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Abstract: -Cyclodextrin (f-CD) and derivatives are approved therapeutics in >30 clinical settings. -CDs have also shown promise
as therapeutics for treatment of some lysosomal storage disorders, such as Niemann-Pick disease type C, and other disease states
which involve metabolite accumulation in the lysosome. In these cases, [-CD activity relies on transport to the lysosome, wherein it
can bind hydrophobic substrate and effect extraction. The post-translational attachment of N-glycans terminated in mannose-6-
phosphate (M6P) residues is the predominant method by which lysosomal enzymes are targeted to the lysosome. In this work we
covalently attach a synthetic biantennary bis-M6P-terminated N-glycan to -CD and study the effect of the added glycans in a
mammalian cell line. The formation of a host guest complex with a Cy5 fluorophore allows study of both cellular internalisation and
transport to the lysosome by fluorescence microscopy. Results indicate that the rates of both internalisation and lysosomal transport
are increased by the attachment of M6P-glycans to [-CD, indicating that M6P-glycan conjugation may improve the therapeutic
effectiveness of f-CD for the treatment of disorders involving hydrophobic metabolite accumulation in the lysosome.

The cyclodextrins!' (CDs) are a family of cyclic oligosaccharides, comprising 6 (a-CD), 7 (3-CD), 8 (y-CD), or more, a-(1—4)-
linked D-glucopyranose residues. Besides numerous other uses, they have found applications in >30 clinical settings? as drug
delivery systems,’ taking advantage of their lipophilic central cavity to bind to hydrophobic drugs,* increasing their solubility,
stability, and bioavailability. Chemical modification of CDs, may improve their efficacy. For example, 2-hydroxypropyl-p-CD and
sulfobutylether-p-CD? are both clinically used as pharmaceutical excipients for poorly water-soluble drugs.

The lysosomal storage disorders (LSDs)® are a series of >70 rare, but incurable and often fatal, genetically inherited diseases, the
clinical manifestations of which arise from the build-up of undegraded lysosomal metabolites. In general, each disease is caused by
the lack of a functional enzyme in the lysosome to catalyse a required degradation pathway, resulting in the gradual occupation of
undegraded metabolites (also termed accumulating substances).

Amongst several treatment strategies’ that have been investigated against the LSDs, such as enzyme replacement therapy (ERT),?
gene therapy, chaperone therapy and substrate reduction therapy, a novel emerging and complimentary strategy is reduction of the
accumulated substance. In the case of Niemann-Pick disease type C,? the major accumulated metabolites are glycosphingolipids and
unesterified cholesterol; hydrophobic guests than can be accommodated inside the cavity of f-CD, as demonstrated by the use of 3-
CDs to modulate the cholesterol content of plasma membranes.!? Testing of 2-hydroxypropyl-B-CD in both murine!! and feline
disease models for Niemann-Pick type C revealed beneficial effects,'? so that a compassionate FDA-approved human trial of 2-
hydroxypropyl-B-CD therapy was undertaken.!3 Although objective improvement in clinical outcomes was observed in the majority
of patients, the doses required for beneficial effect in the murine model caused significant adverse effects in humans. 14

B-CDs and related compounds also have potential for therapeutic intervention in other disease states which result in the build-up of
hydrophobic metabolites. For example, the accumulation of lipofuscin bisretinoids (LBs) in the lysosomal compartment of cells in
the retinal pigment epithelium is thought to be the cause of retinal degradation in Stargardt’s disease,!’ and is also a putative
etiological agent for age-related macular degeneration. Administration of 3-CDs resulted in a significant reduction in the build-up
of LB’s in the retinal pigment epithelium in an animal model,'¢ indicating the potential for 3-CD-based therapy development.
Improvement of the efficacy of administered functionalised -CD, so that beneficial effects may be achieved at much lower dose
levels so obviating adverse effects, may plausibly be achieved by specifically targeting the administered 3-CD to the lysosome.
Opportunely a natural ‘lysosomal targeting system’ exists, as, following their assembly in the endoplasmic reticulum (ER), the
majority of lysosomal enzymes are trafficked to the lysosome by the phosphorylation of some the terminal mannose residues of their
attached N-glycans. Installation of these mannose-6-phosphate (M6P) residues at the non-reducing termini of high mannose
oligosaccharides during glycan processing in the Golgi then effects trafficking of proteins carrying such M6P-glycans to the
lysosome via interactions with the two mannose-6-phosphate receptors (M6PRs);!7 namely the ~46-kDa cation dependent mannose-
6-phosphate receptor (CD-M6PR), and the ~300-kDa cation independent mannose-6-phosphate receptor (CI-M6PR).!8 The M6PR
system can therefore be regarded as an endogenous targeting mechanism, which may be hijacked by externally administered



