


GILT-tagged GAA Enhances Clearance of Glycogen from
Mouse Muscle Tissue Compared with rhGAA—The abilities of
BMN 701 and rhGAA to reverse the storage pathology in
Pompe mice was tested by administering the compounds to
mice in a 4-week enzyme replacement protocol. The uptake
kinetics of the HEK-produced rhGAA used in this experiment
were evaluated as described above (Fig. 7).
Mice received four injections of BMN701 or rhGAA at doses

of either 5 or 20 mg/kg. The reduction in glycogen storage was
greater in both dosing groups receiving BMN 701 compared
with those receiving rhGAA (Fig. 9). In all tissues, treatment
with the 20 mg/kg dose of BMN 701 resulted in statistically
significant (p� 0.05) lower levels of glycogen than either the 20
or 5 mg/kg dose of rhGAA. Except for in the lingual muscula-
ture, treatment with 5mg/kg BMN 701 resulted in significantly
(p � 0.05) lower levels of glycogen than the 5 mg/kg dose of
rhGAA. In the tibialis anterior, extensor digitorum longus, gas-
trocnemius, heart, and quadriceps, treatment with the 5 mg/kg
dose of BMN701 resulted in significantly (p� 0.05) lower levels
of glycogen than treatment with 20 mg/kg rhGAA. No correla-
tion was found between glycogen clearance and tissue GAA

activity (Table 2). This is presumably because of the accumula-
tion of significant quantities of GAA enzyme in capillary endo-
thelial cells in muscle tissue (15).

DISCUSSION

The rationale for enzyme replacement therapy for Pompe
disease is that the underlying molecular cause of Pompe dis-
ease, accumulation of excess glycogen in the lysosomes of car-

FIGURE 6. Intracellular localization of CHO-produced BMN 701. C2C12 cells grown in the presence (upper images) or absence (lower images) of BMN 701
were examined using immunofluorescence microscopy. Whole cells were imaged with differential interference contrast (DIC) filters. Nuclear DNA was imaged
with a DAPI filter. CHO-produced BMN 701 was imaged with anti-human GAA primary antibody 3A6-1F2 (�-BMN 701 panels), anti-mouse IgG AF594 secondary
antibody, and a Texas Red filter. Lysosomal LAMP1 was imaged with FITC-conjugated anti-LAMP1 primary antibody (�-LAMP1 panels) and a FITC filter.
Fluorescent images were overlaid (merged panels).

FIGURE 7. Determination of Kuptake for CHO-produced BMN 701,
HEK293-produced rhGAA, and alglucosidase alfa. Uptake assays with
increasing amounts of GAA protein BMN 701 (circles), rhGAA (squares), or
alglucosidase alfa (CHO-produced rhGAA manufactured by Genzyme) (trian-
gles) were performed. Each point is the average of duplicate samples. Data
points were fit to the Michaelis-Menten equation to determine Kuptake values
of 5.4, 141, and 147 nM for BMN 701, rhGAA, and alglucosidase alfa,
respectively.

FIGURE 8. Determination of affinity of BMN 701 for the IGF-II binding
domain of the CI-MPR by surface plasmon resonance. Similar amounts of
the biotinylated CI-MPR constructs 1355 and 1288 were immobilized on the
surface of a SA sensor chip (280 and 300 RU, respectively). IGF-II and BMN 701
were injected in a volume of 120 �l over the 1355 and 1288 coupled flow cells
at a rate of 40 �l/min. After 2 min, the solutions containing the analyte were
replaced with buffer, and the complexes were allowed to dissociate for 3 min.
An average of the Req values was determined for each analyte concentration
using BIAevaluation version 4.0.1 software. Shown are equilibrium plots for
IGF-II (0.5, 1, 2, 4, 8, 12, 20, and 40 nM) (A) and BMN 701 (5, 10, 25, 50, 100, 200,
and 400 nM) (B). Equilibrium constants were calculated using nonlinear
regression (SigmaPlot version 10.0) and are summarized in Table 1.
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diac and skeletal muscle tissue due to insufficient amounts of
GAA enzyme in the lysosome, can be reversed by delivery of
sufficient GAA to the lysosomes of these cells. This should per-
mit degradation of the accumulated lysosomal glycogen, rever-
sal of the underlying cellular pathology, and improved clinical
outcomes for patients.
In contrast to rhGAA, BMN 701 has a high affinity ligand for

the CI-MPR on every enzyme molecule. Consequently, BMN
701 is taken up and delivered to the lysosome 26-fold more
efficiently than is rhGAA, enabling BMN701 to be about 5-fold
more effective than rhGAA in its ability to clear glycogen from
skeletal muscle of Pompe mice. These results demonstrate the
validity of the hypothesis that increasing the affinity of GAA for
the CI-MPR will lead to increased clearance of the glycogen
stored in lysosomes of Pompe mice.
BMN701was designed to fulfill a number of criteria essential

for an improved enzyme replacement therapy for Pompe dis-
ease. First, the presence of the GILT tag in BMN 701 must not
interfere with the biological properties of GAA; next, the GILT
tag GAA must enable high affinity binding of the BMN 701
molecule to the CI-MPR and subsequent trafficking to the lys-
osome; and finally, BMN 701 must improve clearance of glyco-
gen from the lysosomes of heart and skeletal muscle. Initial
attempts to fuse the GILT tag to the C terminus of GAA
resulted in chimeras with enzymatically inactive GAA domains
(data not shown). Moving the GILT tag to the N terminus of
GAA, however, allowed proper function of both the GAA
domain and the GILT tag. The GAA domain of GILT-tagged
BMN 701 functions indistinguishably from rhGAA as meas-
ured by a number of criteria: enzymatic specific activity, Km,
Vmax, intracellular half-life (Fig. 4), and intracellular processing
(Fig. 5).
A variety of approaches was used to demonstrate that BMN

