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Abstract: The delivery of antisense oligonucleotides (ASOs) to specific cell types via targeted en-
docytosis is challenging due to the low cell surface expression of target receptors and inefficient
escape of ASOs from the endosomal pathway. Conjugating ASOs to glucagon-like peptide 1 (GLP1)
leads to efficient target knockdown, specifically in pancreatic 3-cells. It is presumed that ASOs
dissociate from GLP1 intracellularly to enable an ASO interaction with its target RNA. It is unknown
where or when this happens following GLP1-ASO binding to GLP1R and endocytosis. Here, we
use correlative nanoscale secondary ion mass spectroscopy (NanoSIMS) and transmission electron
microscopy to explore GLP1-ASO subcellular trafficking in GLP1R overexpressing HEK293 cells. We
isotopically label both eGLP1 and ASO, which do not affect the eGLP1-ASO conjugate function. We
found that the eGLP1 peptide and ASO are not detected at the same level in the same endosomes,
within 30 min of GLP1R-HEK293 cell exposure to eGLP1-ASO. When we utilized different linker
chemistry to stabilize the GLP1-ASO conjugate, we observed more ASO located with GLP1 compared
to cell incubation with the less stable conjugate. Overall, our work suggests that the ASO separates
from GLP1 relatively early in the endocytic pathway, and that linker chemistry might impact the
GLP1-ASO function.

Keywords: NanoSIMS; mass spectroscopy imaging; targeted delivery; antisense oligonucleotide

1. Introduction

Antisense oligonucleotides (ASOs) are being explored as nucleic acid therapeutics
and are taken up by permissive cell lines via endocytosis. This can downregulate the
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expression of specific RNAs and, thus, ASOs are of interest for modulating drug targets that
cannot be modulated with small molecules or antibodies [1-3]. Gapmer ASOs enable RNA
knockdown by sequence-dependent cleavage, mediated by RNase H1 endonuclease [4].
Therapeutic gapmer ASOs are typically extensively modified to improve the binding
affinity, while reducing cellular toxicity [4-6]. The inclusion of phosphorothioate (PS)
linkages between nucleotides improves the nuclease resistance and increases binding to
serum proteins [7]; however, the productive cellular uptake of PS-ASOs is still poor in most
cell types.

Conjugation to targeting ligands is employed to improve the PS-ASO uptake in non-
permissive cell types and/or to promote uptake by disease-relevant cells. For example,
N-acetylgalactosamine (GalNAc) has been employed and studied extensively as a ligand
for targeting PS-ASOs to hepatocytes via binding to asialoglycoprotein receptors (ASG-
PRs) [8]. We also previously described the use of ligands targeting the glucagon-like peptide
1 receptor (GLP1R) for the specific targeting of PS-ASOs to pancreatic beta cells, which
poorly internalize PS-ASOs. GLP1R is a G-protein-coupled receptor (GPCR), which is pre-
dominantly expressed on pancreatic (3 cells [9,10] and undergoes rapid agonist-mediated
internalization into endosomes [11-15]. We conjugated ASOs to an engineered GLP1
(eGLP1), which had been previously utilized to deliver estrogen [16], and we observed an
increased target RNA knockdown in GLP1R-expressing cells compared to treatment with
unconjugated ASO ¢10 [17].

Targeting PS-ASOs to the right cells is not the only challenge to be overcome in
their development as therapeutics. Once inside the cell, PS-ASOs typically accumulate in
endosomes, from which they need to escape in order to interact with their target RNA,
which occurs very inefficiently [18]. We previously observed fluorescently labelled eGLP1-
ASO to accumulate in punctate cytoplasmic structures, presumably endosomes, in HEK293
cells over-expressing GLP1R (GLP1R-HEK293 cells). Since the knockdown of the target
RNA was also observed in these cells, we presume that some of the delivered PS-ASO
escaped the endosome, but this is difficult to observe using fluorescence microscopy [19].
To better understand the relationship between PS-ASO subcellular trafficking and target
RNA knockdown following targeted delivery, it would be informative to be able to quantify
the distribution of both the PS-ASO and the targeting ligand at the subcellular level.

The relative quantitation of ASOs in the nucleus and cytoplasm of HeLa cells has
been achieved with fractionation and ELISA [20]. One route to performing the subcellular
quantification of isotopically or atomically labeled molecules is to use nanoscale secondary
ion mass spectrometry (NanoSIMS) correlated to electron microscopy (EM). We previously
described both subcellular mapping and the quantitation of *C-labelled dopamine in
secretory vesicles using NanoSIMS and EM [21]. NanoSIMS with correlative EM has also
recently been employed for the relative quantitation of labeled PS-ASOs in subcellular
compartments [22], but the detection and quantitation of both a targeting ligand and
PS-ASO at the subcellular level has not yet been described. Here, we use NanoSIMS to
detect PS-ASO conjugates incorporating different isotopic labels on the conjugating peptide
and the PS-ASO. This enables the mapping and quantification of both a PS-ASO and its
targeting ligand in subcellular organelles for the first time.

2. Materials and Methods
2.1. Mammalian Cell Culture

HEK?293 cells stably transfected with GLP1R (GLP1R-HEK293 cells) were maintained
in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific, Waltham, MA, USA )

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% hygromycin B, at 37 °C under 5% CO,.

2.2. Hepatic Spheroid Formation and Maintenance

Cryopreserved primary human hepatocytes were obtained from BioIVT (Brussels,
Belgium) and thawed according to the supplier’s instructions. Briefly, the hepatocytes were
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thawed at 37 °C and added to prewarmed seeding medium (Williams” E medium without
glucose supplemented with 1 g/L glucose, 2 mM GlutaMAX, 100 units/mL penicillin,
100 pg/mL streptomycin, 0.1 nM insulin, 5.5 pg/mL transferrin, 6.7 ng/mL sodium selenite,
100 nM dexamethasone, and 10% FBS). In total, 2000 viable cells per well were seeded
into ultra-low adhesion 96-well plates (Corning, Wiesbaden, Germany) (only the 600 inner
wells were used). Plates were then centrifuged at 200 x ¢ for 2 min to induce the spheroids
formation by self-aggregation and incubated at 37 °C, under 5% CO,. The medium was
changed to FBS-free medium every 24 h from day 4 to 7 post seeding, thereafter every 48 h.

2.3. Synthesis of Peptides, PS-ASOs, and eGLP1-ASO Conjugates

All starting materials, reagents, and solvents were used as received. Unless otherwise
stated, solvents and reagents were obtained from Sigma-Aldrich(St.Louis, MO, USA. Phase
separators were obtained from Biotage(Uppsala, Sweden). The 'H and '*C-NMR spectra
were recorded at 300 K on a Bruker 500 MHz system equipped with a CryoProbe, operating
at 500 and 126 MHz, respectively. Chemical shifts were recorded in ppm relative to the
solvent residual signals: CDCl3.

2.3.1. Malatl PS-ASO Synthesis

PS-ASOs targeting Malat1 were synthesized on a 32 pmol scale on an AKTA Oligopilot
10 system by using commercially available DNA phosphoramidate building blocks and
PS 5G UnyLinker support (GE Healthcare). Detritylation was performed by using 3%
dichloroacetic acid in toluene. 5-(Benzylthio)-1H-tetrazole (BTT) was used as activating
agent. CE backbone deprotection was performed with diethylamine/toluene (20% v/v).
Phosphoramidites were dissolved to a final concentration to 0.1 M in anhydrous acetonitrile
prior to use. The 34S- or 325-PADS was dissolved in 1:1 (v/v) MeCN/3-picoline (0.2 M) and
aged for at least 16 h before use. Recirculation times for phosphoramidites were 5 min for
DNA building blocks, 10 min for cEt building blocks, and 40 min for the MMT-hexylamine
building block. No detritylation was performed after attachment of the 5 Hexylamine.
ASOs were cleaved from the solid support by treatment with aqueous ammonia (26%)
at 55 °C for 15-20 h. LC-MS was performed either on an XBridge Cig column by using
mixtures of 0.1 m triethylammonium acetate (pH 7)/acetonitrile or on the same column by
using mixtures of 0.1 M ammonium carbonate (pH 7.6)/methanol. ASO and conjugates
were purified on an XBridge Cyg, 5 um 19 x 150 mm column by using gradients from 0.1 M
ammonium carbonate (pH 7.6) to methanol. The pure fractions were evaporated, dissolved
in 5 mL water, and the pH was adjusted to 4.5 with acetic acid. Then, the solution was
warmed to 40 °C for 1h, the pH was adjusted to 6 with 3 M NaOH, and then a solution
of 3 M NaAc (pH 5) was added, followed by 15 mL of EtOH. The solution was cooled to
—20 °C for 1 h and then centrifuged. The supernatant was discarded, and the precipitate
was washed with ice-cold EtOH, diluted with water, and freeze dried.

