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Abstract

A compact and stable bicyclic bridged ketal was developed as a ligand for the asialoglycoprotein 

receptor (ASGPR). This compound showed excellent ligand efficiency, and the molecular details 

of binding were revealed by the first X-ray crystal structures of ligand-bound ASGPR. This 

analogue was used to make potent di- and trivalent binders of ASGPR. Extensive characterization 

of the function of these compounds showed rapid ASGPR-dependent cellular uptake in vitro and 

high levels of liver/plasma selectivity in vivo. Assessment of the biodistribution in rodents of a 

prototypical Alexa647-labeled trivalent conjugate showed selective hepatocyte targeting with no 

detectable distribution in nonparenchymal cells. This molecule also exhibited increased ASGPR-

directed hepatocellular uptake and prolonged retention compared to a similar GalNAc derived 

trimer conjugate. Selective release in the liver of a passively permeable small-molecule cargo was 

achieved by retro-Diels–Alder cleavage of an oxanorbornadiene linkage, presumably upon 
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encountering intracellular thiol. Therefore, the multicomponent construct described here 

represents a highly efficient delivery vehicle to hepatocytes.

Graphical Abstract

INTRODUCTION: AN OPTIMIZED ASGPR LIGAND MOTIF

By virtue of its extraordinary rates of transport, the asialoglycoprotein receptor (ASGPR) is 

an attractive target for the importation of diagnostic and therapeutic molecules into 

hepatocytes.1−3 However, monosaccharide ligands of the ASGPR usually bind with low 

affinity (Kd in the high μM to low mM range),4 and so multimerization of these species is 

used to achieve levels of affinity thought to be required for the delivery of therapeutic 

cargos.5–9 To our knowledge, the relationship of high-affinity binding to transport (that is, to 

binding, membrane translocation, and release) has not been extensively explored.

We previously described several series of ASGPR ligands based on substituent variations at 

the anomeric, 2-, 5-, and 6 positions of the galactosamine (GalNAc) skeleton.10 This work, 

along with previous studies of Ernst and co-workers4,11 and others,12 shows that substantial 

variations can be tolerated as long as the C3–C4 diol is presented in the proper orientation 

for interaction with a proximal calcium ion of the receptor.13 Although it is possible to 

access analogues of improved affinity in this way, such compounds often suffer from a 

dramatic decrease in ligand efficiency (LE),14–17 as shown for examples 1–3 in Figure 1. In 

combination with their multistep and low-yielding synthesis, this makes them suboptimal 

alternatives as ASGPR-targeting ligands.

Examination of the published X-ray crystal structure of ASGPR binding domain (PDB: 

1dv8)25 led us to postulate that one could potentially optimize the interaction between the 

hydrophobic α-face of the pyranose and the tryptophan residue Trp 243.18 In order to 

improve both affinity and LE, we reasoned that a bridged ketal structure such as 6 should 

lock in a conformation in which the α-face is accessible and the 6-hydroxymethyl and 2-N-

acetyl groups retain their positions (Figure 1). Molecular mechanics calculations showed the 

lowest-energy conformation of 6 to match that of GalNAc, but with ~1.6 kcal/mol separating 
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it from the next-higher-energy structure. In contrast, five distinct low-energy conformations 

of GalNAc are within 0.5 kcal/mol of each other, suggesting that 6 should exhibit a much 

greater occupancy of the favored ASGPR-binding conformation than GalNAc. This is 

purchased at the cost of the addition of only a single extra methylene group compared to 

GalNAc, thereby potentially leading to an increase in LE. Similar bridged ketal ring systems 

were reported during the development of the antidiabetes medication ertugliflozin.19,20

Compound 6 was initially prepared in relatively low overall yield as shown in Figure 2A. 

