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Lysosomal storage diseases (LSDs) are a group of inherent dis-
eases characterized by massive accumulation of undigested 
compounds in lysosomes, which is caused by genetic defects 
resulting in the deficiency of a lysosomal hydrolase. Currently, 
enzyme replacement therapy has been successfully used for 
treatment of 7 LSDs with 10 approved therapeutic enzymes 
whereas new approaches such as pharmacological chaperones 
and gene therapy still await evaluation in clinical trials. While 
therapeutic enzymes for Gaucher disease have N-glycans with 
terminal mannose residues for targeting to macrophages, the 
others require N-glycans containing mannose-6-phosphates 
that are recognized by mannose-6-phosphate receptors on the 
plasma membrane for cellular uptake and targeting to 
lysosomes. Due to the fact that efficient lysosomal delivery of 
therapeutic enzymes is essential for the clearance of accumu-
lated compounds, the suitable glycan structure and its high 
content are key factors for efficient therapeutic efficacy. 
Therefore, glycan remodeling strategies to improve lysosomal 
targeting and tissue distribution have been highlighted. This re-
view describes the glycan structures that are important for ly-
sosomal targeting and provides information on recent gly-
co-engineering technologies for the development of ther-
apeutic enzymes with improved efficacy. [BMB Reports 2015; 
48(8): 438-444]

INTRODUCTION

A lysosome is an acidic cellular organelle containing more 
than 60 hydrolytic enzymes for digestion and recycling of vari-

ous macromolecules. Lysosomal storage diseases (LSDs) are 
caused by genetic defects resulting in deficiencies of these en-
zymes, which leads to massive accumulation of undigested 
macromolecules in lysosomes (1). This accumulation induces 
lysosomal and cellular dysfunctions progressively leading to 
the failures of multiple tissues and organs including the brain, 
viscera, bone and connective tissues. The LSD patients seem 
normal at birth but develop clinical manifestations (such as ab-
normal enlargement of organs, coarsening of hair and facial 
features, and skeletal and central nervous system defects) mainly 
in infancy/childhood and often end up with early death (1-4). 

For treatment of LSDs, bone marrow transplantation, enzyme 
replacement therapy (ERT), and substrate reduction technology 
are currently available (1, 2, 4). Although bone marrow trans-
plantation was the only therapy available in the past, it is now 
mainly used in the cases where ERT does not work (1, 2). 
Substrate reduction therapy uses an inhibitor for an enzyme in-
volved in the synthesis of the accumulated compound and has 
only one approved drug (Miglustat) for Gaucher disease (2). 
Several novel approaches including pharmacological chaper-
ones and gene therapy are under the development, however 
these still await evaluation in clinical trials (2, 4). In contrast, 
ERT has 10 approved therapeutic enzymes for 7 LSDs at pres-
ent after their efficacy and safety have already been confirmed 
by clinical trials (1-4) (Table 1). However, there still exist sev-
eral limitations such as immune reactions, low efficiency of ly-
sosomal targeting and difficult delivery to central nervous 
system. To overcome these limitations, several strategies have 
been employed to develop next generation therapeutic en-
zymes, especially focusing on increasing the targeting effi-
ciency and/or crossing the blood brain barrier. Many of these 
approaches include glycan remodeling in order to change the 
tissue distribution and improve the cellular uptake and lysoso-
mal targeting. Here, we provides the insights into the glycan 
structures that are important for lysosomal targeting and cur-
rent glyco-engineering strategies to improve ERT efficiency. 

Mannose-6-phosphate (M-6-P) glycan modification for 
trafficking to lysosome
A pre-made N-glycan precursor (Glc3Man9GlcNac2) is attached 
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Disease
(Storage)

Enzyme
(Gene name)

Therapeutics name
(Brand name)

Manufacturing 
company

Source of 
expression cells Glycan features

Gaucher
(glucosylceramide)

-gluco-cerebrosidase 
(GBA)

Imiglucerase (Cerezyme)
Velaglucerase alfa (VPRIB)
Taliglucerase alfa (Elelyso)