2.3.2. GalNAc Conjugate Synthesis

The 34S-labeled hexylamine oligo (224.5 mg, 0.03 mmol) was dissolved in 2.25 mL
0.06 M borate buffer pH 9.6. GalNAc PFP (255 mg, 0.13 mmol) was dissolved in 3.6 mL
DMSO, added, and the reaction mixture was stirred at room temperature. After 60 min
reaction time, the pH of the reaction mixture was adjusted to 10. After another 60 min, the
pH was adjusted to 9.5 with acetic acid and the reaction mixture was diluted with 10 mL of
26% aq. NHj3 was stirred overnight and freeze dried. The resulting gel was diluted with
water and purified on a 20 g ISOLUTE weak anion exchange (NH,) cartridge by eluting
with a gradient from 0 to 50% MeCN in 1 M Triethylammonium carbonate buffer (pH 8).
The fractions containing oligonucleotide were freeze dried and purified by reverse-phase
HPLC and freeze dried to provide a white powder.
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2.3.3. eGLP1 Peptide Synthesis

Automated peptide synthesis was carried out on a Biotage Alstra peptide synthesizer
using Fmoc/t-Bu chemistry. Peptides were synthesized on ChemMatrix Tetagel resin
using DIC/oxyma as coupling agents and 20% piperidine in DMF for FMOC deprotection.
Couplings were conducted at 75 °C for 5 min for all amino acids except cysteine and
histidine, which were coupled for 20 min at 40 °C. Single couplings were employed for the
first 20 amino acids and double couplings for following residues. Fmoc-2,5,Diiodotyrosine
was used without phenol protection and double coupled. After the synthesis was finished,
the resin was washed with DMF, MeOH, and DCM (x3 each), followed by a wash with
diethyl ether. Then, the resin was dried under vacuum. The peptide was cleaved by
shaking the resin with 10 mL of a mixture of TFA /TIS/DODT/H20O (95,5,2.5,5) for 3 h.
The resin was filtered off and the filtrate directly drained into 80 mL of cold diethyl ether.
The precipitate was collected by centrifugation, resuspended in cold diethyl ether and
again collected by filtration. The resulting white solid was freeze dried and purified by
reverse-phase HPLC using gradients from water containing 0.15% TFA to acetonitrile.

2.3.4. ASO eGLP1 Peptide Conjugations Using Maleimide

5'-Hexylamine-modified ASO was dissolved in 0.1 M potassium phosphate buffer
(350 uL; pH 7.1). 3-(Maleimido)propionic acid N-hydroxysuccinimide (8 equivalents)
was dissolved in DMSO (300 pL) and added to the ASO solution. The reaction mixture
was left to stand at room temperature for 1 h. The oligo was precipitated from sodium
acetate/ethanol (1:4; 0.3 M). The precipitate was redissolved in a minimal amount of 0.1 M
potassium phosphate buffer (0.2 mL; pH 7.1) and then the GLP1-cysteine peptide, dissolved
in a minimal amount of water:acetonitrile 1:1, was added. The reaction mixture was left to
stand at room temperature for 4 h, then freeze dried and purified by reverse-phase HPLC.

2.3.5. ASO eGLP1 Peptide Conjugation Using Strain-Promoted Azide Alkyne Click
Reaction

The hexylamine-modified oligonucleotide was dissolved in 200 pL phosphate buffer pH
7.4 (0.1 M) and 200 pL MeCN. ((1R,85,9s)-bicyclo[6.1.0]lnon-4-yn-9-yl)methyl (4-nitrophenyl)
carbonate (7eq. by mass) in 200 uL. MeCN and 200 pL phosphate buffer were added. In total,
0.1 M NaOH was added until the reaction mixture was deeply yellow. After standing at
room temperature overnight, the reaction mixture was freeze dried and purified by passing
the reaction mixture through a 10 g ISOLUTE NH, Anion exchange column using a gradient
from MeCN to 60% TEAC buffer (Triethylammonium carbonate, 1 M, pH 7.2). The fractions
containing product were freeze dried to provide a white powder. The bicyclononyne-
modified ASO was then dissolved in triethylammonium acetate buffer (pH 7) and the
azide-bearing peptide (1.5 equivalents) was added as a solution in 1:1 MeCN:water. The
reaction mixture was left standing overnight, freeze dried, and purified by reverse-phase
HPLC. Pure fractions were freeze dried to provide pure conjugate as a white powder.

2.4. GLP1R Internalization DiscoverX Assay

GLPIR internalization in U20S cells was measured with the PathHunter® eXpress
GLPIR Activated GPCR Internalization Assay kit (DiscoverX, #93-0724E3CP0OL) using
the manufacturer’s protocol as previously described [23]. Cells were incubated with
compounds for 30 min at 37 °C, under 5% CO,.

2.5. ASO Incubations

For immunofluorescence microscopy, GLP1R-HEK293 cells were seeded at a density
of 25,000 cells/well in 96-well imaging plates (Greiner Bio-One) coated with poly-D-lysine.
For TEM and NanoSIMS, GLP1R-HEK?293 cells were seeded at a density of 200,000-400,000
cells/mL in 35 mm glass-bottomed dishes (MatTek) coated with 5 pg/mL poly-D-lysine
(Sigma-Aldrich, St. Louis, MO, USA). Twenty-four hours later, the cells were washed
once with Optimem + Glutamax (Thermo Fisher Scientific, Watham, MA, USA) + 0.1%
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bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA), and then incubated
with Optimem + 0.1% BSA for 15 min at 37 °C. Compounds were diluted in Optimem
+ 0.1% BSA and cell incubations were performed at 37 °C for the timepoints indicated.
The compounds were removed and the cells were washed three times with phosphate-
buffered saline (PBS) prior to fixation for immunofluorescence microscopy or electron
microscopy/NanoSIMS as described below. Spheroids were treated with GalNAc-34S-
labeled-Malat1 diluted in maintenance medium at day 12 postseeding. Twenty-four hours
later, spheroids were collected and fixed for electron microscopy and NanoSIMS analysis
as described below.

2.6. Immunofluorescence Microscopy

Following compound incubation, cells in 96-well plates were fixed in 3.7% formalde-
hyde (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 10 min at room temperature. The cells
were then washed three times with PBS and blocked with PBS + 2% BSA (Sigma-Aldrich) +
0.05% saponin (FLUKA) for 2 h at 4 °C. Primary antibody incubations were performed with
anti-GLP1R (Mab7F38 from Developmental Studies Hybridoma Bank, described in [24]),
rabbit anti-early endosome-associated antigen 1 (EEA1) (Cell Signaling, Danvers, MA, USA)
#C45B10) or rabbit anti-LAMP1 (Cell Signaling, Danvers, MA, USA) antibodies diluted in
PBS + 2% BSA + 0.05% saponin overnight at 4 °C. Cells were then washed three times with
PBS + 0.05% saponin and incubated with Alexa Fluor conjugated secondary antibodies
(Life Technologies, Carlsbad, CA, USA), diluted in PBS + 2% BSA + 0.05% saponin, for 2 h
at room temperature. The cells were then washed three times with PBS + 0.05% saponin
and incubated with DAPI (Sigma-Aldrich, St. Louis, MO, USA) to counterstain the nuclei
and, in some experiments, CellMask Deep Red (Life Technologies, Carlsbad, CA, USA) was
used as a counterstain for the whole cell. Images were acquired on a Yokogawa CV7000
spinning disk confocal microscope with a 60x water objective, with at least 8 fields of view
acquired from duplicate wells for each condition acquired.

2.7. Quantitative RI-PCR

GLP1R-HEK293 cells were seeded at a density of 200,000 cells/mL per well in DMEM
+ 10% FBS (Life Technologies, Carlsbad, CA, USA) in poly-D-lysine-coated 384-well plates
(Corning) and incubated for 24 h at 37 °C, under 5% CO,. eGLP1-ASO conjugates diluted
in culture media were incubated with GLP1R-HEK?293 cells for 24 h at 37 °C, under 5%
CO;. The cells were then washed once with cold DPBS (Life Technologies) and then lysed
with RLN lysis buffer (QIAGEN) with 4% RNAsecure Inactivation Reagent (Thermo Fisher
Scientific, Waltham, MA, USA). Lysates were then transferred to the corresponding wells
of a 384-well PCR plate (Axygen, Union City, CA, USA) containing cDNA synthesis master
mix (Thermo Fisher Scientific). The reverse transcription reaction was performed at 37
degrees for 60 min, and then stopped by heating at 95 degrees for 5 min. For real time
quantitative PCR, the resulting cDNA samples were diluted and transferred, using an Echo
655 liquid handler, to a PCR master mix solution consisting of Tagman Gene Expression
Master mix (Applied Biosystems, Waltham, MA, USA) and Malatl (Hs00273907_s1) or
Hprtl (Hs02800695_m1) PCR primer sets (Thermo Fisher Scientific) diluted in RN Ase-free
water. The amplification reaction and analysis were performed on QuantStudio 7 Flex
real-time PCR machine with the following conditions: 50 °C for 2 min, 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15 s, and 60 °C for 1 min. Relative mRNA expression
levels for Malat1 (2-%Ca) were calculated by normalizing the Malat1 expression levels to
those of the reference gene HPRT1. The 2~ values for Malat1 derived from cells treated
with ASOs were normalized to untreated controls.

