempt to generate a GLDmousemodelwith late-onset of dis-
ease and immunotolerance to rhGALC, we disrupted the murine GALC
gene by inserting a human GALC cDNA containing the adult-onset pa-
tient mutation G270D in combination with the polymorphism I546T.
The humanized GALC mice display clinical hallmarks of GLD including
macrophage infiltration of the white matter, psychosine accumulation,
myelin decrease, astrogliosis and neuroinflammation (Figs. 4 and 8).
The mean psychosine values given in Fig. 7A correspond to ~15 ng/mg
wet weight in the brain and ~50 ng/mg wet weight in the spinal cord,
and are thus comparable to values reported for end-stage twitcher
mice (Whitfield et al., 2001). Also the distribution, number and mor-
phology of “globoid cells” seem to be very similar in humanized GALC
mice and twitcher mice (compare Fig. 4A with twitcher histopathol-
ogies published in, e.g., Rafi et al., 2005, 2012).

Residual GALC activities in tissues of humanized GALC mice were
low (Fig. 2). Actually, we were not able to unambigously demonstrate
GALC activities above background levels. This is in line with expression
experiments in COS-1 cells where the humanGALC cDNA harboring the
G270D/I546T mutation yielded very low GALC activities barely above
those of infantile mutations (Wenger et al., 2014). Residual GALC activ-
ities as low as 1–2% of the wild type activity are believed to delay the
onset of disease in human patients (Luzi et al., 1996). Because such
low activities might have escaped detection in our enzymatic assay
the small increase in lifespan to 46days compared to 40days in twitcher
mice might be ascribed to a low activity of the transgene product. Still,
the negligible effect of the adult-onset allele on the course of the disease
inmice remains enigmatic. In a different approach to generate a longer-
lived mouse model of GLD, Luzi and coworkers used the mutation
H168C (Luzi et al., 2001). Similar to our GALC knock-in mice, transgenic
mice carrying the H168C mutation displayed only background level
GALC activities and presented with symptoms earlier than expected.
The mean lifespan was extended to 50 days compared to 40 days in
twitchermice. The failures of our and the previous approach to substan-
tially prolong lifespan and to retard onset of disease in mice by using

human adult-onset mutations clearly suggest species-specific differ-
ences in the metabolic pathways leading to the manifestation of GLD.
Psychosine is believed to be a side product of the galactosylceramide
synthesis that originates from the transfer of galactose onto sphingosine
instead of ceramide (Suzuki, 2003). Under physiological conditions,
psychosine levels are, however, minute because the compound is ac-
cepted by GALC as a substrate and split again into galactose and sphin-
gosine, a pathway that is disrupted in GLD. It might be speculated that

Fig. 5. Absence of anti-rhGALC antibodies in humanizedGALCmice after ERT. Beginning at
PND 21, humanized GALC mice were treated twice a week with a total of six intravenous
injections of 10 mg of rhGALC per kg body weight (circles) or vehicle (open squares). At
PND 42 sera were analyzed by immunoprecipitation. As a control, a polyclonal rabbit
anti-rhGALC antibody (0.18 mg/ml) was used (triangles). Means ± SD, n = 5. Asterisks
indicate statistically significant differences tomice treatedwith vehicle (P b 0.05, Student's
t-test).

Fig. 6. Immunostaining of GALC in brains of humanized GALC mice after ERT. Humanized
GALC mice were treated by intravenous injections of 40 mg rhGALC per kg body weight
given twice a week starting at PND 21. Mock-treated mice received vehicle. Staining of
rhGALC is shown in red. Nuclei are counterstained with DAPI (blue). (A, B) Cerebellum
of a rhGALC-treated mouse (A) and a mock-treated control (B). Signals in (A) that are ar-
ranged in chain- or ring-like structures (closed arrowheads) are typical for tangentially or
transversely sectioned blood vessels. Scattered signals outside vessel profiles indicate pa-
renchymal localization of rhGALC (some signals are indicated by open arrow heads). The
endogenous expression of mutant human GALC is below the limit of detection (B).
(C) Choroid plexus with prominent signals in endothelial cells. (D) Costaining of human
GALC (red) and LAMP-2 (green) indicates sorting of enzyme to the endosomal/lysosomal
compartment of parenchymal cells, as shown for a putative brain macrophage.
(E) Costaining of GALC (red) and F4/80 (green) demonstrates efficient uptake of rhGALC
by many brain macrophages. (F) Costaining of GALC (red) and GFAP (green) reveals en-
zyme inmany astrocytes. (G) Costaining of GALC (red) and NeuN (green) indicates intra-
cellular signals in a subset of neurons, as shown for a neuron of the cerebellar white
matter. (H) Immunoreactivity for rhGALC (red) could not be detected in oligodendrocytes
identified by costaining ofMBP (green). Bars in A–C andD–H represent 100 and 25 μm, re-
spectively. Unless otherwise indicated sections through the cerebral cortex are shown.
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the activity of the murine UDP-galactose:ceramide galactosyltransferase
towards sphingosine is higher compared to its humanhomologue leading
to a faster rate of psychosine synthesis in mice. Consequently, a residual
GALC activity which is sufficient to counteract the accumulation of
psychosine to toxic levels in humans might be too low to avoid
psychosine accumulation in the same period of time in mice.