Sanofi (Genzyme)
Shire HGT
Protalix & Pfizer

CHO
Human
Carrot

Tri-mannosyl core
High-mannose
Plant pauci-mannose

Fabry
(Gb3, LysoGb3)

-Galactosidase (GLA) Agalsidase beta (Fabrazyme)
Agalsidase alfa (Replagal)

Sanofi (Genzyme)
Shire HGT

CHO
Human

M-6-P glycan (2.9)*
M-6-P glycan (2.1)*

Pompe
(glycogen)

-Glucosidase (GAA) Aglucosidase alfa
(Myozyme/Lumizyme)

Sanofi (Genzyme) CHO M-6-P glycan (0.7)*

MPS type I
(DS, HS)

Iduronidase (IDUA) Laronidase (Aldurazyme) Biomarin CHO M-6-P glycan (2.5)*

MPS type II
(DS, HS)

Iduronate sulfatase 
(IDS)

Idursulfase (Elaprase) Shire HGT Human M-6-P glycan (3.2)*

MPS type IVA
(KS, C6S)

GalNAc-6-sulfatase 
(GALNS)

Elosulfase alfa (Vimizim) Biomarin CHO M-6-P glycan

MPS type VI
(DS, C4S)

GalNAc-4-sulfatase 
(ARSB)

Galsulfase (Naglazyme) Biomarin CHO M-6-P glycan

*The values of M-6-P content (mol/mol enzyme) were obtained from a comparative study (16). Gb3: Globotriaosylceramide, MPS: Mucopoly-
saccharidosis, DS: Dematan sulfate, HS: Heparan sulfate, KS: Keratan sulfate, C6S: Chondrotin 6-sulfate, C4S: Chondrotin 4-sulfate.

Table 1. Characteristics of the approved therapeutic enzymes for treatment of LSDs

to glycoproteins including lysosomal enzymes by oligosaccharyl 
transferase in the endoplasmic reticulum (ER) during the 
co-translational secretion process. After trimming of the three 
terminal glucoses and one mannose residues of the N-glycan 
in the ER, the enzymes move to the Golgi apparatus and un-
dergo further glycan trimming and modification. Here, some 
high-mannose type glycans of lysosomal enzymes are modi-
fied to contain M-6-Ps in a two-step reaction (Fig. 1) (5-7). As a 
first step in the cis-Golgi complex, UDP-GlcNAc:lysosomal en-
zyme-N-acetylglucosamine-1-phosphotransferase (GlcNAc-1- 
phosphotransferase) recognizes lysosomal enzymes and then 
transfer GlcNAc-1-phosphate from UDP-GlcNAc to the C6 hy-
droxyl groups of a specific mannose residue (GlcNAc-1-phos-
phate-6-O-mannose). GlcNAc-1-phosphotransferase, a hetero-
hexameric complex (222) encoded by two genes (8, 9), has 
been known to recognize common conformational structures 
of lysosomal enzymes in which lysine residues are the major 
determinants (10, 11). In the second step, N-acetylglucos-
amine-1-phosphodiester -N-acetylglucosaminidase (uncovering 
enzyme) removes the outer GlcNAc and leaves a phosphate 
group linked to the mannose residue (phosphate-6-O-man-
nose) of the N-glycan, which is called an M-6-P glycan (Fig. 1). 
The uncovering enzyme encoded by the NAGPA gene is a 
type I membrane protein and exists as a tetramer that cycles 
between the trans-Golgi network (TGN) and the plasma mem-
brane (7). 

The M-6-P glycans of lysosomal enzymes are recognized by 
M-6-P receptors (MPRs) for lysosomal delivery. There are two 
MPRs; a cation-dependent (CD)-MPR with a molecular weight 
(MW) of 46 kDa and a cation-independent (CI)-MPR with a 
MW of 300 kDa (5-7). MPRs are type I transmembrane glyco-
proteins distributed over the TGN, endosomes, and plasma 

membrane (6, 7). CD-MPR has a luminal domain of 159 ami-
no acids with M-6-P binding ability, while CI-MPR contains 15 
homologous repeating domains of ∼150 amino acids; do-
mains 3 and 9 are high affinity M-6-P binding sites, and do-
main 11 provides a binding site for insulin-like growth factor II 
(IGF II) (6, 7). As a multi-functional protein, CI-MPR can bind 
other ligands including IGF II, retinoic acid, and urokinase- 
type plasminogen activator receptor (5, 6). Studies using 
knockout mice lacking CD- or CI-MPR have shown that both 
MPRs are required to deliver all lysosomal enzymes, as three 
populations exist, CD-MPR-dependent, CI-MPR-dependent, 
and those dependent on both receptors (5, 7). 