molecules in order to deliver them to the lysosomes. In particular the CI-M6PR migrates to the cell surface and, amongst its other
functions, mediates endocytosis of externally circulating species bearing M6P-glycans!® before then delivering them to the lysosome
via intermediate endosomes. Thus, the attachment, either enzymatic?? or chemical,?' of M6P-terminated glycans to recombinant
human lysosomal enzymes has been an area of significant interest in attempts to increase the efficacy of ERT’s for the LSDs.
Furthermore, CDs have been conjugated to carbohydrates, often in a multivalent fashion, to interact with proteins, often lectins.2?
Logical extension of these ideas engenders the hypothesis that chemical modification of -CD by the attachment of M6P glycans
may significantly increase the efficacy of lysosomal targeting, by CI-M6P mediated interactions. In this study we therefore undertook
the chemical synthesis of a modified B-CD to which a biantennary glycan containing two M6P-residues was then covalently attached.
In vitro fluorescence microscopy studies using a mammalian cell line, as a precursor to more detailed clinical investigations, then
demonstrated the effect of M6P-glycan attachment, both on the rate of endocytosis and lysosomal transport.

Based on a report in which the binding affinity of a series of phosphorylated oligomannosides to the CI-M6PR was probed,?? a
biantennary hexasaccharide structure 1, in which the two M6P-residues were a(1—2)-linked to the adjacent mannose units, was
identified as a synthetic target. The synthetic strategy used to access 1 was based on previous approaches with some minor
modifications (Scheme 1). Thus, glycosylation of the known alcohol 324 with the known thioglycoside donor 225 gave the desired
B(1—4)-linked disaccharide 4. Selective removal of the Lev protection gave alcohol S, which was triflated and reacted with
tetrabutylammonium acetate with sonication,?® to give the manno-configured disaccharide 6. Removal of the allyl protecting group
gave the alcohol 7, which was used as the acceptor for glycosylation with the known selectively protected a(1—2)-linked
disaccharide donor 827 to give tetrasaccharide 9. Regioselective reductive opening of the 4,6-benzylidene on 9 gave alcohol 10,
allowing access to the 6-hydroxyl group of the central branching mannose residue. A second glycosylation using a(1—2)-linked
donor 8 then gave the hexasaccharide 11. Following removal of the phthalimide protecting group and immediate acetylation to give
acetamide 12, the two TIPS protecting groups were removed by treatment with BF3 etherate, to give hexasaccharide diol 13.
Phosphitylation of 13 with excess dibenzyl diisopropylphosphoramidate and immediate oxidation by the addition of hydrogen
peroxide then gave the bis phosphate ester 14. Finally, global deprotection by Birch reduction gave the bis-phosphorylated
hexasaccharide 1.
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Scheme 1. Synthesis of M6P-containing hexasaccharide 1 (a) TTBP, MeOTf, MS4A, CH,Cl,, 0 °C to r.t., 97%; (b) H.NNH,- AcOH, MeOH,
CH,Cl,, 98%; (c) (i) Tf,0, pyridine, CH,Cly; (ii) BuN4AOAC, toluene, sonication, 84% over 2 steps; (d) [Ir(cod)(PPh,Me)»]PFs, NIS, H,O,
THF, 91%; (e) 8, NIS, TfOH, MS4A, Et,0, -20 °C, 74%; (f) Et;SiH, PhBCl,, MS4A, CH,Cl,, -78 °C, 77%; (g) 8, NIS, TfOH, MS4A, Et,0,
-20 °C, 62%; (h) (1) ethylenediamine, MeOH, 70 °C, ii) Ac,0O, pyridine, 68% over 2 steps; (i) BF,-OEt,, CHCl,, 0 °C, 63%; (j)
(BnO),PNiPr,, 1H-tetrazole, CH,Cl,, then HyOsaq), 92%; (k) Na, NHs(), THF, -78 °C, 61%.

