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The efficacy of nucleic acid therapeutics (NATs) such as antisense oligonucleotides (ASOs) and small
interfering RNAs relies on multiple stages of extra- and intracellular trafficking. Assessing uptake and efficacy
often relies on fluorescent tagging of the NAT for imaging, although the exogenous tag undoubtedly influences
the kinetics of intracellular transport and does not represent the compound used clinically. Therefore, better
methods to assess the cellular and tissue distribution of NATs are needed. Here, we have validated new panels
of antibody reagents that target clinically relevant nucleic acid modifications for visualizing ASOs both in vitro
and in vivo. Using the ModDetect� library of antibodies, we have tested ASOs in vitro for intracellular
localization by immunocytochemistry and for biodistribution in mouse tissues by immunohistochemistry.
Antibodies specific for the commonly used phosphorothioate (PS) or 20-O-methoxyethyl (20-MOE)
modifications successfully detected gapmer ASOs, facilitating colocalization studies with endosomal markers in
2D and 3D cell models. In addition, we assessed colocalization of anti-PS signals with fluorescently tagged
ASOs. Our data demonstrate the utility of these reagents for the NAT field, where modified nucleic acids can be
detected irrespective of the nucleotide sequence, rendering the system amenable for multiple clinical and pre-
clinical workflows and quantitative immunoassays.

Keywords: antisense oligonucleotide, immunofluorescence, immunohistochemistry, endosome, nucleic acid
therapeutics, spheroid

Introduction

N ucleic acid therapeutics (NATs) have the potential to
target disorders that were previously untreatable by con-

ventional pharmaceutical drugs. Small antisense NATs, such
as antisense oligonucleotides (ASOs) and short interfering
RNAs, use modified nucleic acids complementary to a target
to modify transcript expression or splicing, with an increasing
number of U.S. Food and Drug Administration’s approvals in
recent years and hundreds in preclinical development.1,2

Mechanistically, ASOs function typically by instigating deg-
radation of a target RNA species through RNase H1, or mod-
ulation of RNA–protein interactions via steric hindrance.3

Despite the relative simplicity of the underlying design and
preclinical testing of these compounds, the inherent instability
of ASOs in biological systems has necessitated investigations
into modifications to the nucleotide, most commonly the
phosphodiester backbone and sugar moieties. The first gener-
ation of chemically modified ASOs replaced the nonbridging
oxygen with a sulfur atom in the phosphate group, generating

phosphorothioate (PS) internucleosidic bonds; this provides
increased nuclease resistance and enhanced bioavailability
through interactions with plasma proteins.4,5 Second-generation
ASOs included ribose sugar modifications, with examples such
as 20-O-methyl (20-OMe) or 20-O-methoxyethyl (20-MOE);
these increase RNA binding affinity and nuclease resistance
but are incompatible with RNase H1 recruitment.4 To over-
come this limitation, gapmer ASOs were introduced, combin-
ing sugar-modified bases flanking a DNA “gap”; this
particular structure has now become well established in the
NAT field for targeted gene knockdown.6

For a new drug class to be successful clinically, tools for
their quantification in vitro and in vivo are essential; this
includes not only standard pharmacokinetic/pharmacody-
namic quantification but also methods for understanding
basic biological features such as cellular uptake, intracellular
trafficking, and biodistribution, all of which have fundamen-
tal implications for both efficacy and safety.7,8 For NATs
such as ASOs, a range of quantification methods are estab-
lished, each with varying degrees of sensitivity, throughput,
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technical complexity, and cost. For example, liquid chroma-
tography–tandem mass spectrometry has the ability to deter-
mine accurately the identity of NAT species and metabolites
in parallel with quantification,9 although throughput and sensi-
tivity are challenged by modified enzyme-linked immuno-
sorbent assay (ELISA) methods with improved specificity
against oligonucleotide species.10 Molecular methods,
exploiting the obvious DNA/RNA features of ASO composi-
tion, can be highly sensitive but often rely on enzymatic
amplification kinetics that are influenced by the biological
matrix or chemical modifications.8,11 For NAT visualization
studies, fluorescent labeling of an ASO, such as with cyanine
dyes, can be compatible with live-cell microscopy. However,
the biophysical properties of the ASO are altered consider-
ably due to the size and charge of the dye itself, while the
labeled molecule does not represent the compound that would
be used clinically.12,13 An alternative is detecting the native
ASO by fluorescence in situ hybridization; here, the probe
design is limited to the short, complementary sequence, and
thus, individual probes need to be optimized for every target
and may not be compatible for the technology.14,15