In the TGN, the M-6-P glycans of lysosomal enzymes are 
recognized by MPRs, which are delivered to the early endo-
some through clathrin-coated vesicles requiring the interaction 
of MPRs with coat proteins (Fig. 1) (5-7). As the early endo-
somes mature to late endosomes, accompanied by pH de-
creases, lysosomal enzymes are released from MPRs, which 
avoids the delivery of MPRs to lysosomes where they can be 
digested (7). Finally, selective transfer of lysosomal enzymes to 
lysosomes is achieved by the fusion of late endosomes with ly-
sosomes where they begin to digest the macromolecules at 
acidic pH 5 which is maintained by a membrane ATP-driven 
H+ pump (7). 

Most therapeutic enzymes are delivered to lysosomes by 
CI-MPR-mediated endocytosis
Some fractions of lysosomal enzymes, instead of trafficking to 
lysosomes via M-6-P pathway, escape binding to MPRs in the 
TGN and exit to extracellular spaces (Fig. 1) (5-7). Such se-
creted enzymes can be recaptured by the MPRs located at 
plasma membranes and delivered to lysosomes by receptor- 
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Fig. 1. Trafficking of lysosomal enzymes to lysosomes by the mannose-6-phosphate pathway. Lysosomal enzymes are recognized in the 
cis-Golgi by GlcNAc-1-phosphotransferase (GPT) transferring a GlcNAc-1-phosphate moiety of UDP-GlcNAc to selected mannoses in 
high-mannose type glycans of lysosomal enzymes, which is accompanied by mannosidase (Ma) trimming. Subsequently, the outer GlcNAc 
is removed to leave a phosphate group linked to a mannose residue in the TGN by an uncovering enzyme (UCE), generating M-6-P. 
Lysosomal enzymes carrying M-6-P glycans are selectively recognized by MPRs in the TGN and then move to early endosomes via cla-
thrin-coated vesicles. At the low pH of late endosomes, lysosomal enzymes were separated from MPRs and entered the lysosome alone. A 
portion of lysosomal enzymes escape binding to MPR in the TGN and are secreted outside cells. CI-MPR at the plasma membrane is ca-
pable of recapturing such enzymes to lysosomes by an endocytosis mechanism. ERT employs this CI-MPR-mediated endocytosis pathway to 
deliver the administrated therapeutic enzymes to lysosomes. Symbols used for glycans are those suggested by the Consortium for 
Functional Glycomics (http://www.functionalglycomics.org/). Green circle: Mannose, blue square: GlcNAc, P: Phosphate. 

mediated endocytosis. CI-MPR is responsible for this M-6-P-de-
pendent endocytosis in physiological conditions, although 
small amounts of both CD- and CI-MPRs exist at plasma 
membranes. Most of the therapeutic enzymes used in ERT ex-
ploit this “secretion-recapture” pathway for cellular uptake and 
lysosomal targeting. When therapeutic enzymes carrying 
M-6-P glycans are administrated to the body, they can be rec-
ognized and internalized to cells by CI-MPR at the plasma 
membranes (7). Seven therapeutic enzymes for the treatment 
of six LSDs (all enzymes except Imiglucerase, Velaglucerase al-
fa, and Taliglucerase alfa for Gaucher disease) employ this in-
teraction between their M-6-P glycans and CI-MPR for target-
ing to lysosomes (Table 1). They are usually secreted from 
overexpressing Chinese hamster ovary (CHO) cells or human 
fibroblasts as glycoproteins containing heterogeneous N-gly-
cans (complex type and M-6-P glycans).