701 binds to the CI-MPR with high affinity and is routed to the
lysosome. Surface plasmon resonance analysis (Table 1 and Fig.
8) is consistent with BMN701 acting as a high affinity ligand for
the receptor. This is borne out in in vitro cell uptake studies
(Fig. 7), where Kuptake values of GILT-tagged GAA are over
26-fold lower than untagged rhGAAs. Once bound to the
receptor, BMN 701 appears to be trafficked to the lysosome as
determined by immunofluorescence (Fig. 6). Specificity of
GILT-tagged GAA uptake for the CI-MPR is demonstrated in
competition experiments with both IGF-II (Fig. 2) and soluble
receptor 1288 (Fig. 3). Uptake of GILT-tagged GAA produced
in HEK293 cells (Fig. 2) and in CHO cells (data not shown) is
not inhibited by excess M6P, indicating that uptake is almost
completely dependent on the GILT tag. This suggests that the
level of M6P on BMN 701 is considerably less than the levels
present on the untagged rhGAA. This may be attributed to the
different signal peptides used to express the two proteins. BMN

701 is expressed containing the IGF-II signal sequence, and
rhGAA is expressed containing the native GAA signal
sequence. Even though native GAA is poorly phosphorylated,
replacement of the native signal sequencewith that from IGF-II
is likely to change the post-translational glycosylation. In fact
substitution of the IGF-II signal peptide for the endogenous
GAA signal peptide results in a GAAmolecule with diminished
M6P-dependent uptake, possibly because of alterations in the
kinetics of GAA trafficking (data not shown). The native GAA
signal peptide is reported to be inefficiently cleaved (40), which
could extend its residence time in the Golgi, where M6P addi-
tion occurs.
Finally, BMN 701 is significantly more potent than untagged

rhGAA in muscle tissue glycogen clearance in the Pompe
mouse model (Fig. 9). In most muscle tissues examined, BMN
701 doses of 5 mg/kg led to greater clearance of glycogen than
untagged rhGAA doses of 20 mg/kg. BMN 701 appears most
effective in clearing glycogen from the heart, soleus, tibialis
anterior, extensor digitorum longus, gastrocnemius, and quad-
ricep. A sufficient amount of commercially available rhGAA
(alglucosidase alfa) could not be obtained for this animal exper-
iment, and thus, despite the fact that the uptake kinetics in rat
L6 myoblasts of the rhGAA used in this study were virtually
indistinguishable from those of alglucosidase alfa (Fig. 7), the
possibility of other differences between the two untagged
rhGAAs, such as differences in the sialic acid content of the
glycan, limited the ability to draw conclusions about the relative
performance of the two rhGAAs in animals.
Current enzyme replacement therapies for the treatment of

lysosomal storage diseases rely on the binding of rhGAA to the
CI-MPR via M6P moieties on the glycosylated rhGAA protein.
Thework presented here shows an alternative route for engage-
ment of the receptor via an IGF-II-derived GILT tag fused to
the rhGAAmolecule. This alternative may hold several advan-
tages over current enzyme replacement therapy for Pompe dis-
ease. For example, use of the GILT targeting strategy is com-
patible with non-mammalian expression systems that do not
produce M6P-containing oligosaccharides on proteins. Also,
because the glycosylation state of proteins can be variable and
influenced by cell culture conditions, large scale production of
enzymes that relies on specific glycosylation for their biological
activity, such as M6P-dependent targeting, can face technical
challenges. This appears to have been the case with alglucosi-
dase alfa, where differences in pharmacokinetics and biodistri-
bution between lots produced at the 160-liter scale and the
2000-liter scale were attributed to differences in glycosylation
by the FDA, leading to the filing of a new biological license
application for the 2000-liter-produced rhGAA (41).
Another potential advantage of BMN 701 relates to the

observation that uptake of BMN 701 into rat L6 myoblasts sat-

TABLE 1
Surface plasmon resonance analysis

Langmuir 1:1 fit Steady-state kinetics
Ligand ka kd Kd Rmax Kd Rmax

1/ms 1/s nM RU nM RU
BMN 701 3.6 � 105 � 1.9 � 103 5.8 � 10�3 � 1.4 � 10�5 16 146 21 � 1.9 163 � 3.7
IGF-II 1.1 � 106 � 8.8 � 103 3.4 � 10�3 � 2.8 � 10�5 2.5 16.1 8.8 � 1.2 23 � 1.2
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FIGURE 9. Glycogen clearance in Pompe mice. Glycogen levels were measured in various muscle tissues following four injections with CHO-produced BMN
701 or rhGAA. See “Experimental Procedures” for details.
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urates at approximately twice the level at which rhGAA uptake
saturates. This observation could be explained by postulating
that the IGF-II tag on BMN701 binds to the IGF-I receptor and
triggers redistribution of the CI-MPR to the plasmamembrane.
IGF-I, IGF-II, and insulin have all been shown to promote redis-
tribution of the CI-MPR to the cell surface (16, 17). The IGF-II
stimulatory effect was shown to be sensitive to the phosphati-
dylinositol 3-kinase (PI3K) inhibitor, wortmannin (18), sug-
gesting that CI-MPR redistribution is triggered by binding of
IGF-II to the IGF-I receptor, a receptor known to activate PI3K
(23). We do not know whether the concentration of BMN 701
at the surface of a muscle fiber after intravenous injection
would be sufficient to trigger this signaling pathway, but exper-
iments to test this hypothesis are under way.
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