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Currently available enzyme replacement therapies for lysosomal storage diseases are limited in their effectiveness due in part to short circulation times and suboptimal biodistribution of the therapeutic enzymes. We previously engineered Chinese hamster ovary (CHO) cells to produce α-galactosidase A (GLA) with various N-glycan structures and demonstrated that elimination of mannose-6-phosphate (M6P) and conversion to homogeneous sialylated N-glycans prolonged circulation time and improved biodistribution of the enzyme following a single-dose infusion into Fabry mice. Here, we confirmed these findings using repeated infusions of the glycoengineered GLA into Fabry mice and further tested whether this glycoengineering approach, Long-Acting-GlycoDesign (LAGD), could be implemented on other lysosomal enzymes. LAGD-engineered CHO cells stably expressing a panel of lysosomal enzymes [aspartylglucosamine (AGA), beta-glucuronidase (GUSB), cathepsin D (CTSD), tripeptidyl peptidase (TPP1), alpha-glucosidase (GAA) or iduronate 2-sulfatase (IDS)] successfully converted all M6P-containing N-glycans to complex sialylated N-glycans. The resulting homogenous glycodesigns enabled glycoprotein profiling by native mass spectrometry. Notably, LAGD extended the plasma half-life of all three enzymes tested (GLA, GUSB, AGA) in wildtype mice. LAGD may be widely applicable to lysosomal replacement enzymes to improve their circulatory stability and therapeutic efficacy.
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1 INTRODUCTION
Lysosomal storage diseases (LSDs) are a group of more than 60 inherited metabolic disorders caused by pathogenic mutations in genes encoding lysosomal proteins, leading to accumulation of undegraded substrates in the lysosome, and ultimately, cell death and impaired organ function (Neufeld, 1991; Platt et al., 2018). Currently, 15 enzyme replacement therapies (ERTs) are approved for the treatment of ten LSDs (Poswar et al., 2019), but challenges remain with regards to short half-life and limited delivery of replacement enzymes to hard-to-reach organs such as bone, kidney, heart, and brain (Desnick and Schuchman, 2012; Parenti et al., 2015). Cellular uptake of exogenously administrated lysosomal enzymes is thought to rely primarily on receptors that recognize specific N-glycan features of the therapeutic enzymes (Grubb et al., 2010). The main receptor for uptake of therapeutic lysosomal replacement enzymes with mannose-6-phosphate (M6P) N-glycans is the cation-independent M6P receptor (CI-MPR), which recycles to the cell surface and delivers enzymes to the lysosome (Chavez et al., 2007; Braulke and Bonifacino, 2009). Mannose receptors (MRs) are involved in uptake of lysosomal replacement enzymes with high-mannose N-glycans while the Ashwell-Morell receptor (AMR) (asialoglycoprotein receptor, ASGPR) binds N-glycans without sialic acid capping and exposed galactose residues and may also contribute to uptake of therapeutic glycoproteins (Stockert, 1995). Altering the glycan structures on lysosomal replacement enzymes, therefore, may influence their uptake, pharmacokinetics and biodistribution (Grubb et al., 2010; Tian et al., 2019).
Lysosomal enzymes undergo M6P-tagging of select N-glycans in the early Golgi apparatus, where the GlcNAc-1-phosphotransferase transfers GlcNAc-1-phosphate to specific mannose residues mainly on the α6 arm of high-Man N-glycans (Couso et al., 1986). Thereafter, the GlcNAc residue is removed by the uncovering N-acetylglucosamine-1-phosphodiester α-N-acetylglucosaminidase enzyme, generating the M6P modification (Mullis and Kornfeld, 1994). Recombinant lysosomal enzymes acquire different degrees of M6P on N-glycans at select N-glycosites (Dahms et al., 1989), and it has long been thought that increasing the M6P-tagging on N-glycans may improve uptake of lysosomal enzymes. For example, Alglucosidase alfa, a recombinant human acid α-glucosidase (rhGAA) enzyme used for treating glycogen storage disease type II (Pompe disease), has limited effect on clearance of glycogen in skeletal muscle cells and fails to improve the compromised autophagic flux. This has been considered to be due to low content of M6P moiety on rhGAA as well as low expression of CI-MPR on target muscle cells (Koeberl et al., 2011; Nascimbeni et al., 2012). Efforts to overcome these challenges include use of chemical conjugation of a synthetic oligosaccharide with M6P to increase content of M6P, which has resulted in improved uptake of rhGAA by muscle cells (Zhu et al., 2009; Zhou et al., 2011). One such engineered enzyme, Avalglucosidase alfa, was recently approved in the United States, while others are being evaluated in clinical trials (Dhillon, 2021). Alternatively, rhGAA expressed in moss and containing N-glycans with exposed terminal N-acetylglucosamine (βGlcNAc) residues has also resulted in increased uptake by differentiated myotubes with similar clearance of accumulated glycogen compared to Alglucosidase alfa (Hintze et al., 2020). MRs expressed on macrophages are considered to be the main receptors for uptake of recombinant β-glucocerebrosidase (GBA) used to treat Gaucher disease (Barton et al., 1991; Shaaltiel et al., 2007; Tekoah et al., 2013). Currently, three glycoengineered GBA enzymes (Imiglucerase, Velaglucerase alfa and Taliglucerase) with exposed mannose residues on N-glycans are used for treating non-neuropathic type I Gaucher disease. These were generated by employing exoglycosidase enzymes (Grabowski et al., 1995) or the mannosidase I inhibitor, kifunensine (Brumshtein et al., 2010), or by targeting to plant storage vacuoles using additional vacuolar sorting signal peptide (Shaaltiel et al., 2007) to increase terminal mannose residues and enhance cellular uptake.
As an alternative approach to modifying the N-glycan structure of the enzyme, complete elimination of interactions with glycan binding receptors has been explored to improve performance of lysosomal replacement enzymes. For example, chemical modification with sodium metaperiodate followed by borohydride reduction was employed to destroy glycan-binding of recombinant β-glucuronidase (GUSB) used for treatment of mucopolysaccharidosis (MPS) VII (Grubb et al., 2008). The chemically modified GUSB enzyme showed prolonged circulation and improved delivery to the brain, reducing neuronal substrate storage more effectively than native GUSB in a mouse model of MPS VII (Grubb et al., 2008). When the same approach was applied to recombinant sulfamidase and infused into a MPS IIIA mouse model, the chemically modified enzyme showed lower plasma clearance relative to the native enzyme and effectively reduced substrate accumulation in the brain (Gustavsson et al., 2019). While these studies are promising, it is currently unclear if this strategy of disrupting N-glycan interaction can be applied to other lysosomal enzymes to enhance their therapeutic performance. Notably, chemical modification of tripeptidyl peptidase 1 (TPP1) resulted in extended circulation time but did not improve targeting to the brain (Meng et al., 2012). In a study separate from the aforementioned, chemically modified sulfamidase was delivered to the brain in a MPS IIIA mouse model but central nervous system (CNS) substrate concentrations remained unchanged, presumably because the modified enzyme did not reach target cell types (i.e., neurons, glia) within the brain (Rozaklis et al., 2011).