Fabry disease arises from a deficiency in -galactosidase 
(GLA), which results in accumulation of globotriaosylceramide 
(Gb3) and lysoGb3. For the treatment, there are two approved 
GLAs, Agalsidase alfa and Agalsidase beta, which are pro-
duced from human fibroblasts and CHO cells, respectively. 
They are homodimeric glycoproteins with three N-glycosylation 
sites in each monomer; one site comprises a complex type gly-
can with terminal sialic acids, while the other two sites are 

mainly attached to M-6-P glycans (12). A comparative glycan 
analysis study showed that Agalsidase beta has higher levels of 
M-6-P and sialic acid than Agalsidase alfa, which correlates 
with the better efficacy of Agalsidase beta to reduce the accu-
mulated Gb3 in human Fabry fibroblasts and Fabry (-gal-
actosidase knockout) mice (12-14). However, significant differ-
ences in therapeutic efficacies were not observed in a small 
clinical study (34 Fabry disease patients) with the treatment of 
either Agalsidase alfa or Agalsidase beta at the same dose (0.2 
mg/kg) (15). These results may be related to the marginal dif-
ference in M-6-P contents between the two GLAs, which was 
revealed by a recent comparative study of the M-6-P contents 
of six therapeutic enzymes (16), with the M-6-P contents of 
Agalsidase alfa and Agalsidase beta being 2.1 and 2.9 mol/mol 
enzyme, respectively.

Pompe disease, caused by a deficiency in lysosomal acid 
-glucosidase (GAA), leads to myopathy especially in skeletal 
muscles, heart, liver, and the nervous system. Early attempts 
using GAAs prepared from Aspergillus niger and human pla-
centa were not successful due to inappropriate glycan mod-
ification and/or low dose (17, 18). In contrast, clinical studies 
using recombinant GAAs produced from the milk of transgenic 
rabbits and CHO cell cultures have shown beneficial effects 
on survival, cardiomyopathy, motor function, and growth (19, 20). 
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Genzyme researchers carefully compared the in vitro and in 
vivo properties of these GAAs, and selected the GAA pro-
duced from CHO cells for clinical development (21), leading 
to the approval of Aglusidase alfa for the treatment of Pompe 
disease (Table 1). 

Mucopolysaccharidoses (MPS) are a group of LSDs that have 
problems in degradation of mucopolysaccharides (currently 
called glycosaminoglycans) such as dermatan sulfate, heparan 
sulfate and chondroitin sulfate (1-3). Currently, four ther-
apeutic enzymes (Laronidase, Idursulfase, Elosulfase alfa, and 
Galsulfase) are approved for MPS type I, II, IVA, and VI, which 
are caused by deficiencies in iduronidase, iduronate sulfatase, 
N-acetylgalactosamine (GalNAc)-6-sulfatase, and GalNAc-4- 
sulfatase, respectively (Table 1) (1-3). Laronidase, Elosulfase al-
fa, and Galsulfase are produced from CHO cells while 
Idursulfase is produced from human fibroblasts. Elosulfase alfa, 
a recombinant GalNAc-6-sulfatase, was most recently ap-
proved in 2014 by the U.S. Food and Drug Administration and 
the European Medicines Agency for treatment of MPS IVA, 
which is also known as Morquio A syndrome (3). 

Glycan remodeling of -glucocerbrosidase led to successful 
ERT for Gaucher disease
The first therapeutic enzyme for LSDs was the -glucocere-
brosidase (Gcase) purified from human placenta for the treat-
ment of Gaucher disease, especially type I without the involve-
ment of the central nervous system (1-3). A deficiency in this 
enzyme results in accumulation of glycosphingolipids in the 
macrophages of liver, bone marrow, and spleen. Initial at-
tempts to use placenta-derived Gcase containing complex type 
glycans, were disappointing due to the fact that the un-
modified enzyme was not targeted to the macrophages. After 
sequential removal of the terminal sialic acid, galactose, and 
GlcNAc, exposing mannose residues of tri-mannosyl core gly-
cans, it could be successfully delivered to macrophages having 
mannose receptors (MRs) at the plasma membrane and a 
MR-mediated endocytosis system. Since then, all of the ap-
proved Gcases have been engineered to have N-glycans with 
terminal mannose residues for targeting to MRs on macro-
phages (22, 23). Because the placenta-derived Gcase suffered 
from its limited amounts, it was later replaced with recombi-
nant Gcase (Imiglucerase) produced from CHO cells, and fur-
ther processed with sequential exoglycosidase digestions for 
exposing terminal mannose residues. It is the first successful 
case employing the glyco-engineering strategy to enhance tar-
geting to disease-affected cells (22, 23). 

