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Tay-Sachs (TS) disease is a neurodegenerative disease resulting
from mutations in the gene encoding the a-subunit (HEXA)
of lysosomal b-hexosaminidase A (HexA). We report that (1) re-
combinant HEXA alone increased HexA activity and decreased
GM2 content in human TS glial cells and peripheral mononu-
clear blood cells; 2) a recombinant chimeric protein composed
of HEXA linked to two blood-brain barrier (BBB) entry ele-
ments, a transferrin receptor binding sequence and granulo-
cyte-colony stimulating factor, associates with HEXB in vitro;
reaches human cultured TS cells lysosomes and mouse brain
cells, especially neurons, in vivo; lowers GM2 in cultured human
TS cells; lowers whole brain GM2 concentration by approxi-
mately 40% within 6 weeks, when injected intravenously (IV)
to adult TS-mutantmicemimicking the slow course of late-onset
TS; and increases forelimbs grip strength. Hence, a chimeric
protein equipped with dual BBB entry elements can transport
a large protein such as HEXA to the brain, decrease the accumu-
lation of GM2, and improve muscle strength, thereby providing
potential treatment for late-onset TS.

INTRODUCTION
Tay-Sachs (TS) disease is an autosomal recessive neurodegenerative
disease resulting from deficiency of lysosomal b-hexosaminidase A
(HexA) activity due to inherited mutations in the a-subunit gene.
As a result, the enzyme is inactive, which leads to the accumulation
of the GM2 ganglioside in neuronal lysosomes and to extra-lysosomal
GM2 aggregates. This eventually results in severe cellular dysfunction,
cell death, and progressive neurodegeneration.1–3

In human and other mammalian tissues, b-hexosaminidase exists in
two major forms: HexA, a heterodimer of the a- and b-subunits (ab)
encoded by two different genes, HEXA and HEXB, and a homodi-
meric HexB (bb).1 A third form, HexS, consisting of the homodimer
aa, normally comprises only a minor fraction of b-hexosaminidase,
but is more prominently expressed in Sandhoff disease, which results
from inherited defects in the HEXB gene.
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The formation of the HexA is controlled by complex mechanisms
culminating in the association of the a- and b-subunits. Both sub-
units undergo a succession of post-translational modifications in the
endoplasmic reticulum (ER), which include removal of the signal
peptide on the amino terminal end, N-glycosylation with high-
mannose oligosacharides,4 followed by formation of disulfide bonds
and tertiary folding of the polypeptides. There is controversy
regarding whether ab assembly occurs in the ER or the Golgi appa-
ratus, but either the enzyme or the polypeptides are transported to
the Golgi apparatus such that the a/b ratio seems to be well-
regulated.5

Mannose-6-phosphate (M6P) recognition elements are generated in
the Golgi apparatus, as the mannose residues of the glycosylated
amino acids a asparagine115, a asparagine 295, and b asparagine
84 are preferentially phosphorylated.4 This modification enables the
M6P receptor in the Golgi apparatus to recognize and target the
enzyme to the lysosomes.6 In the lysosome, the enzyme is subjected
to final processing, including the maturation of the a-chain, which
includes removal of the precursor peptide (i.e., the polypeptide
sequence leucine 23-leucine 907). Consequently, HexA can degrade
GM2 in the presence of the GM2 activator protein.

Late-onset TS (LOTS), a rare disorder, first described in 1973,8 is a
slow variant of the more widely recognized infantile TS disease.
Owing to less severe enzymatic deficiency, its clinical onset is delayed
to late childhood through early adulthood, with a slower deterioration
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Figure 1. The effects of HEXA alone on HexA activity

and GM2 in cultured TS cells

(A) Dose-related activity of synthetic HEXA in the presence

of the substrate MUGS. The effect of added hHEXA

(40 mg/mL (0.6 mM), over 24 h, in cultured TS glial cells is

shown in (B–E). For comparison, findings in untreated

normal glial cells are depicted in (B and D): normal glial

cells possess HEXA activity (A) and do not accumulate

GM2 (B). hHEXA, added to cultured human TS cells for

24 h, also lowered cell GM2 as measured by LC-MS/MS

in (C) or shown by immuno-fluorescent staining in (D),

where GM2 is depicted in green. (E and F) TS glial cells,

incubated with HEXA in presence or absence of M6P for

1 and 3 h (E) or 16 h (F). M6P reduced to ability of TS

cells to take-up added external HEXA, thereby reducing

intracellular HexA activity (E; *p % 0.00065,**p %

0.0016). M6P also inhibited the ability of added external

HEXA to decre exA, in red, is labeled by ant-phalloidin

antibodies and the cell nuclei in blue are stained by

DAPI. (F) Co-Immunoprecipitation of endogenous HEXB

with anti 6HIS antibodies from lysates of TS cells which

were pretreated with (40 mg/mL (0.6 mM) HEXA-6His for

16 h. The detection of HEXB in pre-captured protein by

anti-HIS antibodies indicates that the cell lysates contain

HEXA/HEXB complexes.
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compared with the rapidly progressive, lethal infantile form. Its esti-
mated incidence in the Ashkenazi Jewish population of 1 in 135,000;
the incidence in the non-Jewish population is unknown, but may
approximate that of infantile TS or Sandhoff disease (1 in 300,000)
in this group.9 A detailed literature review on LOTS has been recently
published.10 No effective treatment is currently available for TS or
LOTS disease. Enzyme replacement therapy (ERT) is a strategy that
has been clinically approved for some lysosomal storage diseases
such as Gaucher disease.11 However, even though normal HexA
can now be prepared, ERT has thus far not been offered to TS patients
since the enzyme cannot cross the blood-brain barrier (BBB).12

To overcome this problem and enable transport of replacement pro-
tein for TS, we reasoned that a functional protein smaller than the
entire approximately 1,000-Kd HexA might be easier to transport
across the BBB. We also assumed that protein composed of the
replacement enzyme sequence linked to two independent entry ele-
ments, each independently capable of passage through the BBBmight
allow its effective transport through the BBB. That partial correction
of HexA activity in TS in vitro by selective replacement of the a chain
in HexA-deficient fibroblasts was suggested by one study,13 but not
confirmed in another report.14 Here, we re-tested this approach in
2 Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024
a human TS cell line in vitro. We then applied
it in vivo in a TS mouse model by engineering
a chimeric protein in which the alpha subunit
was fused, via by a flexible peptide linker, to
two BBB entry elements known to each inde-
pendently cross the BBB: the granulocyte-
colony stimulating factor (G-CSF) followed by a small transferrin
receptor binding sequence.15–19

RESULTS
Synthesis and activity of HEXA and HEXB

Human HEXA (hHEXA) and murine HEXA (mHEXA) were pro-
duced as described in materials and methods (under production of
HEXA), for the chimeric protein (see below; Figure S1).