We previously developed a glycoengineering design, coined Long-Acting-GlycoDesign (LAGD), in Chinese hamster ovary (CHO) cells to produce α-galactosidase A (GLA) enzyme lacking M6P (Tian et al., 2019). The LAGD engineering design results in conversion of the normally M6P-tagged N-glycans into complex type N-glycans capped with sialic acids (Figure 1). GLA deficiency leads to Fabry disease, a X-linked lysosomal storage disorder in which the enzyme’s major substrate, globotriasylceramide (Gb3), progressively and preferentially accumulates in lysosomes of renal cells and cardiomyocytes. Currently, two rhGLA enzymes (Fabrazyme and Replagal) are approved for the treatment of this disease. We demonstrated that elimination of M6P on N-glycans did not impair cellular uptake of the enzyme and that the LAGD engineered GLA (GLA LAGD) cleared Gb3 as effectively as Fabrazyme in key target organs of Fabry disease mice using a single dosing regimen (Tian et al., 2019). Notably, plasma half-life of GLA LAGD was significantly extended and biodistribution was improved compared to Fabrazyme, with reduced uptake by liver and increased uptake in heart.
[image: Figure 1]FIGURE 1 | Depiction of the LAGD glycoengineering strategy for lysosomal enzymes. The three principle types of N-glycan structures are illustrated with the predicted outcomes indicated after KO of Gnptab in CHO cells. Further fine-tuning steps to obtain homogeneous complex biantennary N-glycans with α2-3 sialic acid capping are shown (Tian et al., 2019). Glycan symbols according to Symbol Nomenclature for Glycans format. Gal denotes galactose, Man denotes mannose, GlcNAc denotes N-Acetylglucosamine, Neu5Ac denotes N-Acetylneuraminic acid, Fuc denotes fucose, and P denotes phosphate.
Here, we extended our studies by evaluating the effects of repeated infusions of GLA LAGD in Fabry mice. We further explored whether LAGD engineering is applicable to other lysosomal enzymes with different numbers and structures of N-glycans, using glycosylasparaginase (AGA), GUSB, cathepsin D (CTSD), TPP1, acid α-glucosidase (GAA), and iduronate-2-sulfatase (IDS) as model enzymes. We demonstrate that the LAGD engineering design consistently resulted in conversion of M6P-tagged N-glycans to complex-type with sialic acid capping and that the more homogeneous LAGD glycodesign reduced the glycoproteoform variability and facilitated direct analysis of the therapeutic glycoproteins by high-resolution native mass spectrometry (MS) (Leney and Heck, 2017; Tamara et al., 2020). Importantly, LAGD engineering extended circulation times of the enzymes when administered to wildtype mice.
2 MATERIALS AND METHODS
2.1 Single and repeated dosing studies in Fabry male mice
Fabry mice, generated as previously described (Denis et al., 1975) and backcrossed onto the C57BL/6 background, were bred and maintained in a barrier facility at the Icahn School of Medicine at Mount Sinai (ISMMS). All animal procedures were reviewed and approved by the ISMMS Institutional Animal Care and Use Committee. Eight to 12 week old male Fabry mice were intravenously infused with either GLA LAGD or Fabrazyme (0.3 or 1.0 mg/kg) or saline (i.e., controls). For repeated dosing studies, mice were infused at 0, 2, 4, 6, and 8 weeks. Enzymes were diluted in saline so that each mouse received an injection volume of 0.01 mL/g weight per dose. For both single and repeated dosing studies, mice were euthanized 24 h after the last infusion, by deeply anesthetizing and perfusing with saline via the left cardiac ventricle. Tissues were harvested and stored at −80°C until anaylsis.
2.2 Lipid analysis in organs
Frozen organs were thawed and 20–50 mg of tissue was homogenized using a Tissuelizer (Qiagen) with two beads at 30 Hz for 2 min following addition of 500 µL dH2O. Homogenates were transferred to a new tube. The emptied homogenization tubes were washed with 500 µL of dH2O and vortexed briefly, and the contents were added to the respective homogenates. 20 μL of homogenized kidney, liver and heart were mixed with 40, 60, and 20 µL of dH2O, respectively, and vortexed. These diluted homogenate samples were used for bicinchoninic acid (BCA) analysis. Lipid extraction was performed on 20 µg of protein of kidney and liver and 50 µg of protein of heart homogenized tissues. Lipid extraction was performed as described previously with minor modifications (Sampaio et al., 2011). In brief, 150 mM ammonium bicarbonate solution was added to the homogenate samples to make 200 µL total aqueous solution. 1 mL of Chl:MeOH (10:1 v/v, pre-mixed with an internal standard mixture composed of 500 pmol of cholesterol (Chol)-d6, 100 pmol of cholesterol ester (CE)-d7 16:0, 100 pmol of diacylglycerol (DAG) 17:0/17:0, 50 pmol of triacylglycerol (TAG) 17:0/17:0/17:0, 100 pmol of sphingomyelin (SM) d18:1/12:0, 30 pmol of ceramide (Cer) d18:1/12:0, 30 pmol of galactosyl ceramide (GalCer) d18:1/12:0, 50 pmol of lactosyl ceramide (LacCer) d18:1/12:0, 300 pmol of phosphatidylcholine (PC) 17:0/17:0, 50 pmol of phosphatidylethanolamine (PE) 17:0/17:0, 30 pmol of phosphatidylinositol (PI) 16:0/16:0, 50 pmol of phosphatidylserine (PS) 17:0/17:0, 30 pmol of phosphatidylglycerol (PG) 17:0/17:0, 30 pmol of phosphatic acid (PA) 17:0/17:0, 25 pmol of globotriaosylceramide (Gb3) d18:1/17:0, 25 pmol of globotriaosylsphingosine (lysoGb3) d18:1-d7, 25 pmol of ganglioside M3 (GM3) d18:1-18:0d5, 25 pmol of Ganglioside M1 (GM1) d18:1-17:0 and 25 pmol of ganglioside M2 (GM2) d20:1-17:0) was mixed with the samples and vortexed at 1,100 rpm in an Eppendorf shaker for 2 h at 4°C. After short centrifugation, the lower organic phase was collected and dried by speedvac. The remaining aqueous phase was reextracted by addition of 1 mL of Chl:MeOH 2:1 and vortexed at 1,100 rpm in an Eppendorf shaker for 1 h at 4°C. After short centrifugation, the lower organic phase was collected and dried by speedvac. Both lipid extracts were dissolved in 100 µL of infusion mixture consisting of 7.5 mM ammonium acetate dissolved in propanol:chloroform:methanol [4:1:2 (vol/vol)].