Besides Imiglucerase, there are two other approved recombi-
nant Gcases, Velaglucerase alfa (Shire Pharmaceuticals Inc.) 
and Taliglucerase alfa (Protalix Pharmaceuticals Inc.) (Table 1). 
Velaglucerase alfa is produced from a human fibroblast carci-
noma cell line and manipulated to contain N-glycans with ter-
minal mannose residues by kifunensine treatment to the cul-
ture medium. Kifunensine treatment blocks the mannose trim-
ming step by inhibiting mannosidase I, which leads to gen-

eration of high-mannose type glycan (Man6-9GlcNAc2) (22). 
Taliglucerase alfa is produced from plant cells (carrot root cells) 
and is targeted to plant storage vacuoles, which generates plant 
pauci-mannose type N-glycans (Man3Xyl1Fuc1GlcNAc2) having 
exposed terminal mannose residues without an additional 
processing step (22). Although there are apparent variations in 
N-glycan structures, a comparison study of all three enzymes 
showed similar results in in vitro enzyme activity, ex vivo cel-
lular uptake, and in vivo tissue distribution assays (22). How-
ever, in another study using monocytes isolated from a 
Gaucher patient, Taliglucrease alfa had a lower efficiency of 
uptake than the others (24). The concern that the prolonged 
use of Taliglucerase alfa containing the plant-specific glycan 
structures (-(1,2)-xylose and core -(1,3)-fucose) may induce 
an immune reaction such as an allergy still remains (23). In ad-
dition, Velaglucerase alfa has a concern related to its longer 
mannose chains, which was shown to bind more efficiently to 
an undesirable target, mannose binding lectin, in serum (25).

Glyco-engineering strategies to increase M-6-P glycan content
As glyco-engineered Gcases displayed successful efficacy 
through the targeting of MRs on macrophages, glyco-engineer-
ing strategies to increase the M-6-P glycan content have also 
been actively applied to the development of therapeutic en-
zymes with improved lysosomal targeting. Such approaches 
are especially focused on recombinant GAA for Pompe dis-
ease because it has a very low content of M-6-Ps (0.7 mol/mol 
enzyme) compared with other enzymes (2.1-3.2 mol/mol en-
zyme) (Table 1); high doses of GAA (20-100 mg/kg) can only 
partially reduce the glycogen level in skeletal muscles, which 
are the most severely affected tissues and known to have a low 
level of CI-MPR (26). In order to overcome this limitation, 
Genzyme researchers introduced additional M-6-P moieties 
onto GAA by enzymatic engineering or chemical conjugation 
of M-6-P glycans. 

In an enzymatic engineering approach (27), the recombinant 
GAA carrying high-mannose type glycans was purified from 
the medium of CHO cells cultured in the presence of kifune-
sine (a mannosidase I inhibitor). It was further engineered to 
have additional M-6-P glycans by two-step enzyme reactions 
comprising the first GlcNAc-1-phosphotransferase reaction (for 
the generation of a GlcNAc-1-phosphate-6-O-mannose struc-
ture), and the second uncovering enzyme reaction (for re-
moval of the outer GlcNAc) in order to generate a M-6-P moi-
ety (phosphate-6-O-mannose). This engineered GAA (referred 
to as HP-GAA) was shown to have a relatively higher M-6-P con-
tent (∼3.5 mol/mol enzyme) compared with that (∼1.3 mol/mol 
enzyme) of the unmodified GAA. HP-GAA showed the in-
creased binding to MPR and subsequent enhanced uptake by 
cells in culture (21). However, in vivo experiments using 
Pompe (GAA knockout) mice showed that HP-GAA was not as 
effective due to the fact that it mainly contained high-mannose 
type glycans, which led to the nonproductive targeting by MRs 
on endothelial cells and macrophages (21). This suggested that 
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Fig. 2. Schematic representations of glyco-engineering strategies to increase M-6-P glycan content. (A) Terminal sialic acids of GAA were 
oxidized with periodate to generate the reactive aldehyde group, which reacts with the aminooxy group of the synthetic glycan 
(P2-Man6GlcNAc2), generating oxime-neo-GAA. (B) Recombinant enzymes containing mannosylphosphorylated glycans were produced from 
glyco-engineered yeast. Mannosylphosphorylated glycans of secreted enzymes can be uncapped and trimmed with an uncapping enzyme 
(such as CcCH92_5) and an -mannosidae to generate the M-6-P glycan structure optimized for CI-MPR binding and cellular uptake. 
Symbols are identical to those used in Fig. 1.