For these reasons, antibody reagents that are raised against
NAT backbone or sugar modifications, irrespective of nucle-
otide sequence, provide several advantages for visualization
and detection of ASOs. For example, standard methods such
as immunocytochemistry (ICC) and immunohistochemistry
(IHC) are highly suited to multiplexing, using established
protocols. In addition, such reagents provide opportunities for
the development of rapid, standardized immunoassays across
panels of ASOs with differing sequences but shared modifica-
tions.8,16 Historically, an antibody has been raised “in-house”
against the 20-mer PS ASO ISIS 2105 designed to target the
human papillomavirus17; this reagent has been used to detect
NATs containing PS bonds, but it does not have any specific-
ity to second-generation modifications. Importantly, there-
fore, a new panel of mouse monoclonal antibodies against a
range of NAT modifications have recently become available
to the NAT field (ModDetect16). The aim of this study was to
generate data to benchmark and characterize these panels of
antibodies raised against either PS or 20-MOE modifications
in 2D and 3D cellular systems, as well as mouse tissue. By
providing optimized protocols and assay exemplars, we illus-
trate the utility and specificity of the reagents across a range
of applications relevant to understanding the efficacy and bio-
distribution of NATs for preclinical and clinical studies.

Materials and Methods

2D cell culture and ASO dosing

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with GlutaMAX (Gibco) supplemented
with 10% fetal bovine serum (FBS) (Gibco) and 1% penicil-
lin–streptomycin (Gibco). Where required, cells were detached
from flasks using TrypLE Express enzyme (Gibco). For ICC,
cells were seeded in 8-well chamber slides, either Millicell EZ
SLIDE 8-well glass (Millipore) or Nunc Lab-Tek Chamber
Slide Systems (Thermo Scientific) at a density of 17,000 cells
in 400 lL per well. Gymnotic delivery of ASOs was per-
formed by directly adding the determined ASO concentration
to the cell growth media before adding to the cells. Lipofection
delivery was performed by diluting 1–2 lL of Lipofectamine

2000 (Invitrogen) per well in Opti-MEM reduced serum
medium (Gibco) to achieve 1:10 of the final volume, and then
incubation for 5 min at room temperature. After incubation,
diluted Lipofectamine was added to the diluted ASO in equal
volume and incubated for 15 min, followed by addition of
growth media to the desired final volume. Growth medium
was replaced by the diluted Lipofectamine and ASO medium
and incubated for 72 h. ASOs were synthesized and purified
using High-performance liquid chromatography by ATD Bio
or IDT.

2D cell culture ICC

Cells were fixed in 4% paraformaldehyde (PFA) in 1·
phosphate-buffered saline (PBS) for 15 to 20 min at room
temperature. After incubation, cell chambers were washed
twice with 1· PBS and once with PBS-T (1· PBS with
0.01% TWEEN-20 or Triton X-100) for 5 min. Blocking
was performed in 5% goat serum (New Zealand origin,
Gibco) in 1· PBS-T for 60 min at room temperature. Pri-
mary monoclonal antibody incubation was carried out using
1:1,000 dilution of ModDetect anti-PS PS03 clone (200–
301-MU9, lot 50533, Rockland Immunochemicals) in the
same blocking buffer, with additional antibodies being one
of the following: 1:200 Rab5 (C8B1) rabbit mAb (Cell Sig-
naling Technology); 1:150 Rab9A (D52G8) XP rabbit mAb
(Cell Signaling Technology, 5118S); 1:500 a-tubulin (Gene-
Tex, GTX102078); or 1:100 a/b-tubulin (Cell Signaling
Technology, 2148S). The primary antibodies were incubated
for 120 min at room temperature. After three 5-min PBS-T
washes, the required secondary antibodies were added as fol-
lows: 1:2,000 of goat anti-mouse immunoglobulin G (IgG)
(H + L) with superclonal recombinant secondary antibody,
Alexa Fluor 488 (Invitrogen) and one of the following:
1:2,000 of goat anti-rabbit IgG (heavy chain), superclonal
recombinant secondary antibody, Alexa Fluor 555 (Invitro-
gen); 1:2,000 goat anti-rabbit IgG (heavy chain), superclonal
recombinant secondary antibody, Alexa Fluor 647 (Invitro-
gen); or goat anti-rabbit IgG (H + L) cross-adsorbed second-
ary antibody, Alexa Fluor 568 (Invitrogen). The secondary
antibodies were incubated for 1 h at room temperature, fol-
lowed by two PBS-T and one with 1· PBS wash for 5 min
each. The slide chamber walls were removed as required and
the slide dipped in deionized water before mounting in mount-
ing medium with 40,6-diamidino-2-phenylindole (DAPI)
(Abcam). Alternatively, Hoechst 33342 staining was carried
out before fixation and the slides mounted with the
Fluoromount-G mounting medium (Thermo Fisher). Slides
were imaged using a Zeiss LSM900 confocal microscope
with Zeiss Blue software, with image processing performed
using FIJI (ImageJ). For colocalization quantification, FIJI
(ImageJ) software was used with the JACoP plugin; the chan-
nels from each snap image were split, isolating the green and
red channels and a Pearson’s coefficient value obtained. Data
were generated between 63 and 80 individual cells per
condition.