Samples were analysed by direct infusion in a QExactive Plus mass spectrometer (Thermo Fisher Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences) with minor modifications (Surma et al., 2015). In brief, 5 μL of sample was infused with gas pressure and voltage set to 1.25 psi and 0.95 kV, respectively. DAG, TAG and CE were detected as ammonium adducts and PC, PC O- and SM were detected as protonated ions in the 10:1 extract, by positive ion mode fourier transform mass spectrometry (FTMS) by scanning m/z = 580–1,000 Da, Rm/z = 200 = 280,000 with lock mass activated at a common background (m/z = 680.4802) for 30 s. Every scan is the average of two micro-scans, automatic gain control (AGC) was set to 1E6 and maximum ion injection time (IT) was set to 200 ms. Cer and hexosylceramide (HexCer) were detected as acetate adducts and PE, PE O-, PG were detected as deprotonated ions in the 10:1 extract, after polarity switch by negative ion mode FTMS by scanning m/z = 520–1,050 Da, at Rm/z = 200 = 280,000 with lock mass activated at a common background (m/z = 529.4626) for 30 s. Every scan is the average of two microscans, AGC was set to 1E6 and IT was set to 50 ms. Hex2Cer, lysoGb3 and Gb3 were detected as protonated ions in the 2:1 extract in positive ion mode FTMS by scanning m/z = 750–1,600 Da, at Rm/z = 200 = 280,000 with lock mass activated at a common background (m/z = 1,194.8179) for 30 s. GM1, GM2, and GM3 were detected as deprotonated ions in the 2:1 extract in negative ion mode after polarity switch in FTMS by scanning m/z = 1,100–1,650 Da, at Rm/z = 200 = 280,000 with lock mass activated at a common background (m/z = 1,175.7768) for 30 s. Every scan is the average of two micro-scans, AGC was set to 1E6 and IT was set to 50 ms. PA, PI and PS were detected as deprotonated ions in the 2:1 extract in negative ion mode in FTMS by scanning m/z = 520–1,100 Da, at Rm/z = 200 = 280,000 with lock mass activated at a common background (m/z = 529.4626) for 30 s. Every scan is the average of two micro-scans, AGC was set to 1E6 and IT was set to 50 ms. All data were acquired in centroid mode.
2.3 Stable expression of recombinant human AGA, GUSB, CTSD, TPP1, GAA and IDS in CHO cells
CHOZN GS−/− cells (Merck) were maintained in suspension cultures in serum-free media (EX-CELL CHO CD Fusion, Merck) supplemented with 4 mM L-glutamine, as previously described (Tian et al., 2019). An expression construct containing the entire coding sequence of human AGA was synthesized by Genewiz, United States. Full-length cDNA of human GUSB, TPP1, and GAA were purchased from Horizon Discovery, United Kingdom, while human IDS cDNA was purchased from Sino Biological. C-terminal His-tagged CTSD was produced as previously reported (Marques et al., 2020). All reporter constructs were cloned into pCGS3 (Merck). Cells were seeded at a density of 0.5 × 106 cells/mL in T25 flasks (NUNC) 24 h prior to transfection. Approximately 2 × 106 cells were transfected with 8 μg endotoxin-free plasmids using Amaxa kit V and program U24 with Amaxa Nucleofector 2B (Lonza). 72 h post-transfection, cells were plated at 500–1,000 cells/well in 96-wells in 200 μL Minipool Plating Medium containing 80% EX-CELL® CHO Cloning Medium (Merck) and 20% EX-CELL CD CHO Fusion media without glutamine for selection. Screening of high expression minipools were performed by determining enzyme activity in spent media for AGA, GUSB, GAA and IDS, by SDS-PAGE for TPP1 and CTSD. Selected minipools were further single cell sorted by fluorescence-activated cell sorting (FACS) (Sony) and expanded in 50 mL TPP TubeSpin® shaking Bioreactors (180 rpm, 37°C and 5% CO2).
2.4 CRISPR/Cas9 targeted KO in CHO cells
Knockout (KO) of GlcNAc-1-phosphate transferase subunits alpha and beta (Gnptab) gene was carried out in selected CHO clones that stably express the lysosomal enzymes of interest. Cells were seeded at a density of 0.5 × 106 cells/mL in T25 flasks 24 h prior to transfection, and ∼2 × 106 cells and 1 μg each of plasmid DNA of Cas9-GFP and gRNA were used for electroporation. 48 h after electroporation, cells with GFP expression were enriched by FACS. After culturing for 1 week, cells were single cell sorted by FACS into 96-wells. KO clones with desired mutations were identified using a rapid and efficient screening method, Indel Detection by Amplicon Analysis (IDAA), as previously described (Yang et al., 2015a). Final clones were verified by Sanger sequencing. On average 2–5 clones with frameshift mutations were selected from each targeting event. The full list of CRISPR gRNA design and PCR primers used is listed elsewhere (Tian et al., 2019).
2.5 Zinc finger nuclease-mediated gene knockin into CHO cells
Knockin (KI) of human ST3 beta-galactoside alpha-2,3-sialyltransferase 4 (ST3GAL4) and the human sulfatase modifying factor 1 (SUMF1) cDNA with a 3′-terminal HA tag sequence into AGA- and IDS-expressing cell lines, respectively, targeting site-specific CHO safe-harbor locus was performed based on the ObLiGaRe strategy (Maresca et al., 2013). In brief, ∼2 × 106 cells were transfected with 2 µg of each zinc finger nuclease (ZFN; Merck) tagged with GFP/Crimson reporter genes and 5 µg of EPB69 donor plasmid containing inverted CHO safe-harbor locus ZFN binding sites which flanked a cassette that included the CMV promoter, followed by the ST3GAL4 or SUMF1 cDNA and a bovine growth hormone polyadenylation terminator. KI clones were first screened by immunocytology using Maackia Amurensis Lectin I, Biotinylated (Vector labs) and Streptavidin Alexa Fluor 488 conjugate antibodies (Invitrogen) for ST3GAL4 and HA probe antibody (Santa Cruz Biotechnology) and polyclonal rabbit anti mouse, FITC antibody (Dako) for SUMF1. Positive clones were further characterized by PCR, using primers specific for the junction area between the donor plasmid and the safe-harbor locus.
2.6 Purification of recombinant expressed AGA, GUSB, CTSD, TPP1, GAA and IDS