GlcNAc-1-phosphotransferase recognizing high-mannose type 
glycans at the specific sites within the conformational motif 
(10, 11) should be engineered to convert the glycans at all 
sites to M-6-P glycans in order to avoid MR binding. 

In contrast to the unsuccessful targeting of HP-GAA, a series 
of approaches employing chemical conjugation of M-6-P gly-
cans have been shown to improve the clearance of accumu-
lated glycogen in the skeletal muscles of Pompe mice as well 
as MPR binding and subsequent targeting to lysosomes (28-32). 
In a proof-of-concept study, Genzyme researchers isolated 
M-6-P glycans from recombinant GLA (Agalsidase beta) and, 
after derivatization to glycosylhdrazines, attached these M-6-P 
glycan to periodate-oxidized sialic acids of GAA using carbon-
yl chemistry (28). The resulting modified GAA showed an in-
creased affinity for CI-MPR and an improved clearance of gly-
cogen in Pompe mice. However, the process of M-6-P glycan 
isolation from recombinant GAA was not appropriate for 
scale-up and the isolated glycans were highly heterogeneous. 
To overcome these limits, instead of natural M-6-P glycans, the 
researchers conjugated a synthetic M-6-P glycan optimized for 
the CI-MPR binding. It contains a hexamannose structure 
linked to two phosphates (P2-Man6GlcNAc2) without un-
necessary terminal mannose residues (29). The GAA con-
jugated to the synthetic M-6-P glycan (neo-GAA) has a higher 
affinity (Kd 2-3 nM) for the CI-MPR than the GAA conjugated 
to natural M-6-P glycans (Kd 50-100 nM). Moreover, con-
jugation of the synthetic M-6-P glycan did not increase the 
binding affinity for MR, suggesting that the internal mannose 
residues present in the synthetic M-6-P glycan have a very low 

affinity for MR, unlike free terminal mannose residues found in 
natural M-6-P glycans. It is an important issue because MR 
binding leads to unproductive uptake by endothelial cells and 
macrophages. Compared with unmodified GAA, neo-GAA 
showed approximately a 20-fold more efficient cellular uptake 
and a comparable reduction in glycogen levels in Pompe 
mice, with an approximate 8-fold lower dose in the heart and 
an approximate 4-fold lower dose in skeletal muscles. 

Since the hydrazone bond used for generation of neo-GAA 
is relatively unstable under physiological conditions, it was re-
placed with carbonyl-coupled oxime chemistry, which gen-
erated a more stable oxime-neo-GAA (Fig. 2A) (30). Due to the 
fact that the use of oxime chemistry further improved its affin-
ity for CI-MPR, oxime-neo-GAA reduced the glycogen level in 
the skeletal muscles of Pompe mice with an approximate 
5-fold greater potency than the unmodified GAA. This study 
showed that the chemistry used for M-6-P glycan conjugation 
is important for therapeutic efficacy. Therefore, in the sub-
sequent study, various chemical conjugation strategies were 
thoroughly compared (31). M-6-P glycan derivatives contain-
ing a thiol-reactive group, succinimide, hydrazide, or amino-
oxy linkers were conjugated to the free cysteines, lysines, or 
oxidized N-glycans (containing periodate-oxidized sialic acid 
or enzymatic-oxidized galactose) of GAA. After the evaluation 
in vitro and in vivo, oxime-neo-GAA derived from the con-
jugation of aminooxy M-6-P glycans and periodate-oxidized 
sialic acids was shown to still have the greatest potency in 
Pompe mice (31). Clinical trials examining the safety and effi-
cacy of this GAA are currently underway (33). Recently, gly-
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can structures for efficient CI-MPR binding were determined 
using the chemical conjugation of various glycans containing 
phosphate groups (32). Zhou et al., reported that the tightest 
binding to CI-MPR was achieved with a hexamnnose structure 
containing two phosphates, while the phosphorylated di-
mannose moiety appears to be the minimal structure for 
binding. 