Treatment of commercially available methyl-α-D-2-acetamido-2-deoxygalactopyranoside 4 
in the presence of galactose oxidase and catalase in a phosphate buffer produced the 

corresponding intermediate aldehyde,21 which was subjected without purification to aldol-

Cannizzaro conditions to give polyol intermediate 7 in 36% yield over two steps.22 Acid-

promoted bridged ketal formation followed by peracetylation and saponification gave the 

desired product in sufficient quantities for measurement of binding to immobilized ASGPR 

by surface plasmon resonance (SPR) as described earlier.10 These measurements provide 

Langmuir adsorption coefficients (Kads), the reciprocals of which represent experimental 

approximations of dissociation constants.23 Compound 6 exhibited almost 6-fold better 

affinity than GalNAc (1/Kads = 7.2 vs 40 μM), giving a calculated ligand efficiency (0.45) 

greater than that of the natural ligand (0.41).

The synthetic route shown in Figure 2B was developed to allow access to multigram 

quantities of this lead structure and derivatives for further in vitro and in vivo profiling. 

Persylilation of azide 824 followed by base-promoted regioselective deprotection of the 

primary hydroxyl group gave 9. Sequential Parikh–Doering oxidation and aldol-Cannizzaro 

reactions cleanly installed the desired tetrasubstituted carbon at C-5 (compound 10). 

Stereoselective bridged ketal formation under acidic conditions gave 11 in good yield. 

Finally, azide reduction followed by peracetylation/saponification provided 6 as a white 

solid. This route provided access to 6 in 8 steps and 33% overall yield, as well as to other 

derivatives. Single-crystal X-ray diffraction analysis of derivative 12 was used to confirm the 

bridged ketal structure of 6 (Supporting Information).

SPR measurements of ASGPR binding (Figure 3) confirmed the importance of both the N-

acetyl group (compound 13 vs 6) and the bicyclic nature of the core structure (7 vs 6 and 14 
vs 13). We had previously established for other GalNAc analogues that a trifluoroacetamide 

unit at C2 improved binding by 3–10-fold relative to acetamide,10 and this trend was also 

observed here (compound 15 vs 6). (Compound 6 was used for the in vivo studies described 

below because of uncertainty associated with the long-term metabolic stability of the 

trifluoroacetamide group.) Alkylation of the C6-hydroxyl was envisioned as a way to attach 

this motif to cargo molecules, and alkyl and oligo(glycol) ethers 16a–f derived from 6 
retained full affinity for the receptor.

Atomic Resolution Structure of ASGPR–Ligand Complexes.

Although the crystals used for the reported structure of the ASGPR carbohydrate-binding 

H1 domain (PDB: 1dv8) were grown in the presence of 20 mM lactose, the sugar does not 

appear in the structure.25 Therefore, we and others have relied on docking calculations, 
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which show that the GalNAc-binding region is shallow and a difficult target for high-affinity 

monomeric ligands,26 a conclusion reinforced by structures of GalNAc bound to 

homologous mannose receptor derivatives (PDB: 1bch, 1bcj, 1fif, and 1fih).27,28 We were 

able to secure more direct structural information by crystallizing the ASGPR carbohydrate-

binding domain with lactose and with compound 6, and obtaining diffraction data with well-

resolved ligand densities. The resulting structures are shown in Figure 4. These structures 

provide the first high-resolution look at the ASGPR–galactose-binding interaction. The 

sugar-binding mode was found to be consistent with previous analogue structures and 

predictions, showing interactions of the hydroxyls at C-3 and C-4 of the β-D-galactose ring 

with the required calcium ion.

Comparisons of affinity and LE of 6 versus its uncyclized precursors 4 and 7 support the 

hypothesis of a productive van der Waals interaction with Trp 243. Such an interaction is 

apparent in both structures, with ASGPR·6 exhibiting a more extensive pyranose–indole 

overlap at a measured distance of 4 Å (Figure 4). The acetamide group of 6 conforms nicely 

to the channel floor (defined by Tyr 272, His256, Asn264, and Asp266 residues), whereas 

the 6-hydroxymethyl substituent extends away from the protein, allowing for cargo 

attachment. The structural details of the binding of other ligands reported previously, which 

have substituents at various places around the N-acetylgalactose core,10 will be discussed 

elsewhere.