Quantitative real-time polymerase chain reaction

Cells were seeded in a 96-well plate in a density of 7,000
cells in 100 lL per well. ASOs were delivered via gymnosis
or transfection as biological triplicates at each concentration.
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Samples were incubated for 72 h and RNA was extracted
using the MagMAX mirVana Total RNA Isolation Kit
(Applied Biosystems). RNA concentration was measured
using the Qubit RNA High Sensitivity Assay Kit (Invitrogen)
and cDNA synthesis was carried out using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Quantitative polymerase chain reaction (qPCR) was per-
formed using Fast SYBR Green Master Mix (Applied Biosys-
tems) on a CFX Opus 384 Real-Time PCR System (Bio-Rad).
The following cycling conditions were used: Enzyme activa-
tion at 95�C for 20 s, followed by 40 cycles of denaturation at
95�C for 3 s, and annealing and extension at 60�C for 30 s.
Primer sequences: 50-GCAGGCGTTGTGCGTAGAG and
50-TTGCCGACCTCACGGATT for MALAT-1 and 50-
AGTTCTGTGGCCATATGCTTAGTAG and 50-AAACAA-
CAATCCGCCCAAAGG for the normalization reference
gene HPRT. Reactions were carried out from 1 ng of cDNA
with 250 nM of each primer in a 10 lL volume. qPCR data
were analyzed using the comparative Ct (DDCt) method: the
Ct values of the target gene (MALAT-1) were normalized to
the Ct values of the reference gene. Relative gene expression
levels were calculated using the formula 2^-(DDCt). All reac-
tions were performed in technical triplicates per biological
replicate and the average Ct values used for analysis.

Anti-PS antibody panel ELISA

A 29-mer oligonucleotide (PS-ELISA, Supplementary
Fig. S1) was synthesized with 28, nine, or no PS bonds and a
sandwich ELISA established. Ninety-six-well plates were
coated with one of three ModDetect antibody clones (PS03:
200–301-MU9, lot A3498; PS04: 200–301-MV0, lot A4401;
PS05: 200–301-MV1, lot A4402) at 2 lg/mL in 0.1M
sodium bicarbonate pH 9.5 overnight at 4�C. After three
washes in PBS-T, 300 lL of StabilCoat blocking buffer
(Surmodics) was added for 2 h at room temperature. Each
ASO was prepared at 100 ng/mL in KJX-0001D sample
buffer (Rockland Immunochemicals), 100 lL was added to
triplicate wells, followed by incubation for 2 h at room tem-
perature at 450 RPM. After three PBS-T washes, 100 lL of
a biotinylated version of the same ModDetect antibody panel
(PS03: 200–306-MU9, lot BAC385-2; PS04: 200–306-
MV0, lot BAC385-3; PS05: 200–306-MV1, lot BAC385-4)
was prepared at 0.5 lg/mL and added to the appropriate
wells for an hour at 450 RPM at room temperature. After
three further PBS-T washes, 100 lL of streptavidin-HRP
solution S000-03 (Rockland Immunochemicals) at 0.125 lg/mL
in sample buffer was added to each well for 30 min at 450
RPM at room temperature. Following three further PBS-T
washes, 100 lL of 3,30,5,50-tetramethylbenzidine (TMB, Sur-
modics) was added and incubated for 30 min at room temper-
ature in the dark. The reaction was stopped by adding 100 lL
of 1N HCl to each well and the absorbance read at 450–630 nm
within 5 min.