Culture media were centrifuged at 500 × g for 20 min and filtered (0.45 μm). For AGA, 20% v/v of conditioning buffer (70 mM Tris-HCl, pH 7.0) was added to the media and loaded on column packed with Q-FastFlow Sepharose (GE Healthcare) pre-equilibrated with 5 column volume (CV) equilibration buffer (20 mM Tris-HCl, 20 mM sodium acetate, 70 mM sodium chloride, pH 6.8). After washing the column with 6 CV of wash buffer (20 mM Tris-HCl, 20 mM sodium acetate, 70 mM sodium chloride, pH 6.8), the enzyme was one-step eluted with elution buffer (25 mM sodium acetate, 250 mM NaCl, pH 4.5) into a tube containing 300 mM sodium phosphate (pH 7.3). The eluates were diluted with 50% v/v of 4 M (NH4)2SO4 and further loaded on a Phenyl-Sepharose Fast Flow (high substitution) column (GE Healthcare). After washing and equilibrating the column with 5 CV of 2 M (NH4)2SO4, 20 mM Tris-HCl, pH 7.0, the enzyme was eluted with elution buffer in gradient (2–0 M (NH4)2SO4, 20 mM Tris-HCl, pH 7.0). For GUSB, medium was diluted 3-fold with conditioning buffer (10 mM Tris-HCl, 1 mM β-glycerophosphate, pH 8.0) and loaded on HiTrap DEAE Sepharose Fast Flow column (GE Healthcare) pre-equilibrated with 2 CV conditioning buffer. After washing the column with wash buffer (10 mM Tris-HCl, 1 mM β-glycerophosphate, 50 mM NaCl, pH 8.0), the enzyme was eluted in elution buffer (10 mM Tris-HCl, 1 mM β-glycerophosphate, 300 mM NaCl, pH 8.0). Eluates were diluted in 3-fold volume of conditioning buffer (10 mM Tris-HCl, 1 mM β-glycerophosphate, pH 8.0) and loaded on Mono-Q column (GE Healthcare) and eluted with elution buffer in gradient (0–1 M NaCl, 10 mM Tris-HCl, 1 mM β-glycerophosphate, pH 8.0). For CTSD, medium was diluted 3:1 (v/v) with conditioning buffer (100 mM Tris, 40 mM imidazole 1.2 M NaCl, pH 8.0) and loaded on a 1 mL packed Histrap column (GE Healthcare) pre-equilibrated with 5 CV of conditioning buffer (25 mM Tris, 10 mM imidazole, 300 mM NaCl, pH 8.0). The column was washed with 5CV of conditioning buffer and the enzyme was eluted with 4CV of elution buffer (250 mM imidazole, 25 mM Tris, 300 mM NaCl, pH8.0). For TPP1, medium was diluted 3:1 (v/v) with conditioning buffer (20 mM Tris–HCl, pH 7.6) and loaded on DEAE-Sepharose Fast Flow column pre-equilibrated with 5 CV of conditioning buffer. The enzyme was eluted stepwise with 25, 100, 200 mM, 400 mM NaCl in 2 CV of conditioning buffer. Eluates were diluted with 3X volume of conditioning buffer and thereafter loaded onto Mono-Q column and eluted with gradient NaCl (0-1 M NaCl, 20 mM Tris–HCl, pH 7.6). For GAA, medium was dialysed over night and loaded on a DEAE-Sepharose Fast Flow column pre-equilibrated with 5 CV of 25 mM MES, pH 6.5. The enzyme was eluted in one step with 200 mM NaCl in 2 CV of 25 mM MES, pH 6.5. Eluates were adjusted to 1 M (NH4)2SO4 and loaded on a Phenyl-Sepharose Fast Flow column pre-equilibrated with 25 mM MES, 1 M (NH4)2SO4, pH 6,5. The enzyme was eluted one step at 50 mM (NH4)2SO4 in 25 mM MES. The eluates were buffer exchanged and further loaded on Mono-Q column and eluted in gradient in 0–1 M NaCl, 25 mM MES, pH 6.5. For IDS, medium was dialysed overnight and loaded on a DEAE-Sepharose Fast Flow column pre-equilibrated with 5 CV of 25 mM MES, pH 6.5. The enzyme was eluted one step with 200 mM NaCl in 2 CV of 25 mM MES, pH 6.5. Eluates were adjusted to 2 M NaCl and loaded on a Phenyl-Sepharose Fast Flow column pre-equilibrated with 25 mM MES, 2 M NaCl, pH 6,5. The enzyme was eluted one step at 150 mM NaCl in 25 mM MES, pH 6,5. The eluates were buffer exchanged and further loaded on Mono-Q column and eluted in gradient in 0–1 M NaCl, 25 mM MES, pH 6.5.
2.7 Enzyme activity assays
GLA activities were determined in Fabry mouse tissues using previously described methods (Desnick et al., 1973). In brief, tissue samples were homogenized in chilled reporter lysis buffer (Promega) and protease inhibitor (Pierce) was added to the lysates. Protein concentrations were determined using the Bio-Rad Colorimetric Protein Assay Kit. 10 μL of tissue lysate was added to an equal volume of 10 mM 4-methylumbelliferyl-α-D-galactopyranoside (Sigma-Aldrich), dissolved in assay buffer (0.2 M citrate, 0.4 M phosphate buffer, pH 4.4), and 0.1 M N-acetylgalactosamine (Sigma Aldrich), the latter to inhibit α-galactosidase B activity (Mayes et al., 1981). Following a 30 min incubation at 37°C, reactions were terminated by the addition of 480 μL of 0.1 M ethylenediamine, pH 10.3. The amount of 4-methylumbelliferone (4-MU) produced was determined by measuring fluorescence using a Synergy H1 fluorometer (BioTek). Tissue α-Gal A activities were expressed as nmol of 4-MU produced per h per mg of total protein (nmol/h/mg). Measurement of plasma GLA activities in wildtype mice for PK studies was performed as described above with the following modifications: lysates were incubated with 5 mM 4-methylumbelliferyl α-D-galactopyranoside in assay buffer [20 mM citrate, 30 mM sodium phosphate (pH 4.4), 0.1 M N-acetylgalactosamine, and 4 mg/mL BSA], and the reaction was stopped by addition of stop buffer (0.1 M Glycine, 0.1 N NaOH], as previously described (Shen et al., 2016).
AGA activity was measured with 1 mM L-aspartic acid β-(7- amido-4-methylcoumarin) in 10% SuperBlock and 90% 50 mM Tris-HC (pH 7.5) for 60 min at 37°C, and then adding 100 µL of stop buffer [0.2 M glycine, 0.175 M NaOH (pH 10.6)], as previously described (Mononen et al., 1993). GUSB enzyme assay was performed using 10 mM 4-methylumbelliferyl-β-D-glucuronide (Merck) in 0.1 M sodium acetate (pH 4.6) at 37°C for 30 min, and reactions were stopped by 0.1 M sodium carbonate (Grubb et al., 2008). GAA activity assay was performed with 3 mM 4-methylumbelliferyl-a-D-glucopyranoside (Merck) in assay buffer (30 mM sodium citrate, 40 mM sodium phosphate dibasic, pH 4.0) at 37°C for 3 h (Flanagan et al., 2009). Reactions were stopped by the addition of an equal volume of 0.4 M glycine, pH 10.8. IDS activity assay was performed with 2.5 mM 4-Methylumbelliferyl sulfate potassium salt (Merck) in 50 mM sodium acetate, at 37°C for 4 h (Dean et al., 2006). Reactions were stopped with glycine carbonate buffer (pH 10.7). Fluorescence was measured by microplate reader with 360/40 nm excitation and 440/30 nm emission filters.
2.8 Sample preparation for released N-glycans analysis
Release of N-glycan, Rapiflour labeling and purification of Rapiflour labeled N-glycan were performed according to the manufactures’ protocols. Briefly, 15 µg of each enzyme was heat denatured at 90°C for 3 min in 6 µL of buffer solution containing 5% (w/v) RapiGest SF and 18.2 megohm water. After cooling down to room temperature enzymes were deglycosylated with 1.2 µL of RapiPNGase F at 50°C for 5 min. Thereafter, the enzymes were labeled with 12 µL of the RapiFlour-MS Reagent Solution at room temperature for 5 min and 358 µL of acetonitrile solution was added to dilute the reaction. To enrich the glycans, hydrophilic interaction liquid chromatography solid phase extraction (HILIC SPE) was performed by Waters GlycoWorks HILIC µElution Plate. The plate was washed with 200 µL of Milli-Q water, followed by equilibration with 200 µL of 15:85 water/acetonitrile. After loading the acetonitrile-diluted sample, the well was washed twice with 600 µL of 1:9:90 (v/v/v) formic acid/water/acetonitrile. The glycans were eluted with 30 µL of GlycoWorks SPE Elution Buffer (200 mM ammonium acetate in 5% acetonitrile).