ERT-studies in amousemodel of the GLD-related LSDmetachromat-
ic leukodystrophy have shown that repeated intravenous injections of
recombinant human arylsulfatase A into arylsulfatase A-deficient mice
cause a progressive humoral immune response and treatment resis-
tance (Matzner et al., 2008). The immune response was elicited by the
complete lack of arylsulfatase A activity in the knockout mouse model.
To avoid such complications in our humanized mouse model of GLD,
immunological tolerance to rhGALC was induced by the expression of
a mutated human GALC transgene. Humanized GALC mice displayed
no visible immunoreactions in response to repeated intravenous injec-
tions of rhGALC, and no antibodies against rhGALC were detectable
(Fig. 5). Immunotolerance to rhGALC, mediated by the human trans-
gene, may represent a major advantage over the twitcher mouse
model. The twitcher mutation results in the formation of a premature
stop codon which causes rapid degradation of the shortened transcript

via nonsense-mediated mRNA decay (Lee et al., 2006). The lack of any
GALC polypeptide has implications for ERT as no cross-reactive immu-
nological material, which might protect against immune responses to
substituted GALC, is present. In contrast, most GLD patients are com-
pound heterozygotes and express (mutated or truncated) GALC poly-
peptides (Wenger et al., 2013). From this vantage point, the
humanized GALC mouse represents a more accurate model for GLD.

We investigated the therapeutic potential of intravenous ERT using
repeated injections of high doses of rhGALC. To our knowledge, this is
the first report on intravenous ERT in a GLD animal model. In previous
studies using twitcher mice, murine GALC was administered by repeat-
ed intraperitoneal injection, which resulted in a decline of brain
psychosine by 17.5% (Lee et al., 2005). In the present study, we show a
comparable 16% reduction of brain psychosine (Fig. 7A). This demon-
strates that peripherally administered enzyme can exert therapeutic ef-
fects in the CNS, an observation that is in clear contradiction to the
generally accepted doctrine that intravenous ERT is of no benefit for
LSDs with CNS involvement (Desnick and Schuchman, 2012). As
shown by immunostaining, the CNS effect is due to the potential of
rhGALC to overcome the blood–brain barrier (Fig. 6), a process that
might be facilitated by the distinctive hydrophobicity of rhGALC or yet
unknown properties of the enzyme. Once it has crossed the brain capil-
lary endothelium, GALC is taken up by parenchymal brain cells and
targeted to their endosomal/lysosomal compartment (Fig. 6D).

Interestingly, the efficacy of uptake is cell type-specific being high
for brain macrophages and astrocytes, intermediate for neurons and
negligible for oligodendrocytes (Figs. 6E–H). The mannose 6-
phosphate receptor, MPR300, mediates endocytosis of rhGALC and
other soluble lysosomal enzymes (Nagano et al., 1998; Coutinho et al.,
2012). Because MPR300 is essential for the biosynthetic targeting of
newly synthesized lysosomal enzymes, it is believed to be ubiquitously
expressed by all cell types. It might be speculated, however, that the
endocytic activity of MPR300 differs between cells and might be partic-
ularly low for oligodendrocytes. Cell culture experiments show indeed,
that the efficacy of lysosomal enzyme uptake declines dramatically dur-
ing the in vitro differentiation of oligodendrocytes from neurospheres.
While oligodendrocyte progenitor cells (NG2 cells) are still uptake-
competent, endocytosis drops as soon as MBP is expressed (Matzner,
unpublished data). Of course, an inefficient uptake of lysosomal en-
zymes by oligodendrocytes is a fundamental issue for ERT of GLD and
other demyelinating LSDs and might require alternative enzyme
targeting strategies.