Anti-MOE antibody panel ELISA

A 20-mer 5–10-5 gapmer containing 20-MOE-modified
bases in the wings, DNA in the gap, and all PS bonds (ISIS
420915, MOE-ELISA, Supplementary Fig. S1)18 was conju-
gated to bovine serum albumin and diluted to 5 lg/mL in
0.05M sodium bicarbonate buffer pH 9.5. One hundred

microliters of diluted antigen was added to each well at 4�C
for 16–18 h. Excess antigen was removed and the plate was
washed three times with 1· PBS. Blocking was carried out
in 3% fish gel from stock Sigma fish gelatin from cold water
fish (Sigma G7765) at room temperature for an hour and
excess blocking solution was removed. Threefold serial dilu-
tions of each anti-MOE antibody were added at room tem-
perature for an hour. Excess antibody was removed and the
plate was washed three times with PBS-T. 1:8,000 rabbit
anti-mouse IgG HRP conjugated (610–403-C46, Rockland
Immunochemicals) was diluted in antibody diluent (1% (w/v)
of fish gel solution prepared by adding 1.11 g of 45% (w/v)
fish gel to 50 mL of 1· PBS) and 100 lL added to each well
for binding at room temperature for an hour. Excess conju-
gate was removed and the plate was washed three times with
PBS-T. One hundred microliters of TMB substrate solution
(TMBE-1000, Rockland Immunochemicals) was added at
room temperature for 30 min and the absorbance at 450 nm
was determined using a SpectraMax ME3 or M5e microplate
reader.

3D spheroid culture and ASO dosing

A previously reported method was adapted to generate 3D
multicellular neural spheroids.19 Human neuroblastoma cell
line SH-SY5Y (ATCC) was expanded in T75 flasks with tis-
sue culture treatment surfaces (NUNC) in DMEM supple-
mented with 10% FBS. When cells reached the exponential
growth phase, the cells were detached with TrypLE (Thermo
Fisher) and resuspended in ultralow-adherence U-bottom
96-well plates (Corning), at a density of 10,000 cells per well.
After 4 days of spheroid formation, for gymnotic delivery,
ASOs were diluted to the desired concentration and added
into the culture medium for another 72 h or 7 days of incuba-
tion. For transfection, an ASO–Lipofectamine 2000 complex
was made by incubating 3 lL per well of Lipofectamine with
the ASO at room temperature for 15 min. For RNA prepara-
tion, the culture medium was removed carefully from the
spheroids in culture, and then 50 lL of Accutase (Thermo
Fisher) was added into each well before returning to the 37�C
incubator for 15 min. After incubation, the spheroids were
homogenized by pipetting up and down five times. The cells
were spun down at 300g for 5 min, and the supernatant was
removed. Two hundred microliters of lysis buffer (Thermo
Fisher) was then added into each well before the total RNA
preparation workflow (KingFisher, Thermo Fisher).

3D cell culture ICC

Spheroids were fixed in 4% PFA in 1· PBS at room tem-
perature for 30 min, and then washed twice in 1· PBS. The
spheroids were then blocked in 10% goat serum in 1· PBS
supplemented with 0.1% Tween-20 (PBS-T) for 45 min. Pri-
mary antibody incubation was carried out using 1:1,000
dilution of the ModDetect anti-PS clone PS03 (Rockland
Immunochemicals, Inc.) in 1· PBS, with additional antibod-
ies being either of the following: 1:300 Rab9A (D52G8) XP
rabbit mAb (Cell Signaling Technology) or 1:300 TUJ1
(Abcam). After overnight incubation of the primary antibod-
ies at 4�C, the spheroids were washed in 1· PBS at room
temperature twice for 15 min. Then the required secondary
antibodies were added as follows: 1:500 of goat anti-mouse
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IgG (H + L) with superclonal recombinant secondary anti-
body, Alexa Fluor 488 (Invitrogen, A28175) and 1:500 of
goat anti-rabbit IgG (heavy chain) with superclonal recombi-
nant secondary antibody, Alexa Fluor 647 (Invitrogen,
A21244). After being incubated with the above secondary
antibodies for 90 min at room temperature, the spheroids
were washed in 1· PBS twice for 15 min and once in deion-
ized water, were mounted in the DAPI mounting medium
(Abcam), and imaged using a Zeiss LSM 900 confocal micro-
scope with Zeiss Blue software.