2.9 Sample preparation for N-glycopeptides site specific analysis
25 µg of purified AGA, GUSB CTSD, and GAA were dissolved in 50 mM ammonium bicarbonate (AmBic) buffer (pH 7.4) and further reduced with 10 mM dithiothreitol (DTT) at 60°C for 45 min on shaker, followed by alkylation with 20 mM iodoacetamide (IAA) at 25°C for 30 min in darkness. AGA, GUSB, CTSD were subjected to proteolytic digestion with chymotrypsin (1:40 enzyme-substrate ratio), while GAA was digested in gel with trypsin (1:25 enzyme-substrate ratio) after SDS-PAGE separation. The reaction was quenched with 1 µL trifluoroacetic acid (TFA) and the digested sample was desalted by custom-made modified StageTip colums with three layers of C18 and two layers of C8 membrane (3 M Empore disks, Sigma-Aldrich). Samples were eluted with two steps of 50 µL 50% methanol in 0.1% formic acid. Final sample was aliqoted in two equal parts. The first aliquot was placed into a glass insert (Agilent), dried completely in SpeedVac (Eppendorf) and further re-dissolved in 50 µL 0.1% formic acid (FA) and submitted for nLC-MS analysis. The second aliqout was placed inside an Eppendorf tube, dried completely using SpeedVac, and then re-dissolved in 50 µL of 50 mM AmBic buffer (pH 7.4) and incubated with PNGase F (1U per sample) for 12 h with shaking at 37°C. Samples treated with PNGase F were desalted and dried using the same methods mentioned above for the first aliqout and submitted for nLC-MS/MS analysis.
2.10 nLC-MS/MS analysis for glycan and glycopeptide analysis
An EASY-nLC 1000 LC system (Thermo Fisher Scientific) interfaced via nanoSpray Flex ion source to an Orbitrap Fusion Lumos MS (Thermo Fisher Scientific) was used for MS and MS/MS analyses. A single analytical column setup using PicoFrit Emitters (New Objectives, 75 µm inner diameter) custom packed with Reprosil-Pure-AQ C18 phase (Dr. Maisch, 1.9-µm particle size, 19–21 cm column length) was applied in nLC. 2 μL of each sample was injected onto the column, followed by elution with a gradient of Solvent B from 2% to 25% at 200 nL/min for 45 min (Solvent A: 100% H2O+ 0.1% (v/v) formic acid; Solvent B: 100% acetonitrile +0.1% (v/v) formic acid). With the nominal resolution setting of 120,000, precursors of MS1 scan (m/z 350-2,000) were obtained. Then HCD-MS2 of the five most abundant multiply charged precursors in the MS1 spectrum was acquired at the nominal resolution setting of 60,000. To trigger data-dependent fragmentation events, the minimum MS1 signal threshold was 50,000. Targeted MS/MS analysis was performed by setting up a targeted MSn (tMSn) Scan Properties panel. 30 targeted entries were included in the Mass List Table.
2.11 Sample preparation and analysis for native MS
Purified recombinant proteins were lyophilized and re-dissolved in 150 mM aqueous ammonium acetate (pH 7.5) with ultrafiltration by a 10 kDa cut-off filter (Sartorius Stedim Biotech, Germany). Some aliquots of samples were treated with 0.02 U of neuraminidase (Roche, IN, United States), either by itself or in combination with phosphatase (Sigma), and incubated at room temperature overnight. Samples were analyzed on a modified Exactive Plus Orbitrap instrument with ultra-high mass range, as described (Čaval et al., 2018). Briefly, spray voltage was set to 1.2–1.3 V, source fragmentation and collision energy were set in the range of 15%–25% to achieve optimal desolvation. The resolution was set to 25,000 at m/z 200.
2.12 Data analyses
2.12.1 N-glycan and N-glycopeptide site specific compositional analysis
Glycopeptide compositional analysis was performed from m/z features using in-house written SysBioWare software (Vakhrushev et al., 2009). For m/z feature recognition from full MS scans Minora Feature Detector Node of the Proteome discoverer 2.3 (ThermoFisher Scientific) was used. A list of precursor ions (m/z, charge and retention time) was imported as ASCII data into SysBioWare and compositional assignment within 5 ppm mass tolerance was performed. The main building blocks used for the compositional analysis were: NeuAc, Hex, HexNAc, dHex and phosphate. The most prominent peptides corresponding to each potential glycosite were determined experimentally by comparing the yield of deamidated peptides before and after PNGase F treatment. The peptide sequence was determined by HCD MS/MS and the abundance level was calculated from PD 2.3. For N-glycopeptide compositional analysis the corresponding peptides were also added as building blocks.
A list of potential glycan and glycopeptides for each glycosite was generated and the top 10–15 of the most abundant candidates were selected for targeted MS/MS analysis to confirm the proposed structure. Each targeted MS/MS spectrum was subjected to manual interpretation. Since the same N-glycan composition may represent various isobaric structures, the final glycan structures were proposed according to literature data, predicted enzyme functions of the targeted genes, along with information in MS/MS fragments.
2.12.2 Native MS deconvolution
For intact mass analysis, raw spectra were deconvoluted to zero-charge by Intact Mass software (Protein Metrics, CA, United States) using default settings (Bern et al., 2018). Glycoproteoforms were annotated by in-house written SysBioWare software (Vakhrushev et al., 2009) using average masses of hexose, N-acetylhexosamine, and the known backbone mass of the naked protein sequence increment (GLA and AGA).
2.12.3 Lipid analysis
All data were analysed with the lipid identification software, LipidXplorer (Herzog et al., 2011). Tolerance for MS identification was set to 2 ppm. Data post-processing and normalization to internal standards were done manually.
2.13 Pharmacokinetic evaluation in wildtype mice
All animal procedures were reviewed and approved by The Danish Animal Experiments Inspectorate. Purified enzymes were injected into eight to 12 week old female balbc/A wildtype mice via the tail-vein at a dose of 1 mg/kg body weight at a concentration of 147 μg/mL. An average volume of 150 µL was infused. Blood samples were collected by cheek bleed at four different time points. Plasma was separated by centrifugation and 2.5 µL of plasma was used for enzyme activity assay.
3 RESULTS
3.1 The Long-Acting-GlycoDesign (LAGD) genetic glycoengineering design
The LAGD glycoengineering design involves knock out (KO) of Gnptab to eliminate M6P-tagging (Tian et al., 2019) (Figure 1). The LAGD design may be combined with further engineering to improve homogeneity by reducing N-glycan branching to biantennary structures and enhancing sialylation if needed (Tian et al., 2019). GNPTAB transfers GlcNAc-1-phosphate to select N-glycan positions on lysosomal glycoproteins, and other N-glycans that are not modified are generally coverted to complex N-glycans. N-glycoproteins including lysosomal enzymes may also contain N-glycans at specific positions that are maintained as high-mannose (Man) N-glycans following trafficking of the secretory pathway. These high-Man N-glycans resilient to the glycosylation maturation processes are not predicted to be affected by the LAGD glycoengineering strategy, and hence expected to remain on the secreted enzyme protein (Figure 1). To the best of our knowledge, the role of such retained high-Man N-glycans has not been experimentally addressed.