We then examined the enzymatic activity of the recombinant
purified HEXA alone and in cultured TS cells. Figure 1A shows the
dose-related effect of recombinant hHEXA (0–30m/mL [0–0.34
nmol/L; 24 h) onHexAactivity in the presence of the substrate 4-meth-
ylumbelliferyl-b-N-acetylglucosamine-6-sulfate (MUGS). Figure 1B
depicts the effect of HEXA added to cultured TS glial cells. While sig-
nificant cell HexA activity was clearly achieved in the presence of
hHEXA (80mg/mL [0.9 nmol/L] over 24 h), cellular activity amounted
to approximately 20% of that seen in normal cultured glial cells.
hHEXA added to TS cells also decreased cell GM2 by approximately
55%, as measured by liquid chromatography-tandemmass spectrom-
etry (LC-MS/MS) (Figure 1C) or nearly completely as depicted by im-
mune-fluorescent staining (Figure 1D). Figures 1E and 1F show TS



Figure 2. HEXA recombinant proteins (HEXA alone, or

as a fusion protein with G-CSF or Tr-G-CSF) were

produced in XP293 cells and then purified using the

same procedure

Shown is an example of mTr-G-CSF-HEXA, whose sche-

matic structure is presented in (A). Proteins were purified in

one-step on a Ni column. The protein was detected by

Coomassie SDS-PAGE and western blots using anti-tetra-

His (C-terminus) and anti-mouse-G-CSF (N-terminus) (B).

The putative entry mechanism of mT-G-CSF-HEXA is

summarized in (C). Two separate ligands, Tr-binding

peptide and G-CSF, independently capable of binding to

two distinct BBB-expressed receptors, Tr receptor and

G-CSF receptors, are included in the fusion protein and

are linked to HEXA through a flexible linker. The new

engineered protein thus crosses the BBB and then

reaches further, into GM2-accumulating cells within the

brain.
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glial cells, incubated in with hHEXA in the presence or absence of
M6P. In short-term (%3 h) incubations, M6P inhibited the ability
of added external HEXA to effectively incorporated into TS cells. In
longer incubations, M6P inhibited the ability of added HEXA
to decrease GM2 in TS cells. This is consistent with the notion that
externally added hHEXApenetrates the cells andmay be then targeted
intracellularly via theM6P receptor.We also prepared cell lysates from
TS cells, which were first incubated with HEXA, followed by repeated
washes. Cell lysates werefirst immuno-precipitatedwith anti-His anti-
body, and then probed with anti-HEXB antibody, as shown in Fig-
ure 1G, thus showing an HEXA/HEXB complex was present in
HEXA-treated TS cells (see materials and methods). Finally, hHEXA
increased HexA activity (MUGS) measured in peripheral blood
mononuclear cells (PBMCs) isolated from four LOTS patients incu-
bated without and with HEXA for 24 h and 48 h and lowered GM2
in these cells in culture (Figure S2). The clinical details of these
LOTS patients are summarized in Table S1.

Engineered chimeric HexA proteins and their activity

We synthesized a fusion protein composed, in sequence, of five fun-
ctional elements, as illustrated in Figure 2A: a short transferrin-re-
Molecular Therapy: Methods & C
ceptor binding ligand,19 murine G-CSF, a flex-
ible linker, the full mHEXA and a poly-6
histidine repeat (His tag) at the carboxyterminal
(His tag). This chimeric protein is referred to as
mouse-Transferrin-G-CSF-HEXA (mTr-G-CSF-
HEXA). Figure 2B depicts the purification (left)
of Tr-G-CSF-HEXA on an imidazole gradient,
showing the elution peak, followed by Coomas-
sie blue blot staining and western blots (with
anti-tetra-His antibody or anti-mouse-G-CSF
antibody) of the purified fusion protein (middle
and right, respectively).

In solution, the synthesized mTr-G-CSF-HEXA
is found in an oligomeric state that is buffer for-
mula dependent, as determined by size exclusion analysis (Fig-
ure S2A). In all solution formulas we found only a minor portion
as aggregate (˃400 kDa). The protein in formulas A and C is mostly
at the tetrameric state (approximately 400 kDa). In the solution for-
mula B, both the trimeric (approximately 300 kDa) and dimeric state
(approximately 200 kDa) were dominant. The results are presented in
Figure S6.

mTr-G-CASF-HEXA associates with mHEXB and vice versa in vitro
(Figure S2B). Further, the association of mTr-G-CSF-HEXA with
mHEXB is dose dependent and parallels a dose-related increase in
measured enzymatic activity. (Figure S2C).

In the Tr-G-CSF-HEXA protein, both HEXA andG-CSF retained their
distinct respective activities, as shown in Figure 3. Since G-CSF’s effect
on cell proliferation requires its binding to membrane receptors for
G-CSF, it follows that, despite its compounded structure, mTr-G-
CSF-HEXA is able to bind to the cell surface, where G-CSF serves as
an agonist (Figure 3A) on its receptor while still allowing HEXA to ex-
press its enzymatic function in vitro (Figure 3B) and within the cell, af-
ter cell penetration (see next). This was likely possible owing to the
linical Development Vol. 32 September 2024 3
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Figure 3. mTr-G-CSF-HEXA retains both HEXA enzymatic activity and G-CSF-related bioactivity

(A) Cell survival/ Effect of mTr-G-CSF-HEXA on cell survival is shown in black circles. Comparison between mTr-G-CSF-HEXA (red circles) and hG-CSF (Neupogen;

blue circles) is depicted A1, where the proteins equally promote M-NFS-60 cell survival/proliferation. The experimental half maximal effective concentrations (EC50) were

1074.54 pg/mL for Tr-G-CSF-HEXA and 788.16 pg/mL for hG-CSF. (B) HexA activity. Dose-dependent HexA enzymatic activity of mTr-G-CSF-HEXA alone is shown

in A (blue circles). A1 depicts the comparison between mTr-G-CSF-HEXA (brown circles) and mHEXA (red squares). The apparent Km was 225 mM and 481 mM,

respectively.
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proper separation by the two proteins afforded by the sufficiently long
and flexible linker constructed for this chimeric protein.

We next incubated human TS glial cells with 80 mg/mL (0.9 mmol/L)
mTr-G-CSF-HEXA or mG-CSF-HEXA for 18 h. After four washes,
intracellular HexA enzymatic activity was measured by an assay in
which the MUGS served as a substrate for HexA (see materials and
methods). As shown in Figure 4, the recombinant protein mTr-G-
CSF-HEXA was able to enter cultured human TS glial cells (Fig-
ure 4A). The internalized protein was probed with anti-tetra-His
antibody (seen in bright green), and partly colocalized with Lamp 2
(red fluorescence), a lysosomal protein, as shown by the merged
bright yellow spots. mTr-G-CSF-HEXA and mG-CSF-HEXA also
increased intracellular HexA activity (Figure 4B). Figure 4C depicts
the colocalization of the internalized mTr-G-CSF-HEXA (again
probed with anti-His antibody) with the intracellular HEXB probed
with anti- HEXB antibodies. Further, hTr-G-CSF-HEXA (Figure S4)
was able to lower human TS cell GM2.

mTr-G-CSF-HEXA decreases GM2 in the brain of TS mice

To examine whether or not IV injected mTr-G-CSF-HEXA could
enter the brain, we tested for the presence of the protein in the brain
in vivo. This was compared with the ability of peripherally adminis-
tered (IV) equimolar dose of HEXA alone to gain excess to the brain.
Using high magnitude confocal microscopy with immuno-fluores-
cent-detection (�100), mTr-G-CSF-HEXA, but not HEXA, was
clearly present in the brain (Figure 5A) collected 3 h after its injection.
The bright red staining represents the injected protein probed with a
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
rabbit anti-6-His tag antibody. Nuclei are visualized in blue (stained
with DAPI). The preferential cytoplasmatic localization of the in-
jected protein can be more clearly seen in cells where mTr-G-CSF-
HEXA, in red, is seen around the Dapi-stained nuclei. Specifically,
mTr-G-CSF-HEXA was present in the cortex, thalamus, cerebellum,
and hippocampus, and to a lesser degree at the septum (Figure 5B).
Subsequent experiments showed that mTr-G-CSF-HEXA protein
was still abundantly present in the brain of WT mice 3 days after in-
jection and some could still be found even 7 days after IV administra-
tion of 1,000 mg mG-CSF-HEXA (Figure S5).