In vivo ASO dosing

All animal experiments were conducted according to the
Medical Research Council (MRC) guidance responsible for
the use of animals for medical research (July 1993), and the
UK Home Office Project License PP3246997 with local ethi-
cal approval by the MRC Mary Lyon Centre (MLC) Animal
Welfare and Ethics Review Body Committee. All mice
(C57BL/6JH strain, adult male mice) were housed at the
MLC in individually ventilated cages in a pathogen-free
environment, in a 12-h light/12-h dark cycle (LD 12:12;
lights on at 7:00 a.m.) with ad libitum access to standard
rodent chow (SDS Rat and Mouse No. 3 Breeding diet,
RM3) and water. The ASO (MOE/PS gapmer) was diluted
in sterile 1· PBS for a final dose of 50 mg/kg and delivered
subcutaneously. Control animals were dosed with 1· PBS
alone. Tissue was harvested 72 h later for IHC.

Tissue IHC

Mouse tissues were immersed and fixed in 10% neutral
buffered formalin for 30 h and then processed into wax
blocks. Sections were cut at 8 lm and mounted on Trubond
380 slides (Electron Microscopy Sciences) and dried over-
night. Immunostaining was carried out using the M.O.M.
Fluorescein Immunodetection Kit (VectorLabs) as recom-
mended by the manufacturer. Briefly, after dewaxing in
xylene and rehydration into water, 1· PBS, slides were
blocked for an hour at room temperature followed by over-
night incubation with the ModDetect anti-PS clone PS03
(1:1,000, Rockland Immunochemicals) diluted in M.O.M.
diluent (VectorLabs) at 4�C overnight. After two 1· PBS
washes for 3 min, the biotinylated anti-mouse IgG secondary
antibody (VectorLabs) was added for an hour at room tem-
perature. Slides were washed twice for 3 min in 1· PBS, fol-
lowed by the addition of Fluorescein Avidin DCS (VectorLabs)
for an hour at room temperature. After two final 1· PBS
washes of 3 min, the slides were mounted using the mounting
medium with DAPI (Abcam). For co-IHC, tissues were dew-
axed and washed as stated above. Tissues were permeabilized
by washing for 3 min with 0.25% Tween-20 in PBS (PBS-T).
Blocking was performed by mixing and adding equal parts of
5% donkey serum in PBS-T and M.O.M. blocking reagent,
followed by an hour of incubation at room temperature. Pri-
mary antibody staining was performed with the M.O.M. pro-
tocol as stated above, using goat polyclonal anti-CLEC4F/
CLECSF13 (1:500, R&D Systems), rabbit polyclonal anti-
ASGR1 (1:300, Proteintech), and ModDetect anti-PS clone
PS03 (1:1,000, Rockland Immunochemicals), and incubated
overnight at 4�C. After two 1· PBS washes for 3 min, sec-
ondary antibody staining was performed by following the

same M.O.M. secondary staining steps as stated above. After
two 1· PBS washes, secondary antibodies were added, don-
key anti-rabbit IgG (H + L) ReadyProbes secondary antibody,
Alexa Fluor 594 (1:500, Invitrogen) and donkey anti-goat
IgG (H + L) highly cross-adsorbed secondary antibody,
Alexa Fluor Plus 647 (1:500, Invitrogen), diluted in 5% don-
key serum in PBS-T, and incubated for an hour at room tem-
perature. After two final 1· PBS washes of 3 min, the slides
were mounted using mounting medium with DAPI (Abcam).
Imaging was carried out using a Zeiss LSM 900 confocal
microscope with Zeiss Blue software and the images were
processed using FIJI (ImageJ) software.

Statistical analyses

Statistical analyses were performed using the GraphPad
Prism 10.4.1 software. Data are presented as mean – standard
error of the mean. Differences between groups were analyzed
using one-way analysis of variance followed by Dunnett’s
test for multiple comparisons. A P value of <0.05 was consid-
ered statistically significant.

Results

The methodological details regarding the generation of the
ModDetect panel of anti-PS and anti-MOE mouse monoclonal
antibodies have been described recently.16 Briefly, derivatized
modified oligonucleotides conjugated to keyhole limpet hemocy-
anin as a carrier served as the immunogens in mouse, followed
by hybridoma screening for specificity and sensitivity using a
panel of positive and negative control oligonucleotides.16