2.8. Electron Microscopy

Following compound incubation, cells in 35 mm dishes were washed three times with
PBS and then fixed with a modified Karnovsky’s fixative (2.5% glutaraldehyde (Agar Scien-
tific, Essex, UK), 2% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA), 0.02% sodium
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azide (BDH, Poole, UK) in 0.05M Na-cacodylate buffer) for 30 min at room temperature.
The dishes were then washed twice with Ca?* and Mg2+ -free PBS (Thermo Fisher Scientific),
once with 50 mM glycine (Sigma-Aldrich) in PBS, and then twice with PBS. The dishes were
then incubated for 1 h with 1% OsOy (Sigma-Aldrich) in 0.05 M Na-cacodylate buffer and
then washed at least 3 times with H,O. The dishes were then incubated for 20 min with 1%
tannic acid and washed three times with H,O. The dishes were then incubated for 15 min
with 1% uranyl acetate (Merck, Darmstadt, Germany Sigma-Aldrich, St. Louis, MO, USA)
in the dark and washed three times with H,O. The cells were then sequentially dehydrated
with 50%, 70%, 85%, 95%, and absolute ethanol (5 min incubation with each). Embedding
was performed in Agar 100 premix kit hard (Agar Scientific, Essex, UK). Agar 100 epoxy
resin was mixed with premixed hardeners (DDSA and MNA), but not with accelerator
(BDMA), for 30 min to produce mixture A. Mixture A was mixed with accelerator (BDMA)
for 30 min to produce mixture B. The final composition of this medium hardness resin
was agar resin 46.6%, hardeners 50.5%, and BDMA 2.9%. Each dish was coated with 50%
mixture A and 50% absolute ethanol and incubated for 30 min. Dishes were then incubated
for 5 min and then 10 min with mixture A. Each dish was then incubated for 15 min with
mixture B. BEEM capsules were filled with 100% mixture B. Resin was decanted from
MatTek dishes (MatTek, Ashland, MA, USA) and the dishes were inverted onto BEEM
capsules(Agar Scientific, Essex, UK), so that the cell monolayer was covering the mouth
of the capsule. MatTek dishes with BEEM capsules were then carefully inverted so that
the BEEM capsule sat top of the dish. The tube and dish were then inverted together and
polymerized at 60 °C for 45 h. After polymerization, resin blocks were dislodged from
MatTek dishes with liquid nitrogen and sectioned with an ultramicrotome (Leica EM UC6)
at desired thickness.

Spheroid samples were prepared as described above with some modifications to the
protocol. Briefly, the collected spheroids were placed in the modified Karnovsky fixative for
1 h at4 °C, then washed twice with 100 mM sodium cacodylate buffer, once with 50 mM
glycine in 100 mM sodium cacodylate buffer, and twice with 100 mM sodium cacodylate
buffer. Samples were post fixed with 1% osmium tetroxide at 4 °C for 1 h in the dark,
followed by 1% tannic acid for 20 min at room temperature in the dark, and 1% uranyl
acetate for 40 min at room temperature in the dark. Spheroids were dehydrated with
increasing concentration of ethanol (30, 50, 70, 85, 95, and 100%) and embedded in Agar
100 resin.

Sections were prepared at 300 nm thickness on EM finder grids (TEM-FCF200CUS50,
Sigma-Aldrich, St Louis, MO, USA). TEM micrographs were acquired using a Talos L120C
transmission electron microscope (FEI) at 2000-3400 x magnification. Lower magnification
views of the finder grid position were acquired to enable imaging of the same cells by both
TEM and NanoSIMS.

2.9. NanoSIMS Imaging

Analysis was performed at the Chemical Imaging Infrastructure at Chalmers Uni-
versity of Technology and University of Gothenburg with a NanoSIMS 50L (CAMECA,
Gennevilliers, France). Spheroid samples were gold-coated and a 16 keV Cs* primary ion
beam of 8 pA (D1.2) was used to raster the sample surface. The detectors were tuned to
measure 3C12C-, 13C1N-, 325 and 34s- secondary ions. Prior to imaging, the areas of
interest were implanted to obtain a fluence of 10/ Cs*.cm~? to reach sputtering steady
state (as a result, around 200 nm of sample was sputtered away). Images were acquired on
field size of 25 x 25,20 x 20, 15 x 15 um? with an image resolution of 256 x 256 pixels and
a dwell time of 5ms.pixel ~!. At least 10 planes were accumulated for each sample where
the dimensions of an individual plane were between 100 and 60 nm? depending on the
field of view (FOV). GLP1R-HEK293 cells received the implantation dose 10" Cs*.cm ™2
and were analyzed with either 2 pA primary ion current with a 40 ms dwell time or an 8 pA
ion current and a 5 ms dwell time. The detectors were tuned to measure 1*C2C-, 13CI4N-,
32g. 34g_ 11277 secondary ions.
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2.10. Image Analysis

NanoSIMS images were visualized and analyzed with the Winlmage software (CAMECA,
Gennevilliers, France) or the OpenMIMS plugin of FIJI/Image] (version 3 0.5—rev 1,
National Institutes of Health). Sequential image planes were collected, drift corrected,
and accumulated to increase ion counts and reduce statistical error. The 3*S-/32S- ratio
maps were extracted. Seven treated hepatocytes were imaged and regions of interest (ROIs)
were determined based on the 34S-/32S- ratio. ROIs were defined manually. The different
subcellular compartments were defined based on the CN image, the S hotspots on the
315/325 image, and the 32S hotspots based on the 32S image. ROIs overlapping in the
345 /32g and 328 images were excluded.

The 35 /13C12C~ (ASO) images were generated in Image ] by multiplying the average
sulfur isotopic ratio by the 32S image and subtracting it from the 34S image using the image
calculation function. The image was divided by the number of 34S labels on the ASO and
then normalized to the '3C'2C image. The '%/1/13C!2C (eGLP1) images were generated
by dividing the '?’T image by the number of %I labels and normalizing to '3C'?C. ROI
data were generated in the same way, except that the images were first binned to pixel bins
equal to 468 x 468 nm. ROIs were selected for analysis based on the 27 /13C!2C signal,
provided that the value of the ROI was higher than 3 times the standard deviation of all the
ROIs in the image(3 o).

The Image] plugin BigWarp was used to register NanoSIMS images with their match-
ing TEM images [25]. Landmarks for the image registration were marked on 2C/N
images (not shown) and then the same landmarks were applied to the '?/I,-eGLP1 and
345-ASO images from the same acquisition, resulting in unbiased registration of these
images with the TEM micrographs. Representative TEM, SEM, and confocal micrographs
were processed using FIJI (Image]) [26] using the original TIFF images.

Analysis of confocal microscopy micrographs was performed using scripts developed
in Columbus analysis software (PerkinElmer, Waltham, MA, USA). Cell nuclei were seg-
mented based on the DAPI signal and the cytoplasm segmented based on the Cell Mask
Deep Red or cytoplasmic background DAPI signal. All border objects/cells were excluded
from subsequent analyses. For measuring changes in GLP1R membrane localization, the
cell membrane was segmented based on defining a percentage area relative to the boundary
of the segmented cytoplasm. Mean fluorescence intensity for the GLP1R staining was
measured from this cell membrane ROI. Fluorescence intensities were normalized to those
measured from untreated cells and expressed as mean per cell per well. For colocalization
analyses, Pearson’s correlation co-efficient was calculated for the correlation between the
red and green channels and expressed as mean per cell per well. For all analyses, at least 16
images from triplicate experiments were included for each condition tested.

2.11. Data Analysis and Statistics

Graphs were prepared and curve fitting was performed using GraphPad Prism 8.