3.2 Repeat infusion of LAGD engineered GLA in a Fabry mouse model
The GLA protein contains three N-glycans of which two are M6P-tagged and one matured to complex-type, and the LAGD engineering converts all three sites to homogeneous complex-type N-glycans (Tian et al., 2019). We previously showed that plasma half-life of LAGD-engineered GLA with homogeneous biantennary N-glycans capped with α2-3 sialic acid (GLAKO Gnptab/g/Mgat4b/5 KI ST3GAL4) was significantly extended and biodistribution was improved compared to Fabrazyme in a single dose study in Fabry mice. Here, we extended our studies by repeated infusion study. Fabry mice were infused with LAGD engineered GLA (Tian et al., 2019) or Fabrazyme at a dose of 0.3 or 1 mg/kg every 2 weeks for a total of five infusions. When assessed 24 h after the last infusion, 1.0 mg/kg GLA LAGD resulted in mean GLA activities of 14 ± 4, 243 ± 36 and 22 ± 5 nmol/h/mg in kidney, liver and heart, respectively, whereas the same dose of Fabrazyme resulted in 32 ± 3, 396 ± 29 and 18 ± 3 nmol/h/mg, respectively (Figure 2A). These findings were consistent with those of our previous single dose study and confirmed that GLA LAGD resulted in lower GLA activities in liver and kidney and higher cardiac activity compared to Fabrazyme (Figure 2A) (Tian et al., 2019). At the 0.3 mg/kg dose, mean GLA activities were 3.1 ± 0.4, 48 ± 7 and 4.7 ± 1.2 nmol/h/mg in kidney, liver and heart, respectively, for GLA LAGD-infused mice, while they were 6.9 ± 1.1, 148 ± 20 and 5.4 ± 1.1 nmol/h/mg in Fabrazyme-infused mice (Figure 2A). Thus, at the lower dose, GLA LAGD led to slightly lower enzymatic activity in heart compared to Fabrazyme, whereas in liver and kidney, the patterns in activities were similar to those at 1.0 mg/kg.
[image: Figure 2]FIGURE 2 | GLA activities and Gb3 analysis in repeated dose study in Fabry mouse model. (A) GLA enzyme activity represented as relative fluorescence intensity in indicated organs of mice after infusion of 0.3 or 1.0 mg/kg Fabrazyme or GLA LAGD, or saline control (n = 5 in each group) every 2 weeks for 5 times. Included are data of single infusion studies at 1.0 mg/kg that were repeated to confirm findings of our previous study (Tian et al., 2019). (B) Gb3 substrate level quantified by shotgun lipidomics MS analysis of the organs of mice mentioned above. (C) Lyso Gb3 level in liver of mice mentioned above quantified by shotgun lipidomics MS analysis.
We then evaluated the effects of repeated GLA LAGD dosing on clearance of accumulated Gb3 in these three organs using a shotgun lipidomics approach that allows not only the quantification of Gb3 but also the comprehensive and quantitative profiling of the organs lipidome (Sampaio et al., 2011). GLA LAGD and Fabrazyme, at both 0.3 mg and 1 mg/kg doses, completely cleared Gb3 and its deacylated derivative, lysoGb3 in liver, while partial reduction of Gb3 levels was achieved in kidney (Figures 2B, C), consistent with previous single-dose studies (Tian et al., 2019). Remarkably, not all the Gb3 isoforms present in the kidney were impacted at the same extent by the enzyme treatments (Supplementary Figure S1A). Sorting the individual identified Gb3 isoforms by chain length, unsaturation and hydroxylation level (Supplementary Figures S1B–D), it became apparent that mono- and di-hydroxylated Gb3 isoforms are not affected by the enzyme treatment (Supplementary Figure S1B), and these glycolipid species are found only in kidney (Supplementary Figures S1B–D). These findings may explain the higher residual Gb3 found after enzyme treatment in the kidney relative to the other tested organs. Mean residual Gb3 concentrations in kidney were comparable between mice treated with Fabrazyme and GLA LAGD, both at 0.3 and 1.0 mg/kg, and ranged between 51%–58% of saline-treated Fabry controls. In the heart, 1.0 mg/kg GLA LAGD and Fabrazyme both reduced Gb3 concentrations to <3% of saline controls, but at the 0.3 mg/kg dose, GLA LAGD-infused mice still retained 23% of controls while Fabrazyme-infused mice had <2% of controls (Figure 2B). Comparing the lipidome profiles of the different organs revealed little or no changes in other lipid classes (Supplementary Figures S2A–C), in agreement with the restricted substrate specificity of GLA. The only changes observed were in liver, where some phospholipids (PCO-, PE and PS) were slightly decreased. Together, these findings show that repeated dosing of GLA LAGD leads to efficient enzyme uptake and effective substrate clearance in key organs despite the complete lack of M6P moieties. GLA LAGD resulted in enhanced targeting to the heart compared to Fabrazyme at 1.0 mg/kg, the ‘standard’ therapeutic dose, although this effect was lost at the lower 0.3 mg/kg dose.
3.3 The LAGD glycoengineering design is applicable to other lysosomal enzymes
To validate the LAGD glycoengineering design more generally for lysosomal enzymes, we first established CHOZN GS−/− cell lines stably expressing AGA, GUSB, CTSD, TPP1, GAA, or IDS, which were designated as wild type (CHOWT) cells (Table 1). LAGD design was then introduced into each of the established CHO clones by CRISPR/Cas9-mediated KO of Gnptab using a validated gRNA (Tian et al., 2019). In the case of AGA, we also introduced the human ST3GAL4 gene by site-directed knock-in (KI) using ZFNs. To enhance the activity of IDS we introduced SUMF1, which encodes an enzyme that modifies the catalytic residue of IDS and is essential for its catalytic activity (Fraldi et al., 2007), by site-specific KI. CHOWT and the LAGD-engineered CHO clones produced approximately the same amounts of expressed protein with final purified yields of 20–50 mg/L. Viability, growth, and productivity of the engineered cell clones were not affected by gene targeting. Secreted enzymes from CHOWT and LAGD cell lines were purified and analyzed by SDS-PAGE (Supplementary Figure S3), and the purified enzymes were subjected to N-glycoprofiling of PNGase F released glycans. Site-specific N-glycan analysis after protease digestion by LC-MS/MS was further performed for a subset of the expressed enzymes (Figure 3).
TABLE 1 | List of lysosomal enzymes included in the study.
[image: Table 1][image: Figure 3]FIGURE 3 | N-glycan analysis of purified recombinant lysosomal enzymes (AGA, GUSB, CTSD, TPP1, GAA, and IDS) produced in CHOWT and engineered CHO cells. (A) Summary of site-specific N-glycopeptide analysis of purified recombinant lysosomal enzymes (AGA, GUSB, CTSD and GAA) produced in CHOWT and engineered CHO cells. The most abundant glycan structure at N-glycosites of each enzyme produced in CHOWT and engineered CHO clones are displayed on the top and bottom panels, respectively, with arrows indicating genetic editing strategy. Question mark indicates that no site-specific glycan structure was obtained for the partucular site. All glycan structures at each glycosite were confirmed by tandem mass spectrometry (MS/MS) analysis. (B) Summary of released RapiFluor-labeled N-glycan profiling showing the ten most abundant predicted species (normalized to most abundant structure).
Site-specific N-glycan analysis of AGA, GUSB, CTSD and GAA expressed in CHOWT cells identified major M6P-tagged N-glycans on AGA (Asn38), GUSB (Asn272), CTSD (Asn134 and 263) and GAA (Asn470) (Figure 3A, Supplementary Table S1), however, we were unable to obtain data for two of the glycosites in GUSB (Asn420 and Asn631) and for three in GAA (Asn140, Asn233 and Asn652). Analysis of the respective LAGD-engineered enzymes revealed that the M6P-tagged N-glycans were converted to complex type N-glycans, mainly of biantennary structures with full galactosylation and variable sialylation. Preexisting dominant complex-type N-glycans (AGA Asn308, CTSD Asn134 and GAA Asn882 and Asn925) as well as preexisting high-Man N-glycans (GUSB Asn173 and GAA Asn390) were largely unaltered. Profiling of total released N-glycans from these four enzymes were in agreement with the site-specific analysis (Figure 3B, Supplementary Table S2), and profiling of LAGD-engineered TPP1 and IDS enzymes also indicated loss of M6P-tagged N-glycans and unaltered high-Man N-glycans. Elimination of M6P-tagging also introduced efficient core fucosylation of complex type N-glycans, as expected.