MULTIVALENT LIGANDS

The use of galactosyl-based ligands for the targeting of liver cells where ASGPR expression 

is highest has relied for many years on the creation of multivalent molecules to enhance 

receptor binding beyond the low-micromolar level,29–32 with recent reports of targeted 

siRNA and antisense DNA delivery being especially exciting.33–35 Multimerization of the 

bicyclic ASGPR-binding motif was accomplished by a convergent design relying on azide–

alkyne cycloaddition to connect an azide-terminated version of ligand 6 to propargylic ethers 

of mono-, di-, and trivalent ethanolamines (Figure 5). The amino group was used to connect 

to the carboxylic acid derivatives of candidate “cargo” molecules: a fluorescent probe 

(AlexaFluor647, with two different linker lengths, designated “Alexaa” and “Alexab”) and 

two model drug-like compounds, a nonsteroidal glucocorticoid receptor modulator 

(designated “GR”),36 and the steroidal glucocorticoid antagonist RU-486 (mifepristone, 

designated “RU”). Analogous compounds bearing the natural GalNAc and glucose (Glc) 

ligands in place of the bicyclic derivative were prepared by the same modular approach.

With the expectation that drug release from ASGPR-targeting motifs would be necessary, we 

also prepared variants incorporating the thiol-sensitive oxanorbornadiene (OND)37,38 linker 

by the route shown in the Supporting Information. This system relies on a two-step Michael 

addition/retro-Diels–Alder sequence that is programmed to occur rapidly in the presence of 

intracellular levels of reduced thiols such as glutathione. Thus, the various molecules 

explored here are referred to in the form “cargo-adapter-ligand”, as in “GR-C3-(BC)2” for a 

compound bearing two bicyclic bridged ketal ASGPR ligands, connected to a GR cargo by a 

simple propyl (C3) chain. The labeling scheme is shown in Table 1. Not all of the possible 

combinations of ligand, cargo, and valence were explored.
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The ASGPR-binding ability of a subset of multivalent conjugates was measured by surface 

plasmon resonance (SPR), with results summarized in Table 1. The monovalent conjugate 

Alexaa-C3-(BC)1 bound with low micromolar affinity, consistent with values for the parent 

bicyclic 6 and analogues shown in Figure 3 (15, 16a–f). The corresponding GR modulator 

adduct, GR-C3-(BC)1, exhibited competing nonspecific interactions in the SPR assay, 

perhaps to be expected given the hydrophobic nature of the cargo. Bivalent structures 

Alexaa-C3-(BC)2, GR-C3-(BC)2, and RU-C3-(BC)2 all showed ~1000-fold improvement 

in avidity (binding constants approximately 1 nM), and the trivalent analogues (Alexaa-C3-
(BC)3 and GR-C3-(BC)3) showed a further 7–30-fold improvement to the midpicomolar 

range. After binding to immobilized ASGPR on the SPR chip at pH 7.4, Alexaa-C3-(BC)3 

was rapidly released upon exposure to buffer at pH 5.2 or 5.7; whereas at pH 6.5, much less 

release was observed (Figure S3). This is consistent with the reported pH dependence of 

ASGPR binding to monomeric natural ligands.39,40

ASGPR Engagement In Vitro.

The ability of representative conjugates to engage the ASGPR was assessed by fluorescence 

microscopy in cultured HepG2 and SK-Hep cells. These cell lines have some of the 

properties of hepatocytes and are standard in vitro models; while both exhibit lower levels of 

asialoglycoprotein receptor compared to primary hepatocytes, the HepG2 line expresses a 

much higher density of ASGPR on the cell surface than SK-Hep cells. This was verified 

prior to use by antibody staining (Figure S4). Cargo uptake by HepG2 cells was found to be 

extensive for di- and trivalent AlexaFluor conjugates of the bicyclic motif 6, but much less 

pronounced with the monovalent analogue (Figures S8 and S10). Dye-labeled 

asialoorosomucoid (ASOR), commonly used as a positive control for ASGPR-mediated 

endocytosis, was taken into HepG2 cells better than the monovalent Alexaa-C3-(BC)1 

compound, but to a significantly lesser degree than the di- and trivalent analogues. Little or 

no uptake into HepG2 cells was observed for the analogous glucosyl derivatives (Figure S5), 

and SK-Hep cells were very poorly targeted by any of these compounds (Figure S9). These 

results were confirmed by quantitative flow cytometry (Figure 6, which of course measures 

total internalized signal, both cytosolic and endolysosomal), revealing a 10-fold increase in 

uptake of dye-labeled Alexaa-C3-(BC)3 versus Alexaa-C3-(GalNAc)3 by ASGPR-rich 

cells.