3. Results
3.1. Detection of Isotopically Labeled ASOs Delivered by Ligand-Mediated Endocytosis

We previously described the development of an ASO with 15x 3S incorporated
in the PS backbone (3*S;5-ASO) [23]. A recent NanoSIMS study detected the cellular
uptake of 34G Jabelled ASOs; however, it did not attempt to measure 345 ASO enrichment
following ligand-mediated delivery [22]. To understand the applicability of 3*S-ASO,
we benchmarked our measurement in the method in hepatic spheroids with GalNAc-
conjugated Malatl ASO (GalNAc-ASO), which efficiently accumulated in hepatocytes [27].
We estimated the GalNAc-ASO endo-lysosomal concentration to be ~100 uM based on
the number of ASGPRs present on a hepatocyte [28] and the approximate volume of the
hepatocyte endosomal space [29]. The plot in Figure S1b shows that we measured a linear
response through this concentration range of 2.6-260 uM using a standard material that
mimicked the excess of 3*S expected to be measured in the 3*5-ASOcontaining organelles.
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Based on these data and the endogenous levels of %S, we estimated our limit of detection
for the 3*S;5-ASO to be ~20 uM. This was a significant improvement on the ~1mM LOD
that we reported for the 13C labeling of drug molecules [21].

Figure 1 shows a section of a primary human hepatic spheroid treated with 711nM
GalNAc-3S;5-ASO for 24 h. The 1*C!*N- image (Figure 1a) provides the general structure of
the cell in which large structures, such as nuclei and mitochondria, can easily be identified.
The 325/12C13C ratio image (Figure 1b) shows that the density of sulfur could vary by
almost two orders of magnitude across the cell. This was problematic because the isotopic
enrichment due to the 34S;5-ASO was influenced by the local sulfur density. This meant
that a small amount of 3*S;5-ASO would show high levels of enrichment in a region of low
325 density and, conversely, low enrichment in dense regions. To mitigate for this variation,
we calculated the 34S counts in excess of the counts expected from the counts measured
for 325, and the average ratio measured across the whole image. This was very close to
the reference Canyon Diablo Troilite CDT (**S/32S = 1/22.22 or 0.0450045). The excess
34S was then divided by the number of labels per ASO (15) and normalized to the carbon
background (}3C'2C). We defined this scaled ratio as 3*S/13C!2C (ASO) (Equation (1)).

34count534 — countszy X ratiogye

X countswc12C

34S/l3cl2c (ASO) —_ (1)

NLabels

325/13¢12¢ © s4g/13c12c (asoy @

5.0 5.0e-3 2.5x10
i
5.

Figure 1. Detection of GaINAc-ASO in human hepatic spheroids; (a) *C!*N- image of the perimeter
of a hepatic spheroid incubated with GalN. Ac-3*3-ASO (711nM) for 24H; (b) 325" /13C12C" ratio image
of the spheroid; (c) 345 /13C12C" ratio image of the spheroid where the 3*S” was calculated as the
excess respect to the average 'S /325" across the total image and was scaled to the ASO by being
divided by the number of 345 Jabels per ASO termed 34g-/13C12C- (ASO). (d) ROI analysis expressed
in 345 /13C12C" (ASO) for n = 7 treated hepatocytes analyzed.

N
9
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Figure 1c presents the image using the scaled signal (**S/13C'2C (ASO)). The image
shows that the ASO was detectable following the ligand-mediated uptake, where it was
assumed to be located in the endosomal space. The box plots in Figure 1d show the value
of 345 /13C12C (ASO) for several structures of interest as well as regions rich in 325 and 34,
showing that the receptor-mediated uptake was measurable using this labeling strategy.

3.2. Dual Labelling to Track Both Targeting Ligand and PS-ASO

To be able to measure both a targeting ligand and the ASO, we synthesized an eGLP1-
ASO containing different labels on the Malat1 ASO (15x 3*S) and on eGLP1 (2x '?7I) to
generate 1271,-eGLP1-34S,5-ASO (Figure 2). We validated this labeling strategy using a
pseudo standard that we designed to approximate the atomic ratio of the '?/I and 34S
labels measured from three concentrations of '2’1,-eGLP1-34S15-ASO conjugate (Figure
Sla). We detected each label within the standard over a linear range from 2.6 to 260 uM
(Figure S1b,c). We also determined that the signals measured from the equimolar standard
for both labels had a linear relationship (Figure S1d).
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Figure 2. Schematic of double-labelled GLP1-ASO conjugate with maleimide linker.

We sought to verify that this dual labeling did not impede the eGLP1-ASO function.
Both 12/I,-eGLP1-34S;5-ASO and the unlabeled eGLP1-ASO had similar activity in the
PathHunter® GLP1R-Activated GPCR Internalization U20S Cell Line (Figure 3a). We ob-
served reduced maximal activity but a similar potency for activating GLP1R internalization
for both conjugates compared to eGLP1 (Figure 3a), in line with our previous work [10].
These eGLP1-ASO conjugates also demonstrated a comparable efficacy for reducing Malat1
expression in GLP1R-HEK293 cells (Figure 3b). Overall, the incorporation of 1%/I, and
3455 labels did not appear to impede the eGLP1-ASO activation of GLP1R or Malat1
RNA knockdown, and this conjugate was suitable for studying eGLP1-ASO subcellular

trafficking.

(a) ®) .
o -
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Figure 3. Verification of 1%"I,-eGLP1-34S,5-ASO function. (a) GLP1R internalization assessed in U20S
cells using the PathHunter assay. (b) Malat1 RNA expression in GLP1R-HEK293 cells after incubation
with unlabeled or labeled eGLP1-ASO. Data shown as mean + SEM for 3 independent experiments
performed in duplicate.

To understand 1/I,-eGLP1-34S;5-ASO internalization kinetics in GLP1R-HEK?293 cells,
we monitored eGLP1-ASO-induced GLP1R trafficking, since GLP1R has previously been
shown to internalize together with agonists [11,12]. We employed the anti-GLP1R mon-
oclonal antibody Mab7F38 [30], to detect GLP1R internalization by confocal microscopy
(Figure 4a). Exenatide, a synthetic GLP1 analogue, served as a positive control for acti-
vating GLP1R internalization [13-15,31]. Under basal conditions, GLP1R was observed
predominantly in the plasma membrane (Figure 4a). Following 30 min incubation with
1271,-eGLP1-34S5-ASO or exenatide, the GLP1R membrane fluorescence was reduced by
~50% (Figure 4b right panel and Figure 4c). GLP1R internalization was similar following ex-
posure at 100 nM or 1 uM, indicating that the internalization saturated following exposure
to 100 nM 1271,-eGLP1-345,5-ASO (Figure 4c). Next, we assessed the GLP1R internalization
in GLP1R-HEK293 cells over time. We found that the GLP1R membrane fluorescence loss
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(Figure 4c) was initiated within 5 min and then plateaued within 15-30 min exposure to
1271,-eGLP1-34S,5-AS0 or exenatide (Figure 4b,d).

27| -eGLP1-#S,.-ASO

(@)  Venhicle (b) 5 minutes 15 minutes 30 minutes

©)  1.04 (d)
2 2 1.0
‘» 0.94 0 ’
S 8
£ 73 0.8 €3
- -0 0.8
o= 0.71 Q="
0O ® O ®
c E S E
o & 0.6 8 =
(T3 @ g
2 < 0.5 o = 0.6
o o
S 0.4 3
o o
0.3 . 0.4 , T !
00.1 1.0 0 5 15 30
Concentration (MM) Elapsed time (minutes)
=7 100nM exenatide =7 100nM exenatide
B 1000M"?l,-eGLP1>S5-ASO = 100nM Z71,-eGLP1-345,5-ASO

Figure 4. eGLP1-ASO-mediated GLPIR internalization in GLP1R-HEK293 cells. Representative
confocal images of GLP1R localization in GLP1R-HEK293 cells following incubation with vehicle
control (a) or 27I,-eGLP1-34S;5-ASO (100 nM) for the time points indicated (b). Nuclei were counter-
stained with DAPI. (c) GLP1R mean fluorescence intensity was calculated from a region of interest
encompassing the cell border. (d) GLP1R-HEK293 cells were incubated with 1271, -eGLP1-34S,5-ASO
or exenatide for 5-30 min at indicated concentrations and image analysis performed as in (b). For
each condition, cells from at least 10 fields of view were analyzed in duplicate wells and data were
expressed as mean + SEM. Scale bar = 10 um.

3.3. Identifying a Subcellular Compartment for eGLP1-ASO Localization

It has previously been shown that GLP1R agonists and GLP1R internalized together
into early endosomes [11,12,15,31]. We performed confocal microscopy to assess GLP1R
association with early endosomal-associated antigen 1 (EEA1), a marker of the early en-
dosome. Under basal conditions, very little overlap was observed (Figure 5a), but GLP1R
colocalization with EEA1 was observed, following incubation with exenatide (Figure 5b,d)
or 1271,-eGLP1-34S;5-ASO (Figure 5¢,d).

GLPIR localization with the late endosome marker LAMP1 (lysosome-associated
membrane protein 1) was also examined and under basal conditions, and very little overlap
between GLP1R and LAMP1 was observed (Figure 6a). There was an increase in the
GLPI1R colocalization with LAMP1 after 30 min exposure to 1271,-eGLP1-34S;5-ASO (Fig-
ure 6¢,d) or exenatide (Figure 6b,d). Overall, our data indicated that GLP1R and, therefore,
1271, -eGLP1-34S,5-AS0O should be located in endosomes after 30 min exposure.
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Figure 5. Representative confocal images of GLP1R and EEA1 following 30 min incubation with
vehicle control (a), 100 nM exenatide (b), or 100 nM 1271,-eGLP1-34S;5-ASO (c). Nuclei were coun-
terstained with DAPI. Pearson’s correlation co-efficient for GLP1R colocalization with EEA1 was
calculated from cytoplasmic ROIs (d). All analyses are presented as mean + SEM for 3 independent
experiments. For each condition, cells from at least 10 fields of view were analyzed from at least 2
technical replicates per experiment. Scale bar = 10 pm.
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Figure 6. Representative confocal images of GLP1R and LAMP1 following 30 min incubation
with vehicle control (a), 100 nM exenatide (b), or 100 nM 127I,-eGLP1-34S;5-ASO (c). Nuclei were
counterstained with DAPI. Nuclei were counterstained with DAPI. Pearson’s correlation co-efficient
for GLP1R colocalization with LAMP1 was calculated from cytoplasmic ROIs (d). All analyses are
presented as mean + SEM for 3 independent experiments. For each condition, cells from at least 10
fields of view were analyzed from at least 2 technical replicates per experiment. Scale bar = 10 pm.

We next sought to detect 1271,-eGLP1 and 34S;5-ASO following a 30 min exposure of
GLP1R-HEK293 cells to 1271,-eGLP1-34S;5-AS0, and correlate the NanoSIMS signal to TEM
micrographs. Again, we presented the ASO image with the unit 3S/13C12C (ASO), while
the eGLP1 image was generated by scaling the %I counts by the number of labels per
eGLP1 and normalizing it to the carbon image (13C12C) to generate 1271 /13C12C (eGLP1).
The NanoSIMS image showed puncta for 12’I-eGLP1 (Figure 7a) that were not observed in
the 3S-ASO image (Figure 7b). Overlaying the '?’I-eGLP1 image onto the TEM micrograph
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from the same section (Figure 7c) revealed that the '2/I-eGLP1 signal colocalized with
transparent structures, presumably endosomes (Figure 7d,e, Figures S2 and S3).

(a) 1271/1°C"2C (eGLP1)  (b)_

#8/19C12C (ASO)

1271312
(c) TEM () Il C C+EM _ (e)lnset

127|/13C1ZC

Figure 7. (a) 1271/13C12C image of an HEK293 cell treated with 1 pM 1271,-eGLP1-34S,5-ASO
for 30 min. (b) 34s/13C12C (ASO) image of the same cell. (c¢) TEM micrograph of the same cell.
(d) TEM/1271/13C12C image overlay. (e) Zoom of inset in (d) to show a single endosome containing
1271,-eGLP1. Scale bar = 3 um. Scale bar inset = 300 nm.

3.4. Quantification of Both Targeting Ligand and Drug Moiety

The images in Figure 8 show GLP1R-HEK293 cells incubated with either 100 nM (a)
or 1 mM (b) '?71,-eGLP1-3#S;5-ASO for 30 min. The 34S/13C12C (ASO) images did not
show clear punctate structures when compared to the '271/13C12C (eGLP1) images at either
incubation concentration. We noted that the incubation concentration also had very little
effect on the intensity of the >/I,-eGLP1 measurement, suggesting that the uptake was
saturated mirroring the saturation of GLP1R internalization observed in Figure 4b.
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Figure 8. NanoSIMS images of GLP1R-HEK293 cells incubated for 30 min with 100 nM or 1
uM 1271,-eGLP1-34S15-ASO maleimide. (a) SIMS images of 100 nM incubation GLP1R-HEK293
cells,2C14N,, 345 /13C12C (ASO), 1271/13C12C(GLP1). (b) SIMS images of 1 mM incubation GLP1R-
HEK293 cells,'2C!N, 345 /13C12C (ASO), 1#71/13C12C(GLP1). (c) ROI analysis 100 nM incubation
GLP1R-HEK293 cells. (d) ROI analysis 1mM incubation GLP1R-HEK293 cells.
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The evaluation of the relative amounts of 2’I,-eGLP1 and 34S;5-ASO was complicated
by the nature of the ratio image, which was used to generate the 3S/13C!2C (ASO) image.
Briefly, because there was a ratio measurement registered at almost all of the ~65000 pixels
in the image, probability dictated that 10,400 pixels would have values above 1o. Therefore,
a small number of pixels with a true value of 1 or even 20 above the average became
lost in the distribution of the background, as observed in the 3*S/13C!2C (ASO) images.
To address the complexity of the data, we binned each image down to 468 x 468 nm,
which was slightly larger than the structures observed in the 1271/ 13ClZC(GLPl) image,
and then normalized to the maximum value. These data were plotted with respect to the
normalized 3*S/13C!2C (ASO) for each ROI, for both the 100 nM (Figure 8c) and 1 uM
(Figure 8d) incubations, respectively. If we assumed a strong coupling between 127I-eGLP1
and 345-ASO, then we would expect the normalized >/1/13C2C(GLP1) values to be heavily
shifted to the right. However, the '271/13C!2C(GLP1) values appeared to be fairly equally
distributed, with a few higher values distributed towards the right (Figure 8d). Next,
we sorted '271/13C12C(eGLP1) ROIs containing (30 cut off) into two classes. The first
class comprised '271/13C12C(eGLP1) ROIs with a positive 34S/13C12C (ASO) signal, which
represented ROIs containing an intact eGLP1-ASO conjugate (coupled). The second class
comprised 1271/13C12C(eGLP1) ROIs with a negative 3*5/13C!2C (ASO) signal, representing
a decoupled eGLP1-ASO conjugate. We analyzed 54 coupled and 44 decoupled ROIs for
the 100 nM treatment (1 = 3 cells) and 144 coupled and 123 decoupled ROIs for the 1 mM
treatment (n = 3 cells).

3.5. Increasing the Stability of the Linker between eGLP1 and ASO Increases Colocalization of
Conjugate Components and Reduces RNA Knockdown Efficacy

To further investigate this potential decoupling, we compared '2”I,-eGLP1-34S;5-ASO
(which contained a maleimide linker) with a more chemically stable conjugate, 12/I,-eGLP1-
34G19-ASO click (Figure 9). The latter conjugate contained a hydrolysis-resistant click linker
and the TCA portion of the sequence was equipped with more nuclease-stable PS linkages
labelled with 34S. Therefore, the 34S incorporation increased from 15 to 19 providing 27%
more signal per ASO. This increase in 3*S labels was accounted for when calculating
345 /13C12C (ASO). We also increased the section thickness from 300 nm to 1 pM to enable
more extensive sampling, which caused the TEM imaging to be unfeasible.

eGLP1 peptide
HAbDEGTFTSDVSS|YLEEQAAKEFIAWLVKGGPSSGAPPPSC
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OH —o S NN
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Figure 9. Schematic of double-labelled GLP1-ASO conjugate with click linker.

The second analysis of '?”I,-eGLP1-34S;5-ASO maleimide uptake in GLP1R-HEK293
cells showed similar findings to the first, with 19 coupled and 16 decoupled ROIs observed
(n = 3 cells). The measurement in Figure 10a shows two very distinct 1271 /13C12C (eGLP1)
spots of similar intensity, marked as one and two in the NanoSIMS image, which were
also visible in the plot in Figure 10c. The '?/I1/13C'2C (eGLP1) spot one was correlated
with the highest 345 /13C12C (ASO) value, and #1/13C12C (eGLP1) spot two showed no
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enrichment of *S/13C12C (ASO), indicating decoupling. This strongly suggested that that
the sensitivity of the sulfur measurement was not the underlying cause of the apparent
decoupling. The eGLP1 detected in spot one was in fact more strongly coupled to ASO
than the eGLP1 detected in spot two.
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Figure 10. The 1271,-eGLP1-34S,9-ASO click. (a) NanoSIMS images of GLP1R-HEK293 cells incubated
for 30 min with 1%I,-eGLP1-34S;5-ASO maleimide: 12C14N, 345 /13C12C (ASO), 1271/13C12C (eGLPY).
(b) NanoSIMS images of GLP1R-HEK?293 cells incubated with 127I,-eGLP1-34S19-ASO click: 12C14N,
345 /13C12C (ASO), 1771/13C12C(GLP1). White arrows indicate spots 1 and 2 as described in the
text. Red boxes indicate spots of 3*S/13C12C (ASO), which were observed together with spots of
1271 /13C12C (eGLP1). (c) ROI analysis of %/I-eGLP1-34S;5-ASO maleimide-treated GLP1R-HEK293
cells with signal corresponding to spots 1 and 2 indicated by black arrows. (d) ROI analysis of
1271,-eGLP1-34S;9-ASO click-treated GLP1R-HEK?293 cells.

Increasing the linker stability within the 1271,-eGLP1-34S19-ASO click conjugate clearly
had an impact on the colocalization of 345/13C!2C (ASO) and '?/1/13C'2C (eGLP1). This
was highlighted in Figure 10b by the red squares, in which 3*S/13C!2C (ASO) spots could
be more clearly observed compared to the '271,-eGLP1-345;5-ASO maleimide images in
Figure 10a. However, the ROI analysis in Figure 10d showed a more nuanced picture. We
did not observe the expected shift towards the right, indicating that the click-conjugated
ASO was still coupled to eGLP1, but we could also observe very intense '271/13C'2C
(eGLP1) ROIs lacking corresponding 3*S/13C!2C (ASO), indicating some separation of
the ASO from eGLP1. Overall, for the 12/I,-eGLP1-34S;9-ASO click conjugate incubation,
we analyzed 45 coupled and 19 decoupled ROIs (1 = 3 cells). A more robust coupling
was observed for the 1271,-eGLP1-34S19-ASO click compared to the 1271,-eGLP1-34S,5-ASO
maleimide (19 coupled and 16 decoupled).

Finally, we assessed the Malat1 expression levels by qPCR following the incubation of
GLP1R-HEK?293 cells with 127T,-eGLP1-34S;9-ASO click and observed a decreased Malat1
knockdown compared to 1271,-eGLP1-34S,5-ASO maleimide (Figure S4). This suggested
that the preferential endosomal escape of ASO we measured for %/I,-eGLP1-34S;5-ASO
maleimide was a critical step in the productive delivery of this ASO.

4. Discussion

Here, we used NanoSIMS imaging to quantify both components of a ligand-PS-ASO
conjugate in subcellular compartments of intact cells, paving the way for the better under-
standing of mechanisms underlying enhanced ASO activity following ligand-mediated
delivery. We previously employed 3C labeling for the subcellular detection of a drug, but
this approach suffered from a low limit of detection. In the current study, we instead used
the 34S labeling method to detect PS-ASO [23] in combination with a novel approach to
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detect the eGLP1-targeting ligand, which was synthesized to incorporate diiodotyrosine,
allowing for the detection of '#I-eGLP1 by NanoSIMS. We first evaluated the 3*S-ASO
uptake in hepatic spheroids incubated with GalNac-3*S-ASO and observed accumulation
in subcellular structures. Based on previous studies, we hypothesized that these were
components of the endolysosomal pathway [32]. We developed quantification methodol-
ogy for 3*S-ASO and evaluated this in hepatic spheroids incubated with GalNac-3*S-ASO,
providing a proof of concept for the detection of ASO following ligand-mediated delivery
to cells.

The double-labelled eGLP1-ASO that we synthesized maintained function, both in
promoting GLPIR internalization and in knocking down the target Malat1 RNA. Intrigu-
ingly, our NanoSIMS images of '?’I-eGLP1 and 34S-ASO revealed that very few endosomes
containing '%/I-eGLP1 also contained enough 3*S-ASO to provide a measurable enrich-
ment of 34S. This suggested that the 3S-ASO delivered by eGLP1 preferentially escaped
the endosome within 30 min of exposure to GLP1R-HEK293 cells. Most of the current
knowledge about ASO subcellular trafficking and endosomal escape results from studies
of unconjugated or ‘naked’ PS-ASO uptake in permissive cell lines, and may not translate
to eGLP1-ASOs, given that PS-ASOs can be taken up by gymnosis, and not necessarily via
classical clathrin-mediated endocytosis [18]. However, naked PS-ASO efficacy is not typi-
cally correlated with PS-ASO uptake, and is instead thought to be related to mechanisms of
subcellular trafficking [33-36], supporting the idea that conjugation to eGLP1 drives the
ASO into productive pathways.

The majority of studies point to the late endosome or early to late endosome transition
as the critical location for ASO escape [36-39]. While it was not possible to distinguish
early and late endosomes in our EM images, we did observe eGLP1-ASO conjugate-
stimulated GLP1R colocalization with markers of both the early and late endosomes by
confocal microscopy. Previous estimations of ASO endosomal escape were based on
studies of short interfering RNA (siRNA), which reported 1.5-3.5% of siRNA escape from
early endosomes [40,41]. Our data suggested that 1.5-3.5% endosomal escape was an
underestimation for ASOs delivered by eGLP1-mediated endocytosis, and may explain
why eGLP1-ASOs are so potent in vivo [10]. Perhaps our most exciting finding was that
increasing the stability of the conjugate produced a measurable retention of the 3S-ASO,
which corresponded to a reduction in knockdown (Figure S4). This result provided a
potential mechanism underlying an observed reduction in potency for a GLP1 conjugate
utilizing the click linker for knocking down Malat1 in vivo [17]. The preferential escape
of the ASO could be an advantage of targeting strategies that exploit GPCRs for cellular
delivery. Furthermore, we showed that the stability of the connection between the ASO
and GPCR ligand is a tunable parameter, which can be used to affect the ASO productive
uptake. The ability to evaluate linker stability presents an interesting opportunity to track
the lifetime of the conjugate through a time-dependent pulse chase experiment, or to
employ correlative imaging to evaluate the state of the conjugate in specific endosomal
compartments. Identifying where and when the ASO exits within the endosomal space
would provide mechanistic insights into the efficacy of ASO therapeutics.
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Malat1 knockdown following incubation with either eGLP1-click-Malat1 ASO or eGLP1-maleimide-
Malat1 ASO as measured by qPCR.

Author Contributions: Conceptualization, E.K., R.S. (Rouven Stulz), A.D., R.S. (Roger Stromberg),
C.A,S.A.and MK, methodology, EK,, RS, C.B., J.L,, AT, NN, AP, JE-R,D.B, C.T.and MK,
formal analysis, E.K., C.B., D.B., C.T. and M.K.; writing—original draft preparation, E.K. and M.K.;
writing—review and editing, all authors; funding acquisition, A.D., R.S., S.A. and M.K. All authors
have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/pharmaceutics14020463/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14020463/s1

Pharmaceutics 2022, 14, 463 16 of 18

Funding: EK., N.N. and J.L. were funded by the AstraZeneca Post Doc program; C.B. was supported
by Stiftelsen for Strategisk Forskning. Funding from the European Union Framework Programme
for Research and Innovation Horizon 2020 (H2020-MSCA-ITN-2016 MMBio-721613) is gratefully
acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request.

Acknowledgments: NanoSIMS measurements were obtained at the Chemical Imaging Infrastructure,
joint infrastructure of the Chalmers University of Technology and University of Gothenburg, sup-
ported by the Knut and Alice Wallenberg Foundation and hosted by the AstraZeneca BioVentureHub.
We acknowledge the Centre for Cellular imaging at the University of Gothenburg and the National
Microscopy Infrastructure, NMI (VR-RFI 2019-00217), for providing assistance in sample preparation
and microscopy. We acknowledge Chad Elmore at AstraZeneca Gothenburg for valuable discussions
and the generous contribution of 3455, C.A. has since left AstraZeneca and can be contacted at Dis-
covery Biology and Pharmacology, Novo Nordisk Research Centre Oxford (NNRCO), Novo Nordisk
Ltd, OX3 7FX, Oxford, UK: CAAQ@novonordisk.com, and A.T. has left the University of Gothenburg
and can be contacted at aurelien.thomen@ametek.com.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

10.

11.

12.

13.

14.

Valeur, E.; Gueret, S.M.; Adihou, H.; Gopalakrishnan, R.; Lemurell, M.; Waldmann, H.; Grossmann, T.N.; Plowright, A.T. New
Modalities for Challenging Targets in Drug Discovery. Angew. Chem. Int. Ed. Engl. 2017, 56, 10294-10323. [CrossRef] [PubMed]
Khvorova, A.; Watts, ] K. The chemical evolution of oligonucleotide therapies of clinical utility. Nat. Biotechnol. 2017, 35, 238-248.
[CrossRef] [PubMed]

Stein, C.A.; Castanotto, D. FDA-Approved Oligonucleotide Therapies in 2017. Mol. Ther. 2017, 25, 1069-1075. [CrossRef]
Pallan, P.S.; Allerson, C.R.; Berdeja, A.; Seth, PP.; Swayze, E.E.; Prakash, T.P.; Egli, M. Structure and nuclease resistance
of 2/ 4’-constrained 2'-O-methoxyethyl (c(MOE) and 2'-O-ethyl (cEt) modified DNAs. Chem. Commun. 2012, 48, 8195-8197.
[CrossRef]

Koshkin, A.A.; Singh, S.K.; Nielsen, P.; Rajwanshi, V.K.; Kumar, R.; Meldgaard, M.; Olsen, C.E.; Wengel, J]. LNA (Locked
Nucleic Acids): Synthesis of the adenine, cytosine, guanine, 5-methylcytosine, thymine and uracil bicyclonucleoside monomers,
oligomerisation, and unprecedented nucleic acid recognition. Tetrahedron 1998, 54, 3607-3630. [CrossRef]

Crooke, S.T.; Wang, S.; Vickers, T.A.; Shen, W.; Liang, X.H. Cellular uptake and trafficking of antisense oligonucleotides. Nat.
Biotechnol. 2017, 35, 230-237. [CrossRef] [PubMed]

Eckstein, F. Phosphorothioates, essential components of therapeutic oligonucleotides. Nucleic Acid Ther. 2014, 24, 374-387.
[CrossRef] [PubMed]

Tanowitz, M.; Hettrick, L.; Revenko, A.; Kinberger, G.A.; Prakash, T.P; Seth, P.P. Asialoglycoprotein receptor 1 mediates
productive uptake of N-acetylgalactosamine-conjugated and unconjugated phosphorothioate antisense oligonucleotides into
liver hepatocytes. Nucleic Acids Res. 2017, 45, 12388-12400. [CrossRef]

Reed, J.; Bain, S.; Kanamarlapudi, V. Recent advances in understanding the role of glucagon-like peptide 1. F1000Research 2020, 9,
(F1000 Faculty Rev):239. [CrossRef]

Ammala, C.; Drury, WJ., 3rd; Knerr, L.; Ahlstedt, I; Stillemark-Billton, P.; Wennberg-Huldt, C.; Andersson, E.M.; Valeur, E,;
Jansson-Lofmark, R.; Janzen, D.; et al. Targeted delivery of antisense oligonucleotides to pancreatic beta-cells. Sci. Adv. 2018, 4,
eaat3386. [CrossRef]

Girada, S.B.; Kuna, R.S,; Bele, S.; Zhu, Z.; Chakravarthi, N.R.; DiMarchi, R.D.; Mitra, P. Gas regulates Glucagon-Like Peptide
1 Receptor-mediated cyclic AMP generation at Rab5 endosomal compartment. Mol. Metab. 2017, 6, 1173-1185. [CrossRef]
[PubMed]

Kuna, R.S.; Girada, S.B.; Asalla, S.; Vallentyne, J.; Maddika, S.; Patterson, ].T.; Smiley, D.L.; DiMarchi, R.D.; Mitra, P. Glucagon-like
peptide-1 receptor-mediated endosomal cAMP generation promotes glucose-stimulated insulin secretion in pancreatic 3-cells.
Am. ]. Physiol. Endocrinol. Metab. 2013, 305, E161-E170. [CrossRef] [PubMed]

Roed, S.N.; Wismann, P.; Underwood, C.R.; Kulahin, N.; Iversen, H.; Cappelen, K.A.; Schaffer, L.; Lehtonen, J.; Hecksher-
Soerensen, J.; Secher, A.; et al. Real-time trafficking and signaling of the glucagon-like peptide-1 receptor. Mol. Cell Endocrinol.
2014, 382, 938-949. [CrossRef] [PubMed]

Jones, B.; Buenaventura, T.; Kanda, N.; Chabosseau, P.; Owen, B.M.; Scott, R.; Goldin, R.; Angkathunyakul, N.; Corréa, L.R., Jr.;
Bosco, D.; et al. Targeting GLP-1 receptor trafficking to improve agonist efficacy. Nat. Commun. 2018, 9, 1602. [CrossRef]


http://doi.org/10.1002/anie.201611914
http://www.ncbi.nlm.nih.gov/pubmed/28186380
http://doi.org/10.1038/nbt.3765
http://www.ncbi.nlm.nih.gov/pubmed/28244990
http://doi.org/10.1016/j.ymthe.2017.03.023
http://doi.org/10.1039/c2cc32286b
http://doi.org/10.1016/S0040-4020(98)00094-5
http://doi.org/10.1038/nbt.3779
http://www.ncbi.nlm.nih.gov/pubmed/28244996
http://doi.org/10.1089/nat.2014.0506
http://www.ncbi.nlm.nih.gov/pubmed/25353652
http://doi.org/10.1093/nar/gkx960
http://doi.org/10.12688/f1000research.20602.1
http://doi.org/10.1126/sciadv.aat3386
http://doi.org/10.1016/j.molmet.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/29031718
http://doi.org/10.1152/ajpendo.00551.2012
http://www.ncbi.nlm.nih.gov/pubmed/23592482
http://doi.org/10.1016/j.mce.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24275181
http://doi.org/10.1038/s41467-018-03941-2

Pharmaceutics 2022, 14, 463 17 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fang, Z.; Chen, S.; Manchanda, Y.; Bitsi, S.; Pickford, P; David, A.; Shchepinova, M.M.; Corréa, L.R,, Jr.; Hodson, D.J.; Broichhagen,
J.; et al. Ligand-Specific Factors Influencing GLP-1 Receptor Post-Endocytic Trafficking and Degradation in Pancreatic Beta Cells.
Int. J. Mol. Sci. 2020, 21, 8404. [CrossRef]

Finan, B.; Yang, B.; Ottaway, N.; Stemmer, K.; Miiller, T.D.; Yi, C.-X.; Habegger, K.; Schriever, S.C.; Garcia-Céceres, C.; Kabra, D.G;
et al. Targeted estrogen delivery reverses the metabolic syndrome. Nat. Med. 2012, 18, 1847-1856. [CrossRef]

Knerr, L.; Prakash, T.P; Lee, R.; Drury, WJ]., IIl; Nikan, M.; Fu, W,; Pirie, E.; Maria, L.D.; Valeur, E.; Hayen, A.; et al. Glucagon Like
Peptide 1 Receptor Agonists for Targeted Delivery of Antisense Oligonucleotides to Pancreatic Beta Cell. . Am. Chem. Soc. 2021,
143, 3416-3429. [CrossRef]

Juliano, R.L. Intracellular Trafficking and Endosomal Release of Oligonucleotides: What We Know and What We Don’t. Nucleic
Acid Ther. 2018, 28, 166—177. [CrossRef]

Deprey, K.; Batistatou, N.; Kritzer, J.A. A critical analysis of methods used to investigate the cellular uptake and subcellular
localization of RNA therapeutics. Nucleic Acids Res. 2020, 48, 7623-7639. [CrossRef]

Pendergraff, H.; Schmidt, S.; Vikesa, J.; Weile, C.; Overup, C.; Lindholm, M.W.; Koch, T. Nuclear and Cytoplasmatic Quantification
of Unconjugated, Label-Free Locked Nucleic Acid Oligonucleotides. Nucleic Acid Ther. 2020, 30, 4-13. [CrossRef]

Thomen, A.; Najafinobar, N.; Penen, F; Kay, E.; Upadhyay, P.P.; Li, X.; Phan, N.T.N.; Malmberg, P.; Klarqvist, M.; Andersson,
S.; et al. Subcellular Mass Spectrometry Imaging and Absolute Quantitative Analysis across Organelles. ACS Nano 2020, 14,
4316-4325. [CrossRef] [PubMed]

He, C.; Migawa, M.T,; Chen, K.; Weston, T.A.; Tanowitz, M.; Song, W.; Guagliardo, P; Iyer, K.S.; Bennett, C.F; Fong, L.G.; et al.
High-resolution visualization and quantification of nucleic acid-based therapeutics in cells and tissues using Nanoscale secondary
ion mass spectrometry (NanoSIMS). Nucleic Acids Res. 2021, 49, 1-14. [CrossRef] [PubMed]

Stulz, R.; Meuller, J.; Bazdarevic, D.; Wennberg Huldt, C.; Stromberg, R.; Andersson, S.; Dahlen, A. A Versatile and Convenient
Synthesis of 345.Labeled Phosphorothioate Oligonucleotides. ChemBioChem 2018, 19, 2114-2119. [CrossRef] [PubMed]

Jensen, C.B.; Pyke, C.; Rasch, M.G,; Dahl, A.B.; Knudsen, L.B.; Secher, A. Characterization of the Glucagonlike Peptide-1 Receptor
in Male Mouse Brain Using a Novel Antibody and In Situ Hybridization. Endocrinology 2018, 159, 665-675. [CrossRef] [PubMed]
Bogovic, J.A.; Hanslovsky, P.; Wong, A.; Saalfeld, S. Robust registration of calcium images by learned contrast synthesis. In
Proceedings of the 2016 IEEE 13th International Symposium on Biomedical Imaging (ISBI), Prague, Czech Republic, 13-16 April
2016; pp. 1123-1126.

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef] [PubMed]

Debacker, A.].; Voutila, J.; Catley, M.; Blakey, D.; Habib, N. Delivery of Oligonucleotides to the Liver with GaINAc: From Research
to Registered Therapeutic Drug. Mol. Ther. 2020, 28, 1759-1771. [CrossRef] [PubMed]

Miki, K.; Kubota, K.; Inoue, Y.; Vera, D.R.; Makuuchi, M. Receptor measurements via Te-GSA kinetic modeling are proportional to
functional hepatocellular mass. J. Nucl. Med. 2001, 42, 733-737.

Mateus, A.; Matsson, P.; Artursson, P. Rapid measurement of intracellular unbound drug concentrations. Mol. Pharm. 2013, 10,
2467-2478. [CrossRef]

Jensen, E.P.; Poulsen, S.S.; Kissow, H.; Holstein-Rathlou, N.H.; Deacon, C.F; Jensen, B.L.; Holst, ].J.; Sorensen, C.M. Activation of
GLP-1 receptors on vascular smooth muscle cells reduces the autoregulatory response in afferent arterioles and increases renal
blood flow. Am. J. Physiol. Renal Physiol. 2015, 308, F867-F877. [CrossRef]

Pickford, P; Lucey, M.; Fang, Z.; Bitsi, S.; de la Serna, ].B.; Broichhagen, J.; Hodson, D.J.; Minnion, J.; Rutter, G.A.; Bloom, S.R.; et al.
Signalling, trafficking and glucoregulatory properties of glucagon-like peptide-1 receptor agonists exendin-4 and lixisenatide. Br.
J. Pharmacol. 2020, 177, 3905-3923. [CrossRef]

Koller, E.; Vincent, T.M.; Chappell, A.; De, S.; Manoharan, M.; Bennett, C.F. Mechanisms of single-stranded phosphorothioate
modified antisense oligonucleotide accumulation in hepatocytes. Nucleic Acids Res. 2011, 39, 4795-4807. [CrossRef] [PubMed]
Alam, M.R; Ming, X.; Dixit, V.; Fisher, M.; Chen, X.; Juliano, R.L.J.O. The biological effect of an antisense oligonucleotide depends
on its route of endocytosis and trafficking. Oligonucleotides 2010, 20, 103-109. [CrossRef] [PubMed]

Linnane, E.; Davey, P.; Zhang, P.; Puri, S.; Edbrooke, M.; Chiarparin, E.; Revenko, A.S.; Macleod, A.R.; Norman, J.C.; Ross, S.J.
Differential uptake, kinetics and mechanisms of intracellular trafficking of next-generation antisense oligonucleotides across
human cancer cell lines. Nucleic Acids Res. 2019, 47, 4375-4392. [CrossRef] [PubMed]

Ming, X.; Alam, M.R,; Fisher, M.; Yan, Y.; Chen, X.; Juliano, R.L. Intracellular delivery of an antisense oligonucleotide via
endocytosis of a G protein-coupled receptor. Nucleic Acids Res. 2010, 38, 6567—-6576. [CrossRef] [PubMed]

Wang, S.; Sun, H.; Tanowitz, M.; Liang, X.-h.; Crooke, S.T. Intra-endosomal trafficking mediated by lysobisphosphatidic acid
contributes to intracellular release of phosphorothioate-modified antisense oligonucleotides. Nucleic Acids Res. 2017, 45, 5309-5322.
[CrossRef]

Castanotto, D.; Lin, M.; Kowolik, C.; Koch, T.; Hansen, B.R.; Oerum, H.; Stein, C.A. Protein kinase C-« is a critical protein for
antisense oligonucleotide-mediated silencing in mammalian cells. Mol. Ther. 2016, 24, 1117-1125. [CrossRef]

Castanotto, D.; Lin, M.; Kowolik, C.; Wang, L.; Ren, X.-Q.; Soifer, H.S.; Koch, T.; Hansen, B.R.; Oerum, H.; Armstrong, B.; et al. A
cytoplasmic pathway for gapmer antisense oligonucleotide-mediated gene silencing in mammalian cells. Nucleic Acids Res. 2015,
43,9350-9361. [CrossRef]


http://doi.org/10.3390/ijms21218404
http://doi.org/10.1038/nm.3009
http://doi.org/10.1021/jacs.0c12043
http://doi.org/10.1089/nat.2018.0727
http://doi.org/10.1093/nar/gkaa576
http://doi.org/10.1089/nat.2019.0810
http://doi.org/10.1021/acsnano.9b09804
http://www.ncbi.nlm.nih.gov/pubmed/32239916
http://doi.org/10.1093/nar/gkaa1112
http://www.ncbi.nlm.nih.gov/pubmed/33275144
http://doi.org/10.1002/cbic.201800417
http://www.ncbi.nlm.nih.gov/pubmed/30062829
http://doi.org/10.1210/en.2017-00812
http://www.ncbi.nlm.nih.gov/pubmed/29095968
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.1016/j.ymthe.2020.06.015
http://www.ncbi.nlm.nih.gov/pubmed/32592692
http://doi.org/10.1021/mp4000822
http://doi.org/10.1152/ajprenal.00527.2014
http://doi.org/10.1111/bph.15134
http://doi.org/10.1093/nar/gkr089
http://www.ncbi.nlm.nih.gov/pubmed/21345934
http://doi.org/10.1089/oli.2009.0211
http://www.ncbi.nlm.nih.gov/pubmed/20038250
http://doi.org/10.1093/nar/gkz214
http://www.ncbi.nlm.nih.gov/pubmed/30927008
http://doi.org/10.1093/nar/gkq534
http://www.ncbi.nlm.nih.gov/pubmed/20551131
http://doi.org/10.1093/nar/gkx231
http://doi.org/10.1038/mt.2016.54
http://doi.org/10.1093/nar/gkv964

Pharmaceutics 2022, 14, 463 18 of 18

39. Wang, S.; Allen, N.; Vickers, T.A.; Revenko, A.S.; Sun, H.; Liang, X.-h.; Crooke, S.T. Cellular uptake mediated by epidermal
growth factor receptor facilitates the intracellular activity of phosphorothioate-modified antisense oligonucleotides. Nucleic Acids
Res. 2018, 46, 3579-3594. [CrossRef]

40. Wittrup, A.; Ai, A; Liu, X.; Hamar, P; Trifonova, R.; Charisse, K.; Manoharan, M.; Kirchhausen, T.; Lieberman, J. Visualizing
lipid-formulated siRNA release from endosomes and target gene knockdown. Nat. Biotechnol. 2015, 33, 870-876. [CrossRef]

41. DuRietz, H.; Hedlund, H.; Wilhelmson, S.; Nordenfelt, P.; Wittrup, A. Imaging small molecule-induced endosomal escape of
siRNA. Nat. Commun. 2020, 11, 1-17. [CrossRef]


http://doi.org/10.1093/nar/gky145
http://doi.org/10.1038/nbt.3298
http://doi.org/10.1038/s41467-020-15300-1

	Introduction 
	Materials and Methods 
	Mammalian Cell Culture 
	Hepatic Spheroid Formation and Maintenance 
	Synthesis of Peptides, PS-ASOs, and eGLP1-ASO Conjugates 
	Malat1 PS-ASO Synthesis 
	GalNAc Conjugate Synthesis 
	eGLP1 Peptide Synthesis 
	ASO eGLP1 Peptide Conjugations Using Maleimide 
	ASO eGLP1 Peptide Conjugation Using Strain-Promoted Azide Alkyne Click Reaction 

	GLP1R Internalization DiscoverX Assay 
	ASO Incubations 
	Immunofluorescence Microscopy 
	Quantitative RT-PCR 
	Electron Microscopy 
	NanoSIMS Imaging 
	Image Analysis 
	Data Analysis and Statistics 

	Results 
	Detection of Isotopically Labeled ASOs Delivered by Ligand-Mediated Endocytosis 
	Dual Labelling to Track Both Targeting Ligand and PS-ASO 
	Identifying a Subcellular Compartment for eGLP1-ASO Localization 
	Quantification of Both Targeting Ligand and Drug Moiety 
	Increasing the Stability of the Linker between eGLP1 and ASO Increases Colocalization of Conjugate Components and Reduces RNA Knockdown Efficacy 

	Discussion 
	References