Besides the enzymatic engineering and chemical con-
jugation strategies described above, approaches employing the 
reconstruction of the yeast glycosylation pathway have been 
highlighted due to the fact that it generated a high content of 
M-6-P glycans (34-38). Although yeasts do not have M-6-P gly-
cans, they have high-mannose type glycans containing a man-
nosylphosphate linked to a mannose residue (mannose-1-phos-
phate-6-O-mannose) which differs from M-6-P (phosphate-6-O- 
mannose) by the presence of an outer mannose at the non-re-
ducing end. Therefore, through uncapping of this outer man-
nose, the mannosylphosphorylated mannose structure can be 
converted to the M-6-P moiety. 

In order to generate recombinant yeasts producing enzymes 
carrying M-6-P glycans, three steps of engineering were carried 
out (34, 35, 37, 38). Firstly, the genes (such as OCH1 and 
MNN1) involved in the synthesis of yeast-specific glycan struc-
tures were disrupted. Secondly, the gene (such as MNN4, 
PNO1, or MPO1) enhancing mannosylphosphorylation was 
overexpressed. Finally, the outer mannose of the mannosyl-
phosphorylated glycans was uncapped in vitro to expose the 
phosphate group. For this uncapping step, Chiba et al. used an 
enzyme cocktail secreted from a soil bacterium, which was the 
first successful engineering of the traditional yeast Saccharo-
myces cerevisiae to produce a GLA containing M-6-P glycans 
(34). Recently, Dr. Callewaert’s group in Belgium identified 
a glycosidase (CcGH92_5) with uncapping activity from 
Cellulosimicrobium cellulans (37). They showed that the re-
combinant GLA, which was produced from glyco-engineered 
Yarrowia lipolytica and modified by an in vitro process using 
the recombinant CcGH92_5 and -mannosidase, has ＞80% 
of M-6-P glycans (containing at least one M-6-P), correspond-
ing to an approximate 15-fold higher M-6-P content than the 
approved GAA (Aglucosidase alfa) for Pompe disease. This 
yeast-generated GAA was delivered much more efficiently to 
lysosomes of Pompe patient’s fibroblasts, and cleared the gly-
cogen accumulated in the heart and muscles of Pompe mice 
with improved efficacy compared with Aglucosidase alfa (37). 
This promising result encouraged them to pursue preclinical 
and clinical development (37). 

CONCLUSION

The successful treatment of LSDs using ERT began with the 
glyco-engineering of Gcase to contain N-glycans with terminal 
mannose residues for efficient targeting to macrophages, the 
most severely affected cells in Gaucher disease. For the other 
therapeutic enzymes, glyco-engineering strategies to increase 

M-6-P glycan content have been actively explored due to the 
fact that their lysosomal targeting depends on the binding to 
CI-MPR at the plasma membrane, which is a prerequisite for 
efficient digestion of lysosomal storages. A chemical conju-
gation strategy of the synthetic M-6-P glycan optimized for 
CI-MPR binding resulted in the development of oxime-neo- 
GAA with an approximate 5-fold greater potency. The strategy 
employing glyco-engineered yeast also produced GAA with a 
15-fold higher M-6-P content, which greatly improved lysoso-
mal delivery and therapeutic efficacy in Pompe mice. Such ap-
proaches show promise for the development of next gen-
eration therapeutic enzymes with improved efficacy for LSDs. 
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