3.4 Homogenous glycodesigns enable intact mass analysis of therapeutic glycoproteins
One of the current major limitations for the characterization of intact glycoproteins by native MS is the inherent heterogeneity of N-glycans. The ability to engineer the glycosylation capacities in production host cells makes it possible to produce recombinant glycoproteins with more homogeneous N-glycans, thereby facilitating characterization of the glycoproteome profile by native MS. We previously showed that extensive glycoengineering of erythropoietin resulted in highly homogeneous glycoforms which facilitated the interpretation of the high resolution native MS data (Yang et al., 2015b; Čaval et al., 2018). Here we explored the feasibility of direct native MS analyses of engineered lysosomal enzymes.
We first analysed GLA expressed in CHOWT cells and in a LAGD-engineered CHO cell line that produces GLA enzyme with homogeneous biantennary N-glycans capped with α2-3 sialic acid (Tian et al., 2019) (Figure 4). Direct analysis of the isolated intact GLA WT resulted in very dense mass spectra, which interfered with the charge deconvolution process necessary to interpret the spectra. Assignment of sialic acid residues and phosphate-moieties could be confirmed by in vitro desialylation and dephosphorylation of the protein. Specifically, by determining the glycosylation profile of the desialylated and dephosphorylated GLA WT enzyme (Figure 4C, left) and comparing it against that of the desialylated but phosphorylation-intact GLA WT enzyme (Figure 4B, left), we were able to deduce the phosphorylation pattern. Similarily, by comparing the profiles of the desialylated but phosphorylation-intact GLA WT enzyme (Figure 4B, left) to non-treated GLA WT enzyme (Figure 4A, left), it was possible to obtain the sialylation pattern. In contrast, the GLA LAGD enzyme had a relatively simple profile even in its native state (Figure 4A, right), and analyses following desialylation revealed that the glycosylation is quite homogenous, consisting of four fucosylated biantennary N-glycans and two biantennary N-glycans (Figure 4B, right). No high mannose or phosphomannose glycans were detected in this sample, and biantennary N-glycans were fully capped with α2-3 linked sialic acid, as indicated by the presence of 11–12 Sia per dimer of GLA. A small portion of dimerized GLA is also shown to have only 5-N glycans. In this particular case, native MS was crucial to demonstrate that glycoengineering efforts do not affect dimer formation. Thus, when produced in the LAGD designed host cell, the expressed protein resulted in much less complicated spectra, simplifying the charge deconvolution process and annotations (Figure 4).
[image: Figure 4]FIGURE 4 | Intact MS analysis of GLA WT/glycodesign at the native conditions and after sialidase and phosphatase treatment. Most abundant glycan structures at N-glycosites (Asn108, Asn161, and Asn184) of GLA WT and GLA LAGD are illustrated next to the enzyme name. Mass deconvoluted spectra of GLA WT and GLA LAGD are shown on the left and right sides, respectively. Panel (A) shows native spectra with purple diamonds denoting the total number of sialic acid residues, as validated by sialidase treatment. Panel (B) shows deconvoluted spectra of sialidase treated enzyme, while Panel (C) shows that of sialidase and phosphatase treated enzyme.
Subsequently, we analyzed MS profiles of AGA expressed in CHOWT cells vs. AGA LAGD and confirmed that the LAGD design enabled straightforward native mass analysis of this enzyme as well (Figure 5). Analyses indicated that AGA LAGD is a heterotetramer of two alpha- and beta-subunits and that the dominant glycoform has fully α2-3 sialic acid capped biantennary N-glycans. Native MS also revealed that both GLA and AGA carry a non-core-fucosylated complex N-glycan. This is in agreement with site specific analysis (Figure 3A) and confirmed that the second N-site of GLA (Asp192) and AGA (Asp285) are non-fucosylated (García-García et al., 2021).
[image: Figure 5]FIGURE 5 | Intact MS analysis of AGA WT/glycodesign at the native conditions. Mass deconvoluted spectra of AGA WT (top) and AGA LAGD (bottom) are shown.
3.5 The LAGD glycoengineering design extends circulation time
We previously found that elimination of M6P and conversion of N-glycosylation to homogeneous α2-3 sialylated N-glycans increased circulation time of GLA in Fabry mice (Tian et al., 2019). We first tested the performance of GLA WT vs. GLA LAGD and confirmed that the LAGD design improved the circulation time by about three fold (Figure 6A). Interestingly, the calculated half-life was shorter than previously found in Fabry mice, but this may be related to the fact that we used mean GLA activities determined at 1 min in this study compared to 5 min in our previous study as the baseline activity (Tian et al., 2019). We then tested two other enzymes known to have high M6P content, AGA and GUSB. We found the same trends with remarkably enhanced circulation for the LAGD designed enzymes, with an approximately 15-fold extension of half life for AGA and 25-fold extension for GUSB (Figures 6B, C). Note that GUSB has one N-glycan (Asn173) that remains unmodified as high-Man in WT and LAGD enzymes (Figure 3), but this did not appear to affect the improved circulation obtained by the LAGD glycodesign.
[image: Figure 6]FIGURE 6 | PK study of (A) GLA, (B) AGA and (C) GUSB glycovariants in WT mice. Enzyme activities in plasma, represented as relative fluorescence intensity, after infusion of enzymes are shown. Blood samples were collected at 1, 20, 40, and 120 min after injection of GLA (n = 5 for WT and LAGD) and GUSB (n = 1 and 3 for WT and LAGD, respectively), and at 1, 20, 60, and 180 min after injection of AGA (n = 4 and 5 for WT and LAGD, respectively).
4 DISCUSSION
Genetic engineering of the glycosylation capacities in mammalian cells offers new opportunities to design therapeutic glycoproteins (Narimatsu et al., 2021). Systematic engineering strategies make it possible to produce a variety of distinct glycoproteoforms of proteins and to study their performance using in vitro and in vivo assays (Yang et al., 2015b), which may lead to design of new optimal glycoproteoforms for therapeutics. Here, we pursued one of these glycoproteoform designs, LAGD (Tian et al., 2019), for several lysosomal enzymes. We demonstrated that LAGD engineering was broadly applicable to the ERT class of glycoproteins and further showed that the design with α2–3 sialic acid capping provided improved circulation times in mice compared to their wildtype M6P-tagged counterparts.
Engineering glycans of lysosomal replacement enzymes has a long history (Desnick and Schuchman, 2012; Platt et al., 2018), and several lysosomal enzymes in the clinic today are glycoengineered to enhance their therapeutic performance. An example is GBA with homogenous high mannose N-glycans without M6P for targeted macrophage delivery (Mistry et al., 2017). One approach that has yet to reach the clinic aims to entirely eliminate the uptake of replacement enzymes by receptors recognizing the N-glycans inherently found on lysosomal enzymes. Chemical modification of glycans on GUSB (Grubb et al., 2008), SGSH (Gustavsson et al., 2019), TPP1 (Meng et al., 2012) to eliminate glycan receptor interactions has shown promise, and despite loss of M6P and other glycan ligands, these enzymes are taken up by cells and delivered to the lysosome. Moreover, the biodistribution of the enzymes, in particular delivery to the brain, albeit limited, appear to be improved for some of the modified enzymes. In the absence of glycan-mediated receptor uptake, presumably a number of other endocytic receptors, including the low-density lipoprotein receptor (LDLR) related receptors (LRPs) (LRP1 and LRP2) (Markmann et al., 2015; Nielsen et al., 2016), Sortilin (Prabakaran et al., 2012) LIMP-2 (Reczek et al., 2007), and SEZ6L2 (Boonen et al., 2016) substitute and serve in cellular uptake and lysosomal targeting of proteins.