Following production of the desired bis-phosphorylated oligosaccharide, attention turned to its conjugation to B-CD by use of our
reported method for the in situ formation of glucosyl azides of unprotected oligosaccharides using 2-azido-1,3-
dimethylimidazolinium hexafluorophosphate (ADMP), and their immediate Cu-catalysed Huisgen cycloaddition to species



comprising alkynes.?8 Thus 3-CD 15 was first converted to perbenzylated azide 16, using a route previously developed by some of
us,? involving a perbenzylation/debenzylation sequence.’? Azido-B-CD 16 was then fully debenzylated and reduced to amine 17
using Hz and Pd/C and then immediately reacted with pent-4-ynoic acid, using TBTU as coupling reagent?®! to give the 3-CD amide
18. Click conjugation of 18 with unprotected glycan 1, following our reported procedure,?® then gave the functionalised M6P—f3-CD
19 comprising two M6P residues at the non-reducing terminus of a biantennary oligosaccharide.
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Scheme 2. Synthesis of a propargyl-functionalised B-CD, and Click conjugation to unprotected glycan 1. (a) (1) BnCl, NaH, DMSO;
(i1) DIBAL-H; (ii1) MsCl; (iv) NaNs3 (see Ref 29); (b) Hz, Pd/C, TFA, H:O/THF, r.t., 24 h; (c) TBTU, pent-4-ynoic acid, DIPEA,
DMSO, r.t., 24 h; (d) 1, ADMP, EtsN, D20, MeCN, 0 °C, 1.5 h, then 18, CuSOs, L-ascorbic acid, 50 °C, 14 h, 42%.
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In order to directly visualise B-CD in a cellular environment, the production of a fluorescent derivative was required. Importantly
the associated fluorophore must emit at a wavelength of light that did not overlap with cellular labels that were to be used to visualise
the location of the lysosomes (e.g. Lysotracker™). Rather than undertaking the covalent attachment of a fluorophore directly to the
B-CD framework,*? which would have required re-synthesis of a new differently functionalised B-CD, and which additionally may
interfere with binding to the CI-M6PR, an approach taking advantage of the well-established host-guest properties of 3-CD was
adopted.

Thus, following a reported procedure,?? adamantane, a known guest which forms high affinity inclusion complexes with 3-CD, was
selected as the scaffold to which a fluorescent tag was covalently attached; achieved by reaction of adamantylamine 20 with the
commercially available N-hydroxysuccinimide ester of Cy5 21, a widely used fluorophore (Scheme 3). The resultant amide, Ad-
Cy5 22, fluoresced strongly in the far-red. Next an inclusion complex was made simply by mixing unmodified 3-CD 15 and Ad-
Cy5 amide 22, giving complex 22c-CD. An NMR study of complex 22c3-CD by ROESY showed correlations between both H-
5 and H-3 of the B-CD and adamantane protons, demonstrating the formation of an inclusion complex between the adamantane of
22 and B-CD 15 (see Supporting Information, Figure S1). Finally, the fluorescent inclusion complex of Ad-Cy5 amide 22 and M6P-
conjugated B-CD 19, termed 22c19 was formed analogously, and again complex formation demonstrated by ROESY.
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Scheme 3 Synthesis of fluorescent probes for in vitro studies of 3-CD localisation in mammalian cells. (a) 20, 21, DMF, NaHCO3ag), rt, 16 h;
(b) 22, B-CD or 19, H,0, rt, 30 min.

Next, HEK293 cells were treated with both unmodified and modified B-CD complexes 22cB-CD and 22c19, and compound 22 as
control. Cultured cells were incubated with 5 uM solutions of these compounds for either 2 h or 4 h. Following incubation cells were
washed with ice-cold phosphate buffered saline to remove non-endocytosed florescent materials, treated with LysoTracker™ Yellow
in order to visualise lysosomes, and Hoechst 33342 to stain the nuclei. Investigation by fluorescence microscopy produced a series
of cellular images at different wavelengths, corresponding to Cy5 (red), LysoTracker (yellow), and the Hoechst nuclear stain (blue);

merged images are shown in Fig 1A. Measurement of the corrected total cell fluorescence (CTCF) corresponding to Cy5 (red) for
each experiment provided the data shown in Fig 1B.
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Figure 1. Fluorescence microscopy studies. A) HEK293 cells were incubated with 5 uM with 22 (as control), 22cp-CD, or 22c19
for either (a) 2h or (b) 4 h. After washing, cells were treated with LysoTracker™ Yellow and then Hoechst 33342. B) Graph shows
corrected total cell fluorescence (CTCF) of CyS5 in cells; analysis was performed using ImageJ software. Mean = SD, n = 3.