As shown in the Supporting Information, dye-labeled Alexaa-C3-(BC)n conjugates 

internalized into HepG2 cells appeared to be both colocalized with endosomes and in the 

cytosol. Furthermore, uptake of these compounds was found to be blocked in the presence of 

a low concentration of chlorpromazine, known to inhibit clathrin-mediated endocytosis,41 as 

expected.42,43

ASGPR ligand valency also had a strong effect on the rate of receptor-mediated cellular 

uptake. Figure 7A shows marked differences for HepG2 cells in the presence of 100 nM 

solutions of dye–cargo conjugates, in the order BC dimer ≈ BC trimer > GalNAc trimer > 

ASOR ≈ BC monomer. To further probe effects on receptor recycling, a series of pulse-

chase experiments was performed in which HepG2 cells were saturated with an unlabeled 

trivalent BC conjugate (BC)3-NH2 (Supporting Information), followed by treatment with 
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Alexa-labeled variants (100 nM), and uptake kinetics were compared to the direct treatments 

of dye-labeled compounds described earlier. Figure 7B shows an example in which the chase 

compound is Alexaa-C3-(BC)3. In this and analogous experiments (Figure S11), 

pretreatment with trivalent BC ligand induced a modest delay in follow-on internalization 

but no significant change in overall uptake, showing that this high-affinity molecule has a 

slightly delayed off-rate but does not abrogate receptor function. Similar results were 

observed when chasing with Alexa-labeled ASOR and Alexaa-C3-(GalNAc)3. These 

observations are consistent with the assumption that internalization rates and behavior of the 

di- and trivalent BC conjugates generally resemble that of the natural high-valent and high-

affinity asialoorosomucoid ligand,44 with higher affinity bestowed by the optimized nature 

of the bicyclic ligand.

To further explore the relative activity and potential translational impact of the compact 

bicyclic ligand versus GalNAc, human primary hepatocytes were treated with the 

triantennary versions of each, conjugated to AlexaFluor647. Figure 8 shows representative 

fluorescence microscopy images after prolonged exposure, demonstrating more efficient 

uptake of the BC analogue and strong endolysosomal colocalization for both compounds. It 

should be noted that these dye-labeled compounds were derived from a commercial Alexa-

thiol reagent, with two different connector lengths employed during the course of these 

studies, designated Alexaa and Alexab and defined in Figure 5. No differences were noted in 

the behavior of conjugates having connectors of different lengths.

Liver Targeting.

The glucocorticoid receptor modulator RU-486 was chosen as a model drug to illustrate the 

liver-targeting potential of these novel ASGPR ligands. Indeed, hepatoselective delivery of 

such modulators could be desirable for Type 2 diabetes treatment while minimizing risks of 

side effects associated with exposure of such compounds in peripheral tissues. We 

determined the liver/plasma ratios for various RU-486 conjugates in rats under steady-state 

intravenous infusion. Under these conditions, a molecule with high passive permeability 

(like RU-486 or RU-furan) should achieve a 1:1 unbound plasma to unbound liver 

concentration ratio, so long as there is no active uptake into or efflux from the liver. An 

unbound liver/plasma ratio greater than 1 reflects active uptake of that compound.