We next examined the brain cell type into which the peripherally in-
jected Tr-G-CSF was incorporated using antibodies to two markers,
neuronal nuclear protein (NeuN), a nuclear protein specific for
neuronal cells and glial fibrillary acidic protein (GFAP), a member
of the cytoskeletal protein family expressed in glial cells. As shown
in Figure 6, Tr-G-CSF-HEXA was mostly incorporated into neuronal
cells, but some uptake by glial cells was also detected.

In addition to the brain, mTr-G-CSF-HEXA could be seen in heart
sections, renal cortical sections, and the spleen. There was no signif-
icant mTr-G-CSF-HEXA presence in the liver, possibly due to repaid
degradation in liver cells, but this was not further explored (Fig-
ure S2B). Interestingly, despite the preservation of G-CSF activity
within the Tr-G-CAS-HEXA fusion protein in the acute setting
in vitro, after 6 weeks of bi-weekly IV injections of this protein, no
changes in blood count could be noted between Tr-G-CSF-HEXA-
and placebo-treated mice (Table S2).
er 2024



Figure 4. mTr-G-CSF-HEXA penetrate TS Glial cells

and increase their HexA enzymatic activity

(A) Immuno-fluorescent staining of TS cells after initial in-

cubation with 80 mg/mL (0.9 mM) mTr-G-CSF-HEXA over

16h. The cellular uptake of mTr-G-CSF-HEXA is

visualized using an anti-tetra-his antibody (in green) and

the lysosomal distribution was tested with anti Lamp2 (in

red, A). As a result, cellular HexA activity, assessed with

MUGS, markedly increased (*p % 1.9 � 10�5) (B). (C)

Intracellular colocalization of mTr-G-CSF internalized by

cultured TS cells (identified by anti-His antibodies in red)

and endogenous HEXB, detected anti hHEXB (in green).

The blue color represents nuclei stained with DAPI.
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mTr-G-CSF-HEXA decreases GM2 in the brain of TS mice

Figure 7 depicts the effect of mTr-G-CSF-HEXA on brain GM2 con-
centration after chronic treatment in TS HEXA�/� mice. Twelve-
month-old male TS HEXA�/� mice received IV injections (tail
vein) of vehicle (n = 49) or 250 mg mTr-G-CSF-HEXA (n = 55)
over 6 weeks. GM2 decreased by approximately 40% (p %

1.04e�12). The results are compiled from five different experiments.
Although both HEXA linked only to the transferrin binding motif
alone or fused only with G-CSF were each able to variably lower brain
GM2, mTr-G-CSF-HEXA was more consistently effective and was,
therefore, selected as the lead compound in this study (data not
shown). As seen in Figure 7A, the effect on GM2 was dose related.

mTr-G-CSF-HEXA has a positive effect on the strength of the

forelimbs in treated TS mice

Since the phenotypic properties of the TS HEXA�/� mice are variable
and only become gradually discernible in the second year of life, we
actively examined the physical strength in placebo-treated and mT-
G-CSF-HEXA-treated TS mice. Forelimb strength of each of the
mice was measured before and after 6 weeks of intervention. The dif-
ference is expressed as percent change, where a negative change sig-
nifies a decrease and a positive change indicates a gain in strength.
In Figure 8 (left), vehicle/placebo-treated male mice (control group)
showed an overall 17% decrease in forelimb grip strength within the
6-week duration of the experiment, whereas the mT-G-CSF-HEXA-
treated mice (250 mg, IV; twice a week) experienced, on average, a
Molecular Therapy: Methods & C
17% gain in strength (p < 0.029). Forelimb grip
strength either remained stable (±2%) or
increased (by >2%) in two of nine and seven of
nine in the placebo- and chimeric protein-treated
mice, respectively (p < 0.05; chi-square test).
Within 6 weeks, there was a 34% difference be-
tween the forelimb strength of the treated vs. pla-
cebo-treated mice. Figure 8, right, depicts the ef-
fects on forelimb grip strength of control group or
increasing doses of mTr-G-CSF-HEXA (62.5 mg,
125 mg or 250 mg, each twice a week, over 6 weeks)
in female mice. Again, placebo-treated mice lost
strength within 6 weeks. However, even in low
dose-treated female mice, no loss of strength
was discernible. Using the high-dose (250 mg �2/week), forelimb
grip strength significantly increased (p < 0.00119), resulting, again,
in a 34% difference compared with placebo-treated mice observed
within 6 weeks. Also, forelimb grip strength either remained stable
(±2%) or increased (by >2%) in 2 of 8 and 8 of 10 in the placebo-
and chimeric protein-treated mice, respectively (p < 0.02; chi-
square test).

DISCUSSION
In this report, we used the long-established Trojan horse approach for
protein delivery across the BBB, which is modified, for the first time,
to include a dual BBB entry mechanism rather than a single Trojan
horse carrier. This novel method, applied to a model of adult TS in
mice, is conceptually summarized in Figure 2C.

The transport across the BBB of very large protein, such as beta-hex-
osaminidase A, composed of two subunits encoded by two separate
gene, HEXA and HEXB, each eventually transcribed into approxi-
mately 500 amino acid sequences, seems to be formidable. It is, there-
fore, notable that the engineered Tr-G-CSF-HEXA administered via
peripheral delivery, was able to dose dependently and substantially
decrease brain GM2. It should be further considered that brain
GM2 accumulated during more than a full year of life was decreased
by approximately 40% within just 6 weeks of treatment, in association
with a gain of forelimbmuscle strength. As such, this report suggests a
treatment-related sizable effect on the course of the disease. This
linical Development Vol. 32 September 2024 5
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Figure 5. Brain sections ofmice following peripheral injection (IV) of vehicle,

or mHEXA (650 mg, which is equimolar to the injectedmTr-G-CSF-HEXA) or

mTr-G-CSF-HEXA (1,000 mg)

Using high magnitude confocal microscopy with immuno-fluorescent detection

(�100), mTr-G-CSF-HEXA, but not HEXA, was clearly seen in the brain (Figure 5A)

collected 3 h after its injection. The bright red staining represents the injected protein

probed with anti-4-His tag. Nuclei are visualized in blue (stained with DAPI). The

preferential cytoplasmatic localization of the injected protein can be seen in cells

where mTr-G-CSF-HEXA, in red, is present around the DAPI-stained nuclei. Spe-

cifically, mTr-G-CSF-HEXA was present in the cortex, thalamus, cerebellum, and

hippocampus, and to a lesser degree at the septum (Figure 5B). As shown, mTr-G-

CSF-HEXA is present in brain sections collected 3 h, 3 days, or 7 days following a

single IV injection of Tr-G-CSF-Hexa-6 His (1,000 mg). The protein was detected

with anti-tetra-his immunostaining (red) and the blue color represents the brain

nuclei stained with DAPI.
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treatment effect is, then, distinct from the prevention of disease by
neonatal or early-onset treatment modalities, in a disease character-
ized by late onset.