The oligodendroglial compartment is considered to be the main site
of psychosine synthesis (Suzuki, 2003). The inefficient uptake of rhGALC
by oligodendrocytes might, therefore, explain why the brain levels of
psychosine decline by only 16% (Fig. 7A). In mock-treated GALC
knock-in mice, psychosine is in the range of 400 pmol per mg of total
protein (Fig. 7A) and thus around 100-fold higher than reported for
wild type mouse brain (Reddy et al., 2011). A reduced level of 84% is
still extremely high and by far in the cytotoxic range. Accordingly, the
small benefit seen on the biochemical level is not reflected on the clini-
cal level. Most importantly, the life expectancy cannot be increased by
treatment (Fig. 7B). This is in contradiction to data from Lee and co-
workers who reported that intraperitoneal ERT prolongs the lifespan
of twitcher mice by 7 days (Lee et al., 2005). It has to be pointed out,
however, that the authors defined the last day of survival by the date
the animals became moribund and killed the mice thereafter. For sure,
this method is highly susceptible to subjective errors of the experi-
menters and inappropriate to measure survivability exactly.

Psychosine is implicated also in the upregulation of cytokine expres-
sion by activated brain macrophages and/or astrocytes. Expression
might be elicited by psychosine itself (Formichi et al., 2007) and/or by
damage-associated molecules that are released from oligodendrocytes
during psychosine-induced apoptosis (Snook et al., 2014). In human-
ized GALC mice the chemotactic cytokines MIP-1α (CCL3), RANTES
(CCL5), KC (CXCL1), and MCP-1 (CCL2) showed the highest level of

Fig. 7. Effects of intravenous high-dose ERT. HumanizedGALCmicewere intravenously in-
fused with 40 mg of rhGALC per kg body weight twice a week starting at PND 21. Mock-
treated mice (open bars) received vehicle (closed bars). (A) Psychosine in the CNS and
PNS of treated animals is significantly reduced by 14–16% at PND 40. Bars represent
means±SDof n=4mice. Asterisks indicate statistically significant differences (Student's
t-test, P b 0.05). Psychosine levels of wildtype control mice were below the limit of detec-
tion. They have been reported to be ~ 4 and ~8 pmol/mg in brain and sciatic nerve, respec-
tively (Reddy et al., 2011). (B) Survival is uninfluenced by ERT treatment (n = 12–14).
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upregulation (47- to 6-fold; Fig. 8A). Again, the limited decline of
psychosine by mere 16% appears to be insufficient to influence the
psychosine-induced upregulation of cytokines and to reduce neuroin-
flammation of the brain (Fig. 8).

Symptomatic treatment of GLD mice with non-steroidal anti-
inflammatory drugs extended their lifespan by 10–12 days and reduced
brain levels of proinflammatory cytokines (Luzi et al., 2009). Conse-
quently, the inability of our ERT approach to prolong survival might be
predominantly attributed to its failure to reduce neuroinflammation.
For several mouse models of LSDs different therapies have been com-
bined in order to more effectively target the diverse mechanisms that
drive the disease pathogenesis. Interestingly, some therapeutic ap-
proaches with negligible clinical improvements contributed greatly to
the overall efficacywhen used togetherwith other treatmentmodalities
(Hawkins-Salsbury et al., 2011; Li and Sands, 2014). In twitcher mice,
for example, immunomodulatory effects of bone marrow transplanta-
tion synergized with enzyme supplied by gene therapy (Reddy et al.,
2011). Combining ERT with anti-inflammatory treatment might, there-
fore, bemore effective than either treatmentmodality alone. Previously,
we have demonstrated for a mousemodel of the related LSDmetachro-
matic leukodystrophy, that therapeutic effects of ERT on the brain histo-
pathology and function require early treatment initiated already in a
presymptomatic stage of the disease (Matthes et al., 2012). Also hema-
topoietic stem cell transplantation of GLD patients is effective only
when done before the onset of symptoms (Escolar et al., 2005;
Duffner et al., 2009). To start treatment of humanized GALCmice before
PND 21, preferably shortly after birth, therefore, represents another
strategy to increase the therapeutic benefit of ERT.

In summary, we have constructed a novel GALC knock-in mouse
model of GLD that presents with similar features as twitcher mice. The
reason for the unexpected severe phenotype in this and a previous ap-
proach to slow down the course of disease by inserting human late-

onset mutations is unclear. It might be ascribed, for example, to
species-specific differences in the rate of psychosine synthesis. ERT
started at PND 21, i.e., at onset of first clinical signs is of only limited
therapeutic potential. This might be due to the irreversibility of symp-
toms, the multiple pathogenic mechanisms that cannot be addressed
by a single treatment modality and/or the inability of oligodendrocytes
to endocytose rhGALC efficiently. Strategies to improve therapeutic
benefit of ERT might, therefore, include earlier treatment, multi-
modality therapies combining ERT with, e.g., anti-inflammatory treat-
ment and/or covalentmodification of rhGALC to improve oligodendrog-
lial delivery.
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