Anti-PS ICC and ASO efficacy in 2D cell culture

To evaluate the anti-PS antibodies as immunocytochemical
reagents, first we wanted to assess their sensitivity and specific-
ity across a range of ASO concentrations that are used typically
in an on-target efficacy or cellular toxicity experiment, as
opposed to a lead optimization or dose–response study.20 For
this, we compared gymnotic and transfection methods of deliv-
ery using an established 16-mer gapmer targeting the human
noncoding RNA MALAT-121; this ASO has a 3-10-3 configu-
ration with locked nucleic acid (LNA) modifications on the
wings and PS internucleosidic bonds throughout (LNA/PS,
Supplementary Fig. S1). Seventy-two hours after ASO deliv-
ery, HeLa cells were fixed and anti-PS immunostaining carried
out using the ModDetect mouse monoclonal antibody clone
PS03. Punctate cytoplasmic immunopositive staining was
observed across all doses, with an increasing number of cells
containing puncta at the higher concentrations (Fig. 1A). At
these higher doses, for example, gymnosis at 10 lM, every
cell appears to show puncta that fill a large proportion of the
cytoplasm (Fig. 1A). At the lower transfection concentrations,
not every cell demonstrated positive cytoplasmic immunostain-
ing, suggesting that cellular uptake and sequestration of this
ASO do vary considerably among a population of cells
(Fig. 1A). Interestingly, the distribution of signal was consis-
tently in larger, more discrete puncta in cells transfected, as
opposed to those where ASO uptake was by gymnosis, as
has been described previously.5 In addition, no signal was
detected from cells left untreated (Fig. 1A, left panel).

In parallel, to determine how the dose and immunocyto-
chemical signal might relate to on-target efficacy of this
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LNA-modified ASO, cells treated under the same conditions
were subjected to qRT-PCR for the targetMALAT-1. Via gym-
nosis, a dose–response-associated knockdown effect was appa-
rent, likely reflecting the uptake efficiency of the ASO without
the transfection reagent (Fig. 1B). As expected, using an estab-
lished, optimized gapmer over this time course, knockdown
levels of over 90% were achieved at these relatively high con-
centrations by transfection (Fig. 1B). Of note, overall, these
experiments only detected a very limited amount of potentially
nuclear immunostaining despite the obviously highly active
nature of this particular ASO. Together, these data suggest that
the anti-PS antibody can specifically detect the cellular uptake
of this active PS-modified ASO.

Anti-PS ICC and endosomal localization in 2D cell culture

A fundamental feature of ASO efficacy relies on intracellu-
lar trafficking via the endolysosomal system, through which
only a very small proportion “escapes” endosomal sequestra-
tion and is productive.22 Therefore, we predict that the punc-
tate anti-PS staining we have observed reflects accumulation
of the ASO in late endosomal compartments. To assess this
experimentally, cells were dosed with the same LNA/PS-
modified 16-mer ASO targeting MALAT-1 (LNA/PS), fol-
lowed by coimmunostaining for markers for subsets of either
early (RAB5) or late (RAB9A) endosomes (Fig. 1C, D).
Combining the fluorescent channel signals demonstrates areas
of likely colocalization between the endosomal markers and
the ASO, with potentially more overlap with RAB9A immuno-
staining (Fig. 1C, D). Multiple images were also generated as
Z-stack 3D projections to obtain a more unbiased indication of
costaining, further demonstrating evidence for colocalization
of the ASO in endosomes (Fig. 1E, F). This was further char-
acterized by examining the 3D isosurface-rendered images of
the RAB9A and anti-PS signal, showing close proximity of the
coimmunostaining (Fig. 1G). These data suggest that seques-
tration of this ASO in endosomal compartments can be
observed using the anti-PS reagents.

Anti-PS immunostaining and on-target efficacy

in 3D cultures

Given the genetic basis of NAT targeting mechanisms, fre-
quently the design of the ASO itself is limited to a human
transcript sequence, in particular, when engagement to a

disease-specific variant is necessary. As such, using human
3D cellular systems to model more complex tissue structures
becomes a necessary replacement for rodent NAT efficacy or
toxicity.23,24 Therefore, we wanted to assess the functionality
of the anti-PS reagents in 3D cellular systems associated with
ASO uptake and penetration. Neuroblastoma SH-SY5Y-
based spheroids were grown for 4 days and dosed with the
LNA ASO (LNA/PS). We compared gymnotic uptake in the
growth media for 72 h with a transfection of the ASO into the
cells after 4 days of initial growth. By gymnosis, as illustrated
by generating 3D Z-stack images, much of the ASO anti-PS
signal is maintained on the outer surface of the spheroid after
gymnosis, while penetration is improved somewhat after
transfection of the ASO into cells (Fig. 2A).