All compounds (except the hydrophobic RU-furan)45 were formulated in 0.9% saline at 0.2 

mg/mL and constantly infused into 4 male Wistar-Han rats at a rate of 10 μg·min−1·kg−1 

over 7 h (total dose = 4.2 mg/kg, 21 mL/kg total volume). During this time, blood samples 

were taken at 0.1, 0.25, 0.5, 1, 2, 4, and 7 h following the start of the infusion, and 

compound concentrations were measured in the derived plasma. Steady-state values 

(reached within 1 h and maintained over the full 7 h in each case) are shown in Table 2; 

representative runs are shown in Figure 9. After 7 h of infusion, each animal was sacrificed, 

the liver was removed, and the compound concentration was determined in that organ. In 

addition to these values of total plasma and liver concentrations, in vitro equilibrium dialysis 

was used to determine the binding of these compounds in these environments (Table 2), as 

only unbound compound is available to exert a pharmacological effect. See Supporting 

Information for detailed procedures and analytical methods.
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In general, all of the compounds tested showed higher binding (lower fraction unbound) in 

liver homogenate than in plasma. The aforementioned measurements of ASGPR-binding 

avidity and in vitro cell uptake proved to be predictive of the observed liver/plasma ratio, 

with increasing valency showing dramatic enhancements in each case (Figure 9 and Table 

2). Thus, the noncleavable series [RU-C3-(BC)n] showed values of 0.4, 9, and 144 for 

monomer, dimer, and trimer conjugates, respectively, with the last value representing an 

unusually high figure. The same trend, but lower absolute values, was observed for the 

weaker-binding GalNAc ligand (0.87 vs 8.7 for dimer vs trimer). The liver/plasma ratios for 

the glucosyl conjugates were <1.0, consistent with the expected poor permeability and lack 

of receptor-mediated uptake of these compounds. Further analysis of the significance of the 

differences in liver/plasma ratios for BC and GalNAc conjugates (which rely on detection of 

the parent compounds by mass spectrometry) would require a complete assessment of their 

metabolism, which may differ.

The cleavable ASGPR-binding OND conjugate was also effective in delivering small-

molecule cargo to hepatocytes (Figure 10 and Table 2). OND linkers undergo facile Michael 

addition by free thiol compounds, inducing subsequent retro-Diels–Alder fragmentation of 

the resulting adducts.37,38 The bivalent and trivalent OND conjugates RU-OND-(BC)2 and 

RU-OND-(BC)3 partitioned nicely into liver and released their cargo RU-furan with high 

liver/plasma ratios of 93 and 41, respectively. RU-furan alone showed no such selectivity 

(liver/plasma ratio = 0.7) as would be expected from a freely permeable small molecule. 

While RU-OND-(BC)n compounds can react in principle with serum albumin or undergo 

ester hydrolysis,46 these molecules showed good serum and plasma stability (Supporting 

Information). The majority of RU-furan release therefore presumably occurs after cellular 

internalization via ASGPR-mediated uptake and exposure to intracellular thiol (principally 

glutathione).

Hepatic Distribution.

To further characterize the liver-targeting function of these molecules and compare both 

GalNAc and BC-derived conjugates for hepatoselective delivery of therapeutic modalities, 

we conducted an in vivo biodistribution study in C57BL/6N mice using prototypical 

Alexa647-labeled conjugates Alexab-C5-(BC)3 and Alexab-C5-(GalNAc)3. Both tripodal 

variants were shown to achieve similar systemic exposure at an early time point (15 min 

after tail vein injection) and then were rapidly cleared (Supporting Information).47 The 

hepatic exposure and cellular distribution of these compounds were evaluated at 1, 2, and 4 h 

postdose using confocal microscopy. Representative images at each time point are shown in 

Figure 11 and visually demonstrate the elevated liver accumulation of Alexab-C5-(BC)3 

relative to Alexab-C5-(GalNAc)3 at each time point. This was confirmed by image analysis 

quantification of liver exposure, showing 8–350 fold increase in the percentage of liver 

tissue area positive for the dye (Figure 11H). In addition, liver tissue area positive for 

Alexab-C5-(BC)3 had, on average, ~2–3-fold greater mean fluorescence intensity (MFI) 

compared to Alexab-C5-(GalNAc)3 positive tissue area (Figure 11I). All other tissues 

evaluated were negative for Alexab-C5-(GalNAc)3 and Alexab-C5-(BC)3 exposure.

Sanhueza et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2020 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Characterization of both Alexab-C5-(GalNAc)3 and Alexab-C5-(BC)3 distribution within 

the liver (Figure 12) revealed centrilobular accumulation, correlating with reported ASPGR 

expression across the hepatic lobule in rodents.48 These observations further support a 

receptor-mediated mechanism of cellular uptake within the liver. To further evaluate the 

cellular distribution of the tripodal ligands, high-resolution images were captured using 

confocal microscopy. Figure 13B shows the greater level of Alexab-C5-(BC)3 accumulation 

within the cytoplasm of liver cells compared to Alexab-C5-(GalNAc)3 at 4 h (Figure 13A). 

Alexab-C5-(BC)3 accumulation was associated with cytoplasmic puncta within hepatocytes 

(Figure 13C) that are not present in nonparenchymal cells. Intracellular accumulation of 

both ASGPR ligands within nonparenchymal cell types was not obvious.

Alexab-C5-(GalNAc)3 and Alexab-C5-(BC)3 accumulation in hepatocytes was also 

measured by flow cytometry at 4 h. On average, hepatocytes isolated from mice treated with 

Alexab-C5-(BC)3 had an 8-fold greater positive population compared to hepatocytes 

isolated from Alexab-C5-(GalNAc)3 treated mice (Figure 14A). In addition, hepatocytes 

positive for Alexab-C5-(BC)3 had, on average, ~40% greater mean fluorescence intensity 

(MFI) compared to Alexab-C5-(GalNAc)3 positive hepatocytes (Figure 14B), confirming 

elevated intrahepatocellular levels of Alexab-C5-(BC)3 at this time point. This latter 

observation also correlates nicely with in vitro uptake results obtained with human primary 

hepatocytes (Figure 8).

CONCLUSIONS

Consideration of the likely intermolecular interactions that allow ASGPR to recognize N-

acetylgalactosamine residues led to the design and synthesis of a bicyclic compound (6, or 

“BC”) with superior ligand efficiency and binding affinity. The first reported X-ray crystal 

structures of ligand-bound ASGPR were obtained, validating these predictions and the 

models used by others.

A modular synthetic approach enabled the synthesis of mono-, di-, and trivalent versions of 

this ligand (and of comparison GalNAc and glucose moieties), each carrying a single copy 

of a “cargo” compound. The performance of these molecules in binding ASGPR, mediating 

internalization into cultured cell lines and primary cells, and mediating trafficking and 

targeting in vivo was assessed by a variety of techniques. A consistent relationship was 

observed, with ASGPR avidity correlating with all the functional assays, with the bicyclic 

structure superior to GalNAc in the rate and extent of cellular uptake in vitro. This cellular 

uptake was dominated by ASGPR, and trivalent structures involving the bicyclic ligand were 

usually found to exceed the reported outstanding affinity and uptake exhibited by the natural 

asialoorosomucoid ligand while retaining the natural ligand’s ability to allow for rapid 

receptor recycling.

As has been previously observed,29 multimerization of ASGPR ligands (usually GalNAc) is 

a potent strategy for enhancement of binding to hepatocytes in vitro5–8,49,50 and for delivery 

to the liver.32–34,51–53 Because multiantennary displays of galactosyl ligands are effective 

agents in binding a number of different cell types,54,55 it was important to verify56,57 that, 

indeed, a prototypical trimer derivative (Alexab-C5-(BC)3) of the novel bicyclic ligand 6 
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mediates predominant delivery to hepatocytes versus nonparenchymal cells (Kupffer, 

stellate) in vivo. In addition, the hepatic distribution of this representative compound 

appeared to be perivenous, with the greatest accumulation around the central vein of hepatic 

lobules.

By all measures, derivatives of bicyclic analogue 6 exhibited superior hepatoselective 

delivery compared to GalNAc. Quantification of Alexab-C5-(GalNAc)3 and Alexab-C5-
(BC)3 liver exposure by multiple methods showed that, upon administration in mice, the 

trivalent conjugate of 6 facilitated increased ASGPR-directed hepatocellular uptake and 

prolonged retention compared to the GalNAc conjugate. Lastly, very high liver/plasma ratios 

were obtained in rats for the delivery of derivatives of the drug RU-486. In particular, we 

were able to take advantage of this phenomenon to release a passively permeable small-

molecule cargo (RU-furan) via a triggered cleavable linker (the retro-Diels–Alder release 

from oxanorbornadienes) to achieve excellent liver/plasma distribution after intravenous 

infusion. This distribution would be impossible to achieve for the small molecule alone. 

Pharmacodynamics studies involving such molecular cargo will be explored and described 

separately. We anticipate that the highly efficient ASGPR-targeting ligands described here, 

coupled with triggered release and endosomal escape functions when needed, provide an 

exciting way to reduce dose, modulate the pharmacology of liver targeting, and improve 

pharmacological selectivity of hepatocytic therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ASGPR ligands with (1/Kads) values for immobilized ASGPR measured by surface plasmon 

resonance, plus calculated ligand efficiency (LE) values. (Bottom right) Overlay of the 

calculated minimum-energy conformations of GalNAc and compound 6, showing close 

overlap of the pyranose rings and substituents between the two structures. Values for 1, 2, 

and 5 are from ref 10; compound 3 is found in ref 4.
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Figure 2. 
Initial (A) and improved (B) synthetic routes to 6.
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Figure 3. 
ASGPR ligands discussed in the text with 1/Kads values for ASGPR determined by surface 

plasmon resonance.

Sanhueza et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2020 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
X-ray crystal structures of the ASGPR carbohydrate-binding domain with (left) lactose 

(PDB: 5JPV) and (right) compound 6 (PDB: 5JQ1). The top panels show the shallow 

binding pocket from above; the bottom panels show a side view highlighting hydrophobic 

interactions with Trp 243 and interactions with the acetamide group of 6 along the bottom of 

the pocket. Red = negative surface charge, blue = positive surface charge, and yellow = 

hydrophobic surface. Hydrogen bonds and bonds to metal ion (gray sphere) are shown in 

dashes. Small red spheres represent bound water molecules identified crystallographically.
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Figure 5. 
Modular composition of the multivalent compounds discussed in the text.

Sanhueza et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2020 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Flow cytometry analysis of the indicated cells treated with the indicated molecules (100 nM, 

30 min, room temperature). Numerical values are the average number of dye-labeled 

molecules taken up per cell, derived from comparison to standardized samples.
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Figure 7. 
(A) Mean fluorescence intensity (MFI) per cell, measured by fluorescence microscopy, for 

HepG2 cells treated with 100 nM of the indicated molecule. (B) Pulse-chase experiment in 

which HepG2 cells were treated with 100 nM of a tripodal ligand lacking a cargo [(BC)3-
NH2] for 30 min, washed three times, and then treated with 100 nM of the dye-labeled 

trimer (starting at time = 0). For comparison, uptake curves for the dye-labeled compounds 

alone (100 nM) are shown in red (“no pulse”). The first 10 min of the experiment is shown 

on the left on a linear fluorescence intensity scale; on the right is the full experiment on a 

logarithmic scale. Analogous results with other chase compounds are shown in Figure S11.
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Figure 8. 
Human primary hepatocytes treated with (A) Alexab-C5-(BC)3 or (B) Alexab-C5-
(GalNac)3 for 20 h at 1 μM. Staining: 1 = endolysosomal (pHrodo dextran); 2 = 

AlexaFluor647 (ASGPR-targeted compounds); 3 = nuclear (DAPI); 4 = composite overlaid 

images. Scale bar =100 μm. Wider-field images are shown in Figure S14. Quantification of 

intracellular (C) and lysosomal (D)accumulation. In each case, a statistically significant 

increase (~40%) was observed for the tripodal BC ligand vs the analogous GalNAc ligand.
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Figure 9. 
Representative intravenous infusion results in rat showing concentrations of free (unbound) 

plasma concentrations of the indicated compounds and the endpoint concentration in liver.

Sanhueza et al. Page 20

J Am Chem Soc. Author manuscript; available in PMC 2020 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
(Top) Thiol-triggered release of RU-furan cargo. (Bottom) Delivery of RU-furan by 

steady-state infusion of the indicated conjugates. Values in blue represent the free liver/

plasma ratio at 7 h.
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Figure 11. 
Whole tissue scans of mouse livers treated with (A–C) Alexab-C5-(BC)3 for 1, 2, and 4 h, 

respectively; (D–F) Alexab-C5-(GalNAc)3 for 1, 2, and 4 h, respectively; (G) vehicle only. 

Scale bar = 1 mm. Compound exposure in liver sections quantified by fluorescence 

microscopy: (H) percent of liver tissue area positive for dye and (I) mean fluorescence 

intensity of dye-positive tissue area representing relative exposure levels.
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Figure 12. 
High-magnification composite images of perivenous regions of liver, from mice dosed with 

Alexab-C5-(BC)3 (panels A–C = 1, 2, 4 h) or Alexab-C5-(GalNAc)3 (panels D–F = 1, 2, 4 

h). Purple color is fluorescence of the dosed compound, while nuclei are stained blue (scale 

bars = 50 μm).

Sanhueza et al. Page 23

J Am Chem Soc. Author manuscript; available in PMC 2020 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
High-magnification images of cellular liver distribution, 4 h after dosing, demonstrating 

more efficient uptake of the construct based on bicyclic ligand 6. (A) Alexab-C5-(GalNAc)3 

and (B, C) Alexab-C5-(BC)3. In panel C, the fluorescent compound is associated with 

hepatocytes (red arrows), while accumulation in nonparenchymal cells (white arrows) is not 

apparent (scale bar = 10 μm). Purple = dosed compound (AlexaFluor 647); blue = nuclei 

(DAPI); and green = actin (AlexaFluor 488).
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Figure 14. 
(A, B) Hepatic exposure of trivalent compounds quantified by flow cytometry. (A) Percent 

of isolated hepatocytes positive for each dosed compound. At 4 h, animals dosed with 

Alexab-C5-(BC)3 had 8-fold greater population of positive hepatocytes, compared to 

animals dosed with Alexab-C5-(GalNAc)3. (B) Mean fluorescence intensity (MFI) of the 

indicated compound in hepatocytes positive for Alexa647 dye at 4 h. At this time point, 

hepatocytes positive for Alexab-C5-(BC)3 had 40% greater intracellular levels compared to 

positive hepatocytes from animals dosed with Alexab-C5-(GalNAc)3.
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Table 1.

Binding and Activity Results for Selected Compounds

compound 1/Kads compound 1/Kads

Alexaa-C3-(BC)1 4.1 μM Gr-C3-(BC)1 nonspecific

Alexaa-C3-(BC)2 0.96 ± 0.01 nM Gr-C3-(BC)2 0.49 ± 0.01 nM

Alexaa-C3-(BC)3 30 ± 5 pM Gr-C3-(BC)3 71 ± 30 pM

Ru-C3-(BC)2 1.48 ± 0.05 nM
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Table 2.

In Vivo Results for the Distribution of Certain Adducts of RU-486 with Mono and Multivalent ASGPR 

Ligand-Targeting Agents

RU-C3-(BC)1 RU-C3-(BC)2 RU-C3-(BC)3 RU-C3-(GalNac)2 RU-C3-(GalNac)3

fraction unbound, liver 0.089 0.11 0.065 0.079 0.22

fraction unbound, plasma 0.265 0.27 0.283 0.298 0.55

Unbound liver:plasma ratio 0.39 9 144 0.87 8.7

RU-C3-(Glc)2 RU-C3-(Glc)3 RU-OND-(BC)2
a

RU-OND-(BC)3
a

RU-OND-(Glc)2
a

fraction unbound, liver 0.13 0.12 nd
b

nd
b

nd
b

fraction unbound, plasma 0.49 0.68 nd
b

nd
b

nd
b

Unbound liver:plasma ratio 0.22 0.02 93
c

41
c

0.9
c

a
OND = cleavable oxanorbornadiene linker (see Figure 5) releasing RU-furan (as shown in Figure 10).

b
Not determined due to decomposition.

c
Liver/plasma ratio determined for released RU-furan.
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