On this background, earlier studies examined the possibility to treat
TS using small molecules that easily cross the BBB and could poten-
6 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
tially lower brain GM2. Miglustat, an inhibitor of glycosphingolipid
biosynthesis, was effective in decreasing brain GM2 in a TS mouse
model,20 but failed to favorably affect the disease course in human
subjects with LOTS.21 Venglustat, a second-generation substrate
reducing agent has improved CNS penetration and is currently
in clinical trials for LOTS and late onset Sandhoff’s disease
(NCT04221451). Pyrimethamine, shown to enhance HexA activity
in vitro, apparently acting as a protein chaperone,22 did not achieve
clinical benefits in LOTS patients in two clinical trials, using either
an escalating dose or cyclic administration.23,24

In recent years, gene delivery using viral vectors such as several adeno-
associated virus (AAV) serotype elicited favorable effects in the treat-
ment of TS models in small animals, initially through direct injection
of the virus into the CNS, thereby bypassing the BBB, but subsequently
even via peripheral administration.25–30 In an early report, Guidotti
et al.25 found that, to overcome the deficient alpha subunit of the heter-
odimeric protein HexA in TS, only overexpression of both subunits
through peripheral co-administration of adenoviral vectors encoding
HEXA and HEXB was able to sufficiently increase serum HexA (42%
of wild-type levels). Direct injection to the brain of several viral vectors
encoding eitherHEXAorHEXBor both seemed to yield impressive im-
provements in brain GM2 and extended the lifespan of mice with the
rapidlyprogressing and lethal Sandhoff’s disease if injected early enough
in the post-natal weeks (26–30).Observations that AAV9-based vectors
carryinga numberof geneswere shown topenetrate theBBBvia periph-
eral administration and correct abnormal metabolism and storage in
several disease models, including TS, potentially obviated the need for
direct injections to the brain.31–35 Several related examples in humans
that are based on the principles outlined above include the current clin-
ical use of nusinersen, an oligonucleotide sequence injected intrathe-
cally to treat infantile or late-onset spinal atrophy36,37; onasemnogene
abeparvovec, a single dose of IV AAV9 carrying the complementary
DNA encoding the missing survival motor neuron 138; and, last, risdi-
plam, an orally administered, small molecule that modifies SMN2 pre-
mRNA splicing and increases levels of functional SMN protein,39 thus
entirely bypassing the need to overcome the BBB.

Several reports indicated that modified AAV vectors carrying modi-
fied HEXA or HEXB subunits were able to favorably affect GM2
gangliosidoses. In two related reports, Tropak and colleagues40 and
Karumuthil-Melethil et al.41 designed and applied a modified alpha
subunit incorporating specific beta-subunit sequences required to
form a stable, HexB-like homodimer, and those sequences needed
for the homodimer to interact with the GM2AP-GM2 complex, which
they termedHEXM. This homodimer has HexA-like activity and could
be expressed from a single gene packageable within a self-complemen-
tary AAV vector. To avoid potential liver toxicity42 or carcinogenesis,43

which may occur with high-dose AAV9 vectors, they elected to pack
HEXM into an advanced form of AAV9 vector, AAV9.47, which af-
fords substantially diminished targeting to the liver but maintains
high brain penetration with IV administration. When administered
IV to neonatal TS mice, HEXM transgene achieved long-term GM2
reduction. In adult TS mice, it was capable of degrading GM2 in a
er 2024



Figure 6. Detection of mTr-G-CSF-HEXA in TS mouse

brain neurons and glial cells 3 h after an IV injection of

1 mg of mTr-G-CSF-HEXA-6HIS or vehicle (control)

mTr-G-CSF-HEXA-6HIS is visualized in red in neurons (top)

and some glial cells (bottom) and can be seen in neuronal

nuclei, using anti-6HIS antibody (red, B). Neuronal cells are

identified by an anti-NeuN (green, C) and the nuclei were

stained with DAPI (blue, A). And at lower anti-GFAP anti-

body (in green [D], identifies glial cells) and superposition of

(A, B and C/D) is presented in (E). The white arrows point

to the area where Tr-G-CSF-HEXA accumulated in glial

cells. The brain sections were visualized using confocal

microscopy (�100).
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localized manner when injected intracranially. Thus, at the present
time, this novel approach is effective as systemic therapy early on,
but requires local intracranial delivery in the adult TS mouse. Whether
this relates to the immaturity of the BBB in early life vs. fuller maturity
in adult mice44 or changes in mice size with maturation is unclear. A
recent report in an ongoing study of two infants with infantile TS using
an AAV (an equimolar mix of AAVrh8-HEXA and AAVrh8-HEXB)
gene therapy delivered intrathecally around the cisterna magna and
the thoracolumbar junction showed some disease deceleration.45

Finally, ERT is widely applied in several non-CNS lysosomal disor-
ders.46 Selective replacement of only the mutated subunit in TS,
HEXA was discarded 20 years ago, after a report that even large
amounts of the soluble a subunit to cultured TS fibroblasts failed
to reach the lysosomes in a sufficient quantity to hydrolyze cell
GM2.14 However, Kitakaze et al.47 generated a modified HexB, that,
following direct intracerebroventricular injection to the CNS, was
able to lower brain GM2 10-week-old Sandhoff mice, preceding the
rapid neurological deterioration typical for this disease model.

In all, then, at the present time, the systemic treatment of adult TS,
rather than prevention in neonates with TS, remains an experimentally
and clinically unmet challenge. Therefore, thefindings inour report that
HEXA alone as well as hTr-G-CSF-HEXAdecreases GM2 in humanTS
glial cells and thatHEXA lowersGM2 inPBMCculturesharvested from
LOTSpatientswould support the notion thatHEXAper se, presumably
associatingwith endogenousunmutatedHEXB inTS, confers the ability
Molecular Therapy: Methods & C
to lower GM2. Potential additional or alternative
pathways were not pursued in the present report.
Rather, we present a chimeric protein that carries
HEXA as the therapeutic element, transported
through the BBB by two independent Trojan hors-
es poised in succession. This is the first description
of a dual entry approach to carry a large enzyme/
enzyme subunit across the BBB.This is also thefirst
description of G-CSF as a trans-BBB carrier. Both
HEXA and G-CSF retain their respective activities,
which are relevant to TS: HEXA to lower GM2 and
G-CSF, known to cross the intact BBB16,17 and,
potentially, promote cell survival (which entails re-
ceptor binding). The idea that the transferrin receptor, which is broadly
expressed on cells comprising the BBB can serve as an anchor to enzyme
and protein delivery has been proposed by Partridgemore than two de-
cades ago.48 Antibodies to the transferrin receptors and other ligands
have been also tried [reviewed by Boado49 and Partridge50], of which
we selected a short sequence that binds to the Tr receptor. Either Tr
or G-CSF fused alone to HEXA showed GM2-lowering effect in adult
TSmice, but the impact wasmore consistent when the chimeric protein
combined both motifs. An inherent and potentially important advan-
tage of the dual entry element approach is that it may be less susceptible
to physiological or random inter-individual variability in receptor
expression for either transferrin or G-CSF receptor; for example, the
first is known to vary inversely to iron balance51 and the latter shows
random widespread variability of expression in the human brain52

and may be down-regulated by inflammation and some cytokines
such as tumor necrosis factor-a53 or interleukin-1b,54 which could be
overexpressed in lateTS.55Our study has several limitations.Unlike hu-
mans, mice can use some compensating action by neuraminidase {`sia-
lidase ’} that can recycle hexosaminidaseB cleavage products in the lyso-
some,56 thereby limiting disease severity and delaying symptoms,
reminiscent of the late and gradual course of human LOTS. However,
Tr-G-CSF-HEXA is not related to sialidase and still can not only lower
brain GM2, but elicit improvement in forelimb muscle strength.

We did not segregate the independent kinetics and contribution of
the G-CSF element and the Tr element to the trans-BBB traffick-
ing of Tr-G-CSF-HEXA. Both elements showed entry effects in
linical Development Vol. 32 September 2024 7
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Figure 7. Chronic intravenously administered Tr-G-

CSF-HEXA lowers brain GM2 concentrations

(A) mTr-G-CSF-HEXA treatment reduces brain GM2 of TS

mice in a dose-dependent manner. Shown are levels of

brain GM2 (expressed as arbitrary units) following the IV

injection of 65, 125 and 250 mg (*p % 0.003.) mTr-G-

CSF-HEXA or vehicle administered twice a week to the

tail vein of 14- to 15-month-old female TS mice for

6 weeks.

(B) Chronic treatment with 250 mg Tr-G-CSF-HEXA

markedly reduced brain GM2 in TS mice (**p %

1.04E�12). Shown are levels of brain GM2 (measured

by LC-MS/MS and expressed as percent mean GM2 in

the control TS mice) following of 250 mg Tr-G-CSF-

HEXA or vehicle (200 mL) injections, administered twice

a week via the tail vein of male and female TS mice for

6 weeks.
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independent studies with Tr-HEXA or G-CSF-HEXA. However, this
was less consistent in terms of GM2 reduction than the bimodal mole-
cule, which suggest that the relative contribution of each of the entry
elements may be variable in vivo. We did not quantify the percentage
of the injected protein entering the brain or its penetration, but did
observe that the protein enters other tissues as well, such as the heart
and kidneys, which are not protected by entry barriers such as the
BBB. The finding that there Tr-G-CSF-HEXA was practically unde-
tectable in the liver suggests that the relative between-tissue distribu-
tion may vary with time. Finally, because transferrin as well as G-CSF
receptors are present in non-CNS tissues, the possibility of unwanted
effects in some non-brain target organs cannot be ruled out. The
exclusion of any potential side effects by G-CSF may require further
testing. It is noteworthy, however, that blood count was not affected
by repeated administration of Tr-G-CSF-HEXA during the 6 weeks of
the in vivo experiments. Last, we did not address the potential ability
of G-CSF per se to enhance skeletal muscle regeneration57 or
neuronal stem cell differentiation in the brain.58

In conclusion, the current study offers three major advancements
regarding the treatment of LOTS and, possibly, beyond. First, we
show that replacement therapy based on the replacement with the
native, unmodified alpha subunit of HEXA alone can lower brain
GM2 in human TS cells, including PMBCs from LOTS patients and
in a mouse model of LOTS. Second, we show that this treatment is
effective, in terms of brain GM2 and increase in muscle strength
even in the adult mouse at a phase in which forelimb strength is already
declining. Last, we present a trans-BBB delivery system of peripherally
injected proteins that can enter the brain using a dual entry mecha-
nism: utilization of the well-described transferrin receptor trans-BBB
transport coupled with the herein first described G-CSF-dependent de-
livery. Since G-CSF per se may have neuroprotective effects16,17 and re-
mains active in the fusion protein described in this report, this may
confer potential additional benefits in neurodegenerative diseases.
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MATERIALS AND METHODS
Production of HEXA and HEXB
The a-subunit and b-subunit of human or mouse b-hexsoamindase
A (accession numbers hHEXA NP 000511; mHEXA NP 034551;
hHEXB NP 000512; mHEXB NP 034552; all accession numbers are
from GeneBank) were produced using a mammalian expression sys-
tem in HEK293T or Expi293 cells. The gene was cloned into the pTT5
expression vector (Addgene); the resulting construct contained the
codon for the signal peptide of mouse kappa IgG sequence at the
N-terminus followed and by a 6-His tag at the C-terminus.
HEK293T cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS) (Invitrogen) at 37�C, 7.5% CO2, which were hu-
midified and agitated at 120 RPM. The cells were transfected with
pTT5-HEXA plasmid, the medium was collected after 4–5 days
post-transfection, and centrifuged at 2,000�g for 30 min. The cleared
supernatant was supplemented with 1.5% mannitol (Merck) and
0.01% Tween80 (Merck). The His-tagged proteins were concentrated
on Ni-NTA (HisTrap) column, eluted with imidazole gradient (10–
500 mM) and found purify to approximately 99% by SDS-PAGE.

Expression of fusion proteins

DNA sequences of the fusion proteins included a codon for the signal
peptide of mouse kappa IgG sequence at the N-terminus and six-his-
tidine at the C-terminus were cloned into pTT5 mammalian expres-
sion vector and consecutively expressed under the regulation of CMV
promoter. The fusion proteins were produced recombinantly by the
cellular expression system Expi293F (Invitrogen) in which the fusion
protein was secreted into the extracellular medium. The cell suspen-
sion was humidified and agitated at 120 RPM at 37�C, 7.5% CO2. The
medium was collected 4–5 days post-transfection and centrifuged at
2,000�g for 30 min. The cleared supernatant was supplemented
with 1.5% mannitol (Merck) and 0.01% Tween80 (Merck), and the
His-tagged proteins was purified from medium in one step on an
Ni-NTA column using an imidazole gradient (5–500 mM). The
eluted protein peak (300–400 mM imidazole) was concentrated,
buffer exchanged (PBS, 3% mannitol 0.01% T-80) and then



Figure 8. Chronic treatment with Tr-G-CSF-HEXA

increases forelimb grip strength in 14- to 15-month-

old TS male (left, *p % 0.029) and female (right, **p %

0.0019) mice (HEXA–/–) (Left) Percent change in

forelimb grip-strength before and after 6 weeks of

treatment with 250 mg Tr-G-CSF-HEXA or vehicle

(200 mL) injected to the tail vein of female TS mice

twice a week

(Right) Dose response of forelimb grip-strength changes

before and after 7 weeks treatment with 65, 125, and

250 mg Tr-G-CSF-HEXA or vehicle (200 mL) injected to the

tail vein of female TS mice twice a week. Each point

represents an individual change in strength between the

pre- and post-treatment state for each tested animal.
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maintained at �80�C. The purity (approximately 99%) was detected
by SDS-PAGE and probed by western blot using anti-tetra His (Qia-
gen) antibody or anti-mouse G-CSF antibody (R&D Systems).

The fusion proteins were concentrated and purified by binding to Ni-
column via the C-terminus six-histidine tail and eluted from the Ni-
column using an imidazole gradient (5–500 mM). The eluted protein
picks were collected, concentrated, dialyzed in a reconstitution buffer,
which contained PBS, 3% mannitol, and 0.01% Tween 80, and then
was maintained at �80�C. Alternatively, the eluted protein peaks
were collected and dialyzed in 50 mM ammonium acetate buffer
pH 4.5 to remove the imidazole buffer, and the proteins freeze-dried
and kept until use at �80�C.

The final amino acid sequences of the peptides and proteins consti-
tuting the different domains of the fusion proteins are detailed as fol-
lows:(1) Transferrin receptor binding peptide: HAIYPRHGS; (17); (2)
mouse G-CSF: VPLVTVSALPPSLPLPRSFLLKSLEQVRKIQASGSV
LLEQLCATYKLCHPEELVLLGHSLGIPKASLSGCSSQALQQTQCL
SQLHSGLCLYQGLLQALSGISPALAPTLDLLQLDVANFATTIWQQ
MENLGVAPTVQPTQSAMPAFTSAFQRRAGGVLAISYLQGFLETA
RLALHHLA; (3) human G-CSF: ATPLGPASSLPQSFLLKCLEQVRK
IQGDGAALQEKLCATYKLCHPEELVLLGHSLGIPWAPLSSCPSQA
LQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLDTLQLDVADF
ATTIWQQMEELGMAPALQPTQGAMPAFASAFQRRAGGVLVA
SHLQSFLEVSYRVLRHLAQP; (4) a modified GS flexible linker:
GSGSDRVYIHPFHLGSGSGGSGGSGGSGSGGSGSGGSGGSG; (5)
mHEXA protein: LWPWPQYIQTYHRRYTLYPNNFQFRYHVSSA
AQAGCVVLDEAFRRYRNLLFGSGSWPRPSFSNKQQTLGKNILV
VSVVTAECNEFPNLESVENYTLTINDDQCLLASETVWGALRGL
ETFSQLVWKSAEGTFFINKTKIKDFPRFPHRGVLLDTSRHYLPLS
SILDTLDVMAYNKFNVFHWHLVDDSSFPYESFTFPELTRKGSFN
PVTHIYTAQDVKEVIEYARLRGIRVLAEFDTPGHTLSWGPGAPG
LLTPCYSGSHLSGTFGPVNPSLNSTYDFMSTLFLEISSVFPDFYLH
LGGDEVDFTCWKSNPNIQAFMKKKGFTDFKQLESFYIQTLLDI
VSDYDKGYVVWQEVFDNKVKVRPDTIIQVWREEMPVEYMLE
MQDITRAGFRALLSAPWYLNRVKYGPDWKDMYKVEPLAFHG
TPEQKALVIGGEACMWGEYVDSTNLVPRLWPRAGAVAERLW
Molecular T
SSNLTTNIDFAFKRLSHFRCELVRRGIQAQPISVGYCEQEFEQT;
and (6) hHEXA protein: LWPWPQNFQTSDQRYVLYPNNFQFQ
YDVSSAAQPGCSVLDEAFQRYRDLLFGSGSWPRPYLTGKRHTL
EKNVLVVSVVTPGCNQLPTLESVENYTLTINDDQCLLLSETVW
GALRGLETFSQLVWKSAEGTFFINKTEIEDFPRFPHRGLLLDTSR
HYLPLSSILDTLDVMAYNKLNVFHWHLVDDPSFPYESFTFPELM
RKGSYNPVTHIYTAQDVKEVIEYARLRGIRVLAEFDTPGHTLSW
GPGIPGLLTPCYSGSEPSGTFGPVNPSLNNTYEFMSTFFLEVSSVF
PDFYLHLGGDEVDFTCWKSNPEIQDFMRKKGFGEDFKQLESFY
IQTLLDIVSSYGKGYVVWQEVFDNKVKIQPDTIIQVWREDIPVN
YMKELELVTKAGFRALLSAPWYLNRISYGPDWKDFYIVEPLAFE
GTPEQKALVIGGEACMWGEYVDNTNLVPRLWPRAGAVAER
LWSNKLTSDLTFAYERLSHFRCELLRRGVQAQPLNVGFCEQE
FEQT.

Various peptide linkers were used to link the two-domain carrier,
mouse Tr-G-CSF and mouse HEXA. We selected the linker that af-
forded the best expression and also retained enzymatic activity.
Screening was carried out according to the ability of the various
generated fusion proteins to degrade GM2 in cultured human TS
glia cells (originally derived from a TS embryo, kindly provided by
Prof. Ruth Navon). Thus, the following in vivo studies were per-
formed using mouse fusion proteins comprising Tr-GCSF-peptide,
the selected linker and HEXA, in succession.

Immunoprecipitation experiments

hTS glial cells incubated with or 40 mg/mL (0.45 mM) hHEXA-6His
or vehicle for 16 h. Cells were then washed three times with ice-cold
PBS and lysed with RIPA buffer (R0275 Merck) supplemented with
a protease inhibitor (P2714 Merck) by agitation (100 RPM) for
30 min at 4�C. The cell’s lysate was collected and centrifuged at
11,000�g for 10 min. Clear supernatants were incubated with
anti-His in and Protein A and G Sepharose magnetic beads
(17152104011150, Cytiva) for 16 h at 4�C, then washed three times
and boiled with SDS sample buffer. The presence of HEXB was then
detected by western blot chemiluminescence with anti hHEXB (Ab-
cham, 140649) followed by anti-rabbit-Fc horseradish peroxidase
(HRP)-linked antibody.
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Analytical size exclusion chromatography for mTr-G-CSF-HEXA

in different buffer formulas

mTr-G-CSF-HEXA was purified using Ni column and the purified
protein peak was divided and buffer exchanged against three different
buffer formulations: (1) 10 mMNa2HPO4, 1.8 mMKH2PO4, 137 mM
NaCl, 2.7 KcL, pH7.4, 3% mannitol, 0.01% T80; (2) 50 mM Na
Na2HPO4, 50 mM arginine, 3% mannitol, 0.05% T80, pH 8, and
(3) 100 mM citrate, 22 mM arginine, 5% trehalose, 0.05% T80,
pH 5. The oligomeric state of the protein in each formula solution
was analyzed by an analytical Superdex 200 10/30 GL column pre-
equilibrated with the same formula solution. We injected 100 mL of
protein (1 mg/mL) into the column and elution was carried out
with appropriate formula solution, respectively. The elution volume
of the protein in each formula is presented in the Figure S2A and
the protein sizes were extrapolated from paralleled analytical size
exclusion chromatography of protein standards (Blue Dextran-
2,000 kDa; apoferritin 443 kDa; amylose 200 kDa; alcohol dehydroge-
nase 150 kDa) performed individually for each protein formula.

Cells and cell culture

Human TS neuroglia cells were initially prepared from the cerebellum
of an 18-week-gestation aborted TS fetus with infantile TS disease.59

We verified the involved mutation as homozygous HEXA
c.1421+1G>C, a variant located in a canonical splice site, which results
in exon skipping and disruption of the reading frame. TS cells were
grown in complete DMEM supplemented with 10% FBS, penicillin
(100 U/mL), streptomycin (0.1 mg/mL), amphotericin (0.25 mg/mL),
and L-glutamine (1%). The human normal glial cell line A-172 (Amer-
ican Type Culture Collection) was kindly provided by Prof M. Gavish,
Technion, Haifa, Israel). Cells were grown in RPMI 1640medium sup-
plemented with FBS (10%), penicillin (100 U/mL) streptomycin
(0.1 mg/mL), amphotericin (0.25 mg/mL), and L-glutamine (1%). Hu-
man TS glial cells were incubated with 100 mg/mLmTr-G-CSF-HEXA
or mG-CSF-HEXA for 16 h.

The use of PBMCs of LOTS disease patients for this study was
approved by the institutional review board (IRB). Four subjects diag-
nosed with LOTS carrying the aG269S/.1278insTACT and three
healthy controls, were recruited for the study. Patient characteristics
are presented in Tables S1 and S2. PBMCS were used in primary cul-
ture, cells were isolated from whole blood using Lymphoprep stan-
dard methods (AXIS-SHIELD PoC AS). Heparinized whole blood
samples collected no longer than 2 h before further processing were
diluted 1:1 with PBS and were layered over the Lymphoprep density
gradient and centrifuged for 45 min at 500�g at 25�C. The lympho-
cyte containing band was collected and washed twice with PBS and
then collected by 15 min centrifugation at 400�g. Cells were plated
with RPMI 1640 medium supplemented with fetal calf serum
(10%), penicillin-streptomycin- amphotericin (1%) and L-glutamine
(1%) and were treated with the recombinant human a-subunit of b
hexosaminidase A at different concentrations ranging between 20
and 80 mg/mL or, as a control, TWEEN 80, 0.03% in PBS (vehicle)
for 24–72 h in 12- or 96-well plates (each well seeded with 250,000
cells) at 37�C in a humidified incubator flushed continuously with a
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
5% CO2 in air. In some experiments, M6P (Sigma) was added to
the conditioned medium (at a final concentration of 10 mM). Cells
were then analyzed for HexA activity or GM2 content. Following
the various incubation protocols, treated and untreated cultured TS
cells, glia cells or PBMC, plates were washed with PBS four times
and harvested by scraping, washing twice with PBS followed by
centrifugation at 1,500�g for 10 min during which the cell pellet
was obtained.

Cell lysates were prepared by re-suspension of the cell pellet in 50 mM
citrate buffer (pH 4.5). The resultant preparation underwent freezing
in liquid nitrogen and thawing at 37�C for eight cycles. Following
centrifugation at 12,000�g for 20 min at 4�C, the supernatant was
collected and stored at a temperature of �20�C for HEXA enzymatic
assay.

HexA activity

HexA enzymatic activity of purified fusion proteins or in cells was
determined by using an artificial substrate for the enzyme activity:
MUGS, which can be cleaved by HEXA, HexA but not HEXB.60

For cell studies, human TS glial or peripheral bloodmononuclear cells
(PBMCs) from LOTS patients were incubated with various concen-
trations of HEXA, mTr-G-CSF-HEXA or mG-CSF-HEXA for
18–24 h. Following four washes, intracellular HexA activity was
measured by HexA enzymatic activity assay, in which MUGS is
used as a fluorescent substrate, and activity was expressed in arbitrary
units. To measure HexA activity, cell or tissue extracted protein
samples were incubated separately with the MUGS (1.6 mM; Melford
Laboratories) in 50 mM citrate buffer (pH 4.5; 37�C) for 15 min.
The fluorescence of the liberated 4-methylumbelliferone was
measured by a fluorometer (excitation 335 nm, emission 442 nm).
In some experiments, the apparent Km was calculated by the
Michaelis-Menten equation.

To test whether or not the recombinant mHEXA associates with
mHEXB, we pre-coated a MaxiSorp with 10 mg/well of recombinant
mHEXB or BSA, which was then blocked with 10% BSA in PBS. Plates
were subsequently incubated with HEXA alone or HEXA fused to
carrier proteins (mTr-G-CSF-HEXA or G-CSF-HEXA; 20 mg each)
dissolved in citrate buffer (pH 4.5). Bands corresponding with
captured HEXA-containing peptides are shown in Figure S2B. In a
second set of experiments, mHEXB was likewise first immobilized
on a MaxiSorp-immune plate. Nonspecific binding of mTr-G-CSF-
HEXA was blocked by 5% BSA. Trapped HEXB was then incubated
with mTr-G-CSF-HEXA, followed by repeated washes to remove un-
bound mTr-G-CSF-HEXA. Enzymatic activity was then measured as
a function of added mTr-G-CSF-HEXA concentrations. Bound mTr-
G-CSF-HEXA was calculated from a standard curve of the HEXA-
enzymatic-activity of mTr-G-CSF-HEXA concentrations. The exper-
imental dissociation constant (Kd) was 166 nmol/L (Figure S2C).

Animals

The use of mice was approved by the Tel Aviv-Sourasky IRB for
experimental use of animals. TS mice were kindly provided by
ber 2024
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Professor Roy Gravel, at the University of Calgary, Canada. They were
originally generated by disruption of the HEXA gene by homologous
recombination. The construct used for targeted disruption of the
HEXA gene was interrupted in exon 11 by a neomycin-resistance
gene cassette.56,61 Homozygousmutant mice exhibit GM2 ganglioside
accumulation in the brain as found in the human disease, but do not
develop visible neurological deficiency until the second year of life.
This is due to a delayed and slow accumulation of GM2 ganglioside
in the mouse brain. However, HexA activity is practically absent in
all tissues. Mice were housed in a room with a 12-h light/12-h dark
cycle. Mutant TS mice were identified by PCR analysis of tail DNA
with specific primers. Primers for detection of mutated HEXA se-
quences were: primer1: 50-GGCCAGATACAATCATACAG and
primer2: 50-CTGTCCACATACTCTCCCCACAT. Phosphoglycerate
kinase-1 promoter PGKneo vector sequences were recognized by
primer 3: 50-CACCAAAGAAGGGAGCCGGT.

G-CSF activity

The G-CSF activity of Tr-G-CSF-HEXA was measured by its ability
to promote the survival of M-NFS-60 cells. M-NFS-60 cells were
maintained in RPMI-1640 medium, with 10% FBS, 0.05 mM
2-mercaptoethanol, and 62 ng/mL human recombinant M-CSF. Cells
were maintained for 3 days with increasing concentrations of mTr-G-
CSF-HEXA or hG-CSF (Neupogen; Amgen) in the absence of
M-CSF. Cell concentration was quantified by XTT cell proliferation
assay Kit (Bet-Haemek) and the half-maximal effective concentration
was calculated using the Hill equation.

Quantitative immunohistochemistry for GM2

TS neuroglial cells or PBMCs from patients with LOTS were plated on
96 well plates (8 � 104 cells/mL) in quadruplicate for each hHEXA
dilution and incubated overnight at 37�C. Following this initial incu-
bation, hHEXA protein was added in serial dilutions ranging between
0 and 80 mg/mL. Cells were incubated for 48 h at 37�C and then
washed three times with PBS at room temperature. Cells were fixed
using 4% PFA/PBS for 5 min and then permeabilized with 0.03%
Triton X100 for 5 min, washed with PBS, and blocked with 5%
BSA/PBS overnight at 4�C. Cells were then immunostained with
rabbit anti-GM2 antibody (Calbiochem; dilution 1:200) for 2 h.
Following initial washing with PBS/0.03% Tween 80, cells were
treated with anti-rabbit HRP-conjugated antibody (Jackson Immuno
Research Laboratories, Inc). After additional washing, a color reac-
tion was developed using TMB/E reagent (Millipore) and the reaction
was stopped with 1 N HCl solution. The absorbance was measured
with a microliter plate ELISA reader at 450 nm. This method was
modified from Tsuji et al.62

Immunofluorescence labeling for GM2

Intracellular GM2 ganglioside in treated and untreated TS cells was
visualized by immunostaining. TS neuroglial cells were grown on
glass discs in 12-well plates and incubated with different concentra-
tions of added hHEXA or PBS/0.03% Tween 80, as control, for
24 h. The cells were then washed with PBS/0.01% Tween 20 to remove
non-incorporated hHEXA protein, blocked with BSA 5% (Sigma-
Molecular T
Aldrich) and then stained with Rabbit anti-Ganglioside asialo
GM2 Polyclonal Antibody (Calbiochem) as the primary antibody
(dilution 1:800). The cells were then immunostained with goat anti-
rabbit FITC- (Invitrogen). Phallodin-TRITC (Sigma-Aldrich) diluted
1:800 was added to visualize cell membranes. Slides were mounted
with Vestashield mounting medium containing DAPI (Vector Labo-
ratories Ltd).

Immunohistochemical detection of the fusion proteins in the

brain

The in vivo penetration of HEXA or the fusion proteins through the
BBB into the brain was tested in wild-typemicewhich received a single
IV injection of vehicle, HEXAorTr-G-CSF-HEXAandwere sacrificed
with CO2 after the injections at different time periods as indicated in
Figures 5 and S5. To remove the entire blood volume containing the
injected proteins from the brain, PBS solution was infused into the
left ventricle (total of 30mL, at least 6-fold of themouse ownblood vol-
ume) and bloodwas drained through the right atriumuntil the effluent
was entirely clear of blood and the liver become pink, followed by
perfusion with ice-cold 4% paraformaldehyde (PFA) in PBS
(15mL). Brainwas then collected on ice and incubated at 4pCas follow:
4% PFA in PBS for 24 h, 15% sucrose in PBS for 24 h, and kept in 30%
sucrose at least 2 days until brain slicing. Slices from each brain were
incubated in citrate buffer pH 6 at 95pC for 30min, stained with rabbit
anti-histidine monoclonal antibody (Cayman Chemical), which de-
tected with secondary antibody—donkey anti rabbit IgGH&L—Alexa
Flur555 (Abcam) and DAPI. In additional studies, 3-month-old TS
mice were injected with 1 mg of mTr-G-CSF-HEXA-6His or vehicle
(control). Three hours later, the mice were scarified and the brains
were removed. We immune-stained 8 mM of brain sections. At the
top of Figure 6, anti-6HIS (red, B) was used to detect mTr-GCSF-
HEXA, anti-NeuN a nuclear marker for nerve cells (green, C) signaled
neurons and nuclei were stained with DAPI (blue, A). In the lower
panel of Figure 6, glial cells were visualized with anti-GFAP marker
for glial cells (green, D), and the presence of mTr-GCSF-HEXA (red,
B) was detected with anti-6HIS. The brain sections were visualized us-
ing confocal microscopy (�100) and superposition of A, B, and C/D is
presented in E. The white arrows point to the area where Tr-G-CSF-
HEXA accumulated in glial cells.

Extraction of brain GM2

Animals were sacrificed by CO2 and perfused through the left
ventricle with 30 mL of PBS solution. Blood was drained through
the right atrium until the effluent was entirely clear of blood as
detailed in the previous section. The brain was then immediately
collected, placed in PBS (1:4, w/v) and homogenized on ice with a ho-
mogenizer-mixer (Heidolph, Instruments). The homogenate was
then sonicated for 20 s with 20% output. Each of the elution proced-
ures presented below included mixing for 30 s with a vortex. Initially,
70 mL of brain homogenate was extracted by adding 170 mL of chlo-
roform/methanol (1/2 v/v), vortexed and then centrifuged for 5 min
at 1,200�g. The upper phase was collected and the lower phase con-
taining the pellet was re-extracted with 170 mL of chloroform/meth-
anol (2/1 v/v and then vortexed and centrifuged at 1,200�g for 5 min.
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Both supernatants were pooled and extracted again with 170 mL of
chloroform and 100 mL water. The mixture was centrifuged at
4,000�g for 5 min, and the upper phase was collected. The lower
phase was re-extracted with 360 mL of methanol/water (2/1 v/v)
for 30 s followed by centrifugation at 10,000�g for 5 min. The up-
per phases were pooled and vacuum-dried in speed-vac at (40�C,
for approximately 2 h). The dried pellet was dissolved in 250 mL
of water and the resultant GM2-enriched fraction was eluted twice
with 250 mL of water-saturated butanol and then centrifuged at
9,700�g for 5 min. Both butanol phases were combined and vac-
uum-dried at 40�–45�C for about approximately 2 h. For GM2
measurement, the dried pellet was dissolved in 200 mL of methanol
and triplicate aliquots (50 mL) of each sample were measured by
LC-MS/MS.
Measuring brain GM2 by LC-MS/MS analysis

All analytical equipment was from Agilent Technologies and con-
sisted of a 6545 QTOF mass spectrometer with an electrospray ioni-
zation interface (ESI) coupled to a 1,260 ultra-high-performance
liquid chromatography (UHPLC), a G4204A quaternary pump,
G4226A ALS auto-sampler, and G1316C thermostatted column
compartment. UHPLC was carried out on a ZORBAX RRHD Eclipse
Plus C18, 95 Å, 2.1� 50 mm, 1.8-mm column with 70% mobile phase
A (30% tetrahydrofuran/20% methanol/50% 5 mM NH4COOH in
water) with gradient elution to 100% mobile B (70% tetrahydro-
furan/20% methanol/10% 5 mM NH4COOH in water) in 3 min
and then another 3 min at 100% mobile phase B at a flow rate of
0.5 mL/min.63 Five microliters of each sample and standard were in-
jected into the LC-MS/MS instrument in triplicate, and an average
peak area of three analyses was calculated. Methanol solution was in-
jected as a blank within a sequence of samples to confirm that there
was no cumulative carryover. We injected 1 mg/mL GM2 methanolic
solution as a standard. The ESI was operated in negative mode. Detec-
tion of GM2 was monitored by the ion transitions 1382.808 m/z
[M-H]-/ 290.088 m/z. Mass spectral parameters were optimized
for GM2 by the fragmentor voltage of the ion source to 220, where
source temperature was set to 300�C, drying gas 8 L/min, nebulizer
40 psi, sheath gas temperate 400�C, and sheath gas flow 12L/min
400�C. Ion spray voltage was 4.5 kV and collision and energy for
product ion mode (MS/MS) was 80 V.62
Forelimb strength

Forelimb strength was monitored automatically with a force sensor
connected electronically to Grip Strength Meter (UGO). When
mice are pulled back by the tail, they instinctively grab the grid of
the grip strength meter, to try to stop this involuntary backward
movement, until the pulling force overcomes their grip strength.
Each measurement is the mean of seven different pulling challenges
separated from each other by 5 s. The difference between the force
measured before and at the end of treatment was then calculated
for each mouse separately as percent change relative to baseline.
Negative changes imply loss of strength over the 6 weeks of the exper-
iment, whereas positive changes imply gain of strength.
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Statistical analysis

Statistical analysis was performed using SPSS 17 software. Differences
between the mean values obtained from the experimental and the con-
trol groups were evaluated by Student’s t-test, parametric ANOVA, or
non-parametric tests (Mann-Whitney, Wilcox). A p value of less than
0.05 was considered significant.
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