Next, we wanted to test a range of ASO doses in 3D cultures
that are used typically in organoid NAT treatment studies,25

and thus, we repeated the spheroid treatment with the LNA/PS
oligonucleotide at higher concentrations. Here, after 3 days,
there appeared to be some increase in anti-PS-positive puncta
throughout the structures as the concentration increased, partic-
ularly at 10 lM; imaging through the spheroid structure at this
dose demonstrates the cumulative penetration of the ASO
(Fig. 2B and Supplementary Fig. S2A). Of note, at this ASO
concentration, the spheroids did reduce in size compared with
lower doses, likely due to some cytotoxicity. As longer term
culturing of 3D cell models is typical, we then repeated the
immunocytochemical imaging in spheroids at 7 days after
gymnotic delivery of 100 nM. Interestingly, these data show a
deep penetration of the anti-PS signal toward the center of the
spheroid (Fig. 2C, D), suggesting that the additional incubation
time facilitates ASO trafficking through the structure. In sum-
mary, these data show the utility of the anti-PS reagents for
detecting the spatiotemporal localization of an ASO in 3D
cultures.

To relate these findings to ASO efficacy, 3D cultures were
generated as above, followed by 3 days of either transfection
or gymnosis of the LNA/PS oligonucleotide. RNA was pre-
pared from whole spheroids and qPCR carried out for
MALAT-1. At the 100 nM dose, the on-target activity level
of the ASO was very similar by either transfection or gym-
nosis, showing approximately 20% knockdown ofMALAT-1
compared with cultures treated with a nontargeting control
ASO (NTC, Supplementary Fig. S2B). At the higher 10 lM
dose, however, there was a significant reduction inMALAT-1

�
FIG. 1. Anti-phosphorothioate (PS) antibody detection by immunocytochemistry and colocalization with endosomal
markers. Representative anti-PS immunocytochemistry for a 16-mer LNA ASO gapmer (LNA/PS) in HeLa cells. (A)
Uptake by gymnosis or transfection at the doses indicated. After 72 h, cells were immunostained for PS bonds using the
ModDetect PS03 clone (PS, green) and for a-tubulin (red) with nuclei costained using DAPI or Hoechst (blue). The nega-
tive control conditions (far left panels) were untreated. Example localization of anti-PS-positive puncta is shown (green
arrows). Z-stacks were taken by confocal microscopy at 40· magnification and presented as maximum intensity projections.
(B) Quantitative real-time-PCR (qRT-PCR) for on-target MALAT-1 knockdown from cells treated with the same ASO in
parallel. Data are normalized to the housekeeping gene HPRT and shown relative to nontreated cells – SEM. N = 3 biologi-
cal replicates, one-way analysis of variance (ANOVA), ***P < 0.001, ****P < 0.0001. (C–G) Representative immunocyto-
chemistry of HeLa cells treated with 100 nM of a 16-mer LNA/PS ASO for 72 h by gymnosis. Cells were immunostained
using the ModDetect PS03 clone (PS, green) and either an early [RAB5 (C, E)] or late [RAB9A (D–G)] endosomal marker
(red). (C, D) Areas of cytoplasmic puncta colocalization (yellow) are present between anti-PS and anti-RAB5/anti-RAB9A-
positive staining. Z-stacks were taken by confocal microscopy at 63· magnification and presented as maximum intensity
projections. (E, F) 3D projections of the same Z-stack images in panels C and D, imaged over 10.8 lM total depth, show-
ing areas of cytoplasmic puncta colocalization (yellow). (G) Isosurface 3D rendering of boxed region in panel D. Scale bars
as indicated. ASO, antisense oligonucleotide. SEM, standard error of the mean.
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expression down to almost 70%, confirming that higher con-
centrations and deeper penetration of the ASO into the sphe-
roid are beneficial for potency.

Sensitivity and specificity of ModDetect anti-PS panel

by ELISA

Although PS modifications in ASOs are a well-established
method of maintaining the cellular stability of an oligonucleotide,
they are also associated with the induction of immune

responses and related cellular toxicity.26 As such, there is a
conscious move to reduce the number of PS bonds in oligo-
nucleotides destined for the clinic. A key feature of anti-PS
reagents, therefore, will be the detection of ASOs with
reduced PS content. Thus, to assess this empirically,
a sandwich ELISA was established to compare the sensi-
tivity and specificity of three independently generated
anti-PS clones against oligonucleotides containing 100%
(29/29), 31% (9/29), or no PS bonds (Supplementary
Fig. S1). These data demonstrate equivalent sensitivity of