While the LAGD design essentially follows the same concept of eliminating glycan receptor interactions, instead of postproduction chemical treatments that are associated with consistency and compliance challenges, the LAGD strategy involves production of the lysosomal enzymes in mammalian cells with genetically engineered N-glycosylation capacities. The use of stable genetically engineered cells without capacity for tagging glycoproteins with M6P results in production of enzymes with natural N-glycans capped by α2-3 linked sialic acids instead of M6P, and hence these enzymes are designed to avoid binding to and uptake by M6P receptors (Tian et al., 2019). Here, we used repeated infusions of GLA LAGD in Fabry mice to confirm that the engineered enzyme results in prolonged circulation time, and most importantly, in efficient cellular uptake and effective clearance of Gb3 in key organs (Tian et al., 2019). Interestingly, comparable reduction of accumulated Gb3 substrate was achieved between GLA LAGD and Fabrazyme with M6P glycans at the 1 mg/kg dose in all three tissues assessed, while at the lower 0.3 mg/kg dose, GLA LAGD cleared Gb3 to a lesser extent in heart compared to Fabrazyme (Figure 1). This may be interpreted as the GLA LAGD glycoform is less effective. However, since the GLA LAGD enzyme is taken up by cells through a different mechanism than M6PRs, a process that is slower and with substantially lower liver targeting, an alternative interpretation may be that the extended circulation time of the GLA LAGD enzyme provides for wider biodistribution and hence a larger reservoir to deliver and saturate with enzyme. It is predicted that enzymes with N-glycans capped by α2-3 linked sialic acids slowly lose sialic acids with time, likely due to digestion by released lysosomal sialidases (Yang et al., 2015c), which expose the underlying galactose residues and promote uptake and removal by the AMRs in the liver.
Clearance of Gb3 in the kidney was less effective in both Fabrazyme and GLA LAGD infused mice. This may be a result of limited biodistribution of the enzyme to the kidney, but it may also relate to the hydroxylated Gb3 species that are expressed in the kidney and seemingly impervious to ERT. Several studies have explored Gb3 glycolipid profiles in Fabry disease mouse models and the effects of ERTs on these, but the coverage of Gb3 glycolipid species were inconsistent and often not comprehensive (Togawa et al., 2010; Durant et al., 2011; Shin et al., 2018). The most comprehensive study of Gb3 profiles performed on organs from Fabry disease mice found that the di-hydroxylated Gb3 isoforms are quite prevalent in kidney (Ishii et al., 2020). Interestingly, a study previously found that a mono-hydroxylated C24:0 Gb3 isoform was selectively accumulated in the kidney of Fabry mice subjected to ERTs (Kodama et al., 2017). Here, we further found that not only this isoform but all Gb3 isoforms with one and two hydroxylations and varying chain length and unsaturation degrees appeared to be selectively resistant to GLA ERTs (Supplementary Figure S1A). Kidney is the only organ where significant levels of Gb3 is detectable in WT mice (Kodama et al., 2017). We found highly selective reduction in non-hydroxylated Gb3 isoforms compared to both mono- and di-hydroxylated GB3 species in enzyme treated mice (Supplementary Figure S1B). Plausible explanations for this finding may be: i) that the hydroxylated Gb3 species are relatively poor substrates for the GLA enzyme; and/or ii) that the hydroxylated Gb3 species are less accessibly to the GLA enzyme, for example, by expression in different cell types or subcellular localization or by being masked by interactions. In line with the former, the hydroxylated Gb3 isoforms attain conformation changes that are selectively recognized by toxins (Tettamanti et al., 2002).
We previously showed that the LAGD design could be implemented on GLA and GBA (Tian et al., 2019). Here, we showed that the LAGD design can be extended to other lysosomal enzymes (Figure 3). LAGD engineering via genetic manipulation converted all M6P-tagged N-glycans to complex sialylated N-glycans, with the notable exception of the preexisting high-Man N-glycans found in GUSB, TPP1, GAA, and IDS. Presumably, such naturally occurring high-Man N-glycans exist because thay are poorly accessible to the enzymes involved in their processing (Xiang et al., 2016). However, despite such persistant high-Man N-glycans, the LAGD design resulted in markedly improved plasma circulatory half-life for the tested lysosomal enzymes (GLA, AGA, GUSB) (Figure 6). This is an interesting finding, as it suggests that the presence of one or more immature N-glycans in glycoproteins otherwise processed normally (e.g., with other fully processed N-glycans) may also not affect interactions with glycan-binding receptors. However, this is likely not the case for glycoproteins with N-glycans that normally are processed to complex type structures and undergo global immature N-glycosylation as may occur in specific cells and diseases (Ugonotti et al., 2021). The present studies further support that lysosomal enzyme uptake mechanisms other than M6PR exist and are efficient.
The blood circulation time of GLA is extremely short due to inherent instability of the enzyme in plasma at neutral pH (Sakuraba et al., 2006; Kizhner et al., 2015), and enzyme variants with greater stability have been developed (Dellas et al., 2021). Clearly, combining the LAGD concept with enzyme engineering would be an interesting pathway to pursue. The LAGD versions of GUSB and AGA are more stable in plasma and showed greatly improved circulation times compared to their respective native proteins (Figure 6). Chemically modified GUSB developed by Grubb et al. (2008) was demonstrated to increase circulation half-life from 11.7 min to 18.5 h in the MPS VII mouse model, while our study in wildtype mice showed increase in estimated circulatory half-life from around 3 min (GUSBWT) to 85 min (GUSBKO Gnptab). The marked differences in half-life between the two studies may relate to experimental conditions or a genuine difference in clearance. Notably, as discussed above, the GUSB LAGD may lose sialic acids over time and engage in AMR uptake in contrast to the chemically modified GUSB.
Another advantage of glycoengineering is that it provides the opportunity to produce more homogeneous glycoproteoforms that may facilitate production and quality control (Yang et al., 2015b; Narimatsu et al., 2021). Analysis of therapeutic glycoproteins remain challenging with micro- and macro-heterogeneity in glycosylation, often requiring cumbersome bottom-up MS analyses (Denis et al., 1975). The LAGD glycodesigns employed for GLA and AGA provide for limited glycoproteoforms, and therefore, more homogeneity, enabling direct analysis by high-resolution native MS (Figures 4, 5). Finally, it should be noted that lysosomal replacement enzymes can elicit immune reactions, and here we have not addressed potential immunity to the LAGD engineered replacement enzymes.
In summary, our studies demonstrate that LAGD is widely applicable to lysosomal enzymes and may provide opportunities for improved pharmacokinetics, biodistribution and analytics for this important class of therapeutics. While not addressed in the present study, it would be of particular interest to investigate whether the LAGD design can improve delivery of enzymes to the brain in future studies.
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