After 2 h, only limited amounts of the unmodified 22cp-CD complex had been endocytosed. In contrast, after 2 h incubation
fluorescence arising from the 22c19 complex was approximately two-fold higher. In both cases the red fluorescence was higher
than the control (Fig 1B), indicating that complex formation with either modified or unmodified B-CD also increased the rate of
endocytosis of 22. After 4 h incubation, whilst more of the unmodified 22c3-CD complex had been endocytosed, the amount of red
fluorescence observed from the 22c19 complex was still considerably higher. Experiments were repeated three times and similar
results obtained.

Next the co-localisation of Cy5 and Lysotracker fluorescence was assessed (Fig. 2) by measurement of both Cy5 and LysoTracker
fluorescence at varying positions along lines (marked as red in Fig. 2) across the cells. Firstly, no correlation between red and yellow
fluorescence was observed for control 22 after either 2 h or 4 h.

After 2 h, unmodified 22cB-CD produced limited levels of red fluorescence, the location of which only weakly correlated with the
lysosomes (Fig. 2A). In contrast, complex 22c19 was both more effectively endocytosed, and more effectively transported to the
lysosome, as shown by excellent correlation between red and yellow fluorescence (Graph, Fig2A (iv). After 4 h more of the
unmodified 22cf-CD was endocytosed and some lysosomal transport was observed. However, endocytosis and lysosomal transport
of complex 22c19 were still significantly higher. A second series of experiments was performed in HepG2 cells, and similar results
were obtained (see Supporting Information; Figs S2 and S3).
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Figure 2. Cell images obtained after: A) 2 h incubation; B) 4 h incubation. (i) Cy5 (red), white scale bar = 10 um; (ii) LysoTracker™
(yellow); (iii) merged with Hoechst 33342 (blue); (iv) graphs of fluorescence intensity (FI) of LysoTracker (yellow) and Cy5 (red)
at positions along the red line across cells. Analysis was performed using ImageJ software.



It is known that B-CD undergoes both endocytosis and lysosomal transport, as demonstrated by previous studies and attempted
applications for the treatment of lysosomal storage disorders and Stagardt’s disease.!!"'¢ However, this study indicates that the
attachment of a bis-M6P-containing glycan to B-CD not only increased the rate of endocytosis, but also of lysosomal transport.
Presumably this arose as a result of interaction of the M6P residues attached to the B-CD with the CI-M6PR, though definitive
evidence of this mechanism has not yet been obtained.

This work reports the first synthesis of a B-CD derivative decorated with a glycan that contains mannose-6-phosphate residues. The
use of a functionalised adamantane derivative, comprising a Cy5 fluorescent label, allowed comparative in vitro studies of the
localisation of both modified and unmodified 3-CDs by way of the formation of fluorescent host-guest complexes. Fluorescence
microscopy using mammalian cell lines demonstrated that the B-CD modified with the M6P-containing glycan was both more rapidly
internalised into the cell and transported to the lysosome. These results indicate that M6P-glycan attachment augments the efficiency
of trafficking of B-CD to the lysosome, which in turn may improve the efficacy of B-CD-based therapies for lysosomal storage
disorders, such as Niemann-Pick type C, and other disease states which may be ameliorated by the reduction of an accumulated
lipophilic metabolite in the lysosome. A logical next step is an in vivo study of the biological effects of applications of M6P-modified
B-CD in appropriate disease models. Furthermore, the effectiveness of the host-guest complexes in these in vitro localization studies
implies that different ligands, for example comprising other oligosaccharides, may be usefully attached to B-CD in order to assess
the effects of such ligands on the rate of endocytosis and the destination of intracellular transport.
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