FIG. 2. Dose and timing of ASO uptake into spheroid cultures. (A) Representative Z-stack imaging of SH-SY5Y-
derived neuroblastoma spheroids after 4 days of growth and 72 h post-ASO delivery. Cells were immunostained for
ModDetect PS03 anti-PS (green) and RAB9A (red). By gymnosis, much of the ASO remains on the external surface
(black arrow), while by transfection, some improved ASO penetration occurs (green arrows). (B–D) Representative
images of SH-SY5Y-derived spheroids 3 (B) or 7 (C, D) days after ASO delivery. Cells were immunostained using the
ModDetect anti-PS PS03 clone (PS, green) and TUJ1 neuronal marker as indicated (magenta). A PS-containing ASO
gapmer (LNA/PS) was delivered by gymnosis 4 days after spheroid growth at the doses indicated. (B) Example anti-PS
(green) immunopositive puncta are indicated (green arrows) at each dose, whereas at the highest dose (10 lM), a much
greater uptake into the spheroid is observed. 2D images were taken 20 lm from the spheroid surface. (C) Z-stack
image of a spheroid (top left panel) 7 days after gymnotic ASO delivery, with cross-sectional images generated at the
vertical planes indicated (white arrows) over 20 lm depth. Penetration of the ASO into the center of the spheroid is
shown (green arrows). (D) An additional 2D image taken through the central horizontal plane of the top left panel is
also shown. Scale bars as indicated.
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all three clones against the fully PS ASO (Supplementary
Fig. S3). For the partial (9/29) PS-containing oligonu-
cleotide, the immunoreactivity is reduced by approxi-
mately 50% for all clones, with clone PS05 demonstrating
significantly increased sensitivity compared with clones
PS03 and PS04 using the ELISA method (Supplementary
Fig. S3).

Anti-MOE antibody library ICC

With anti-PS antibodies applicable to many current nucleic
acid therapeutics, second- and third-generation chemistries
have focused on modifying the ribose sugar; therefore,
reagents that detect such alternative oligonucleotide modifica-
tions are essential for the field. A panel of mouse monoclonal
antibodies were generated against the 20-MOE modification
using the same approach as for the anti-PS clones.16 We went
on to test these new reagents by ICC in HeLa cells against a
20-mer gapmer ASO containing five 20-MOE-modified bases
on each wing, therefore 10 in total, with a full set of internu-
cleosidic PS bonds (MOE/PS, Supplementary Fig. S1).27

Each of the four individual anti-MOE clones (MOE-1, -3, -4,
and -9) was tested, in addition to a clone pooled from three
hybridomas (MOE-C). At a single transfected ASO dose
(100 nM), all the clones generated punctate immunopositive
staining reminiscent of the anti-PS data (Fig. 3A and Supple-
mentary Fig. S4A). Focusing on one anti-MOE clone (MOE-4),
we assessed in more detail the specificity of the signal
observed. As negative controls, cells were transfected with
the LNA-modified ASO as described above (LNA/PS) and
the 20-mer MOE gapmer with no PS bonds (MOE/PO, Sup-
plementary Fig. S1); in both cases, no positive signal using
the anti-MOE could be detected (Fig. 3B); of note, the lack of

signal for MOE/PO likely reflects endonuclease digestion
of the ASO. In addition, to confirm the presence of the
PS-modified MOE ASO (MOE/PS), cells transfected in par-
allel showed positive immunostaining using the anti-PS anti-
body (Fig. 3B). In these experiments, the cells were also
costained for RAB9A; as for the anti-PS antibody, some
colocalization between anti-MOE and anti-RAB9A is visi-
ble, suggesting some late endosomal sequestration of this
transfected gapmer ASO (Fig. 3B). Together, these data
demonstrate that the anti-MOE clones are able to detect suc-
cessfully and specifically an ASO with 50% MOE-modified
bases in human cells. To further characterize the anti-MOE
reagents, the comparative sensitivity of each clone from the
panel was determined by ELISA using a different 20-mer
gapmer, also containing 50% MOE modifications; all clones
display similar levels of sensitivity, consistent with the posi-
tive immunocytochemical data obtained (Supplementary
Fig. S4B).

Finally, to confirm that the specificity of the ICC data
was not limited to an ASO sequence targeting the predomi-
nantly nuclear MALAT-1 transcript,15 we repeated anti-PS
and anti-MOE immunostaining in HeLa cells treated gym-
notically with an ASO against the protein coding gene
PTEN (Supplementary Fig. S1).5 For both antibodies,
immunopositive cytoplasmic puncta were present in all
cells, with no signal detectable in those left untreated
(Supplementary Fig. S5).

Codetection of labeled ASO and ModDetect antibody ICC

Criticisms of using fluorescently tagged oligonucleotides
for intracellular localization studies include changes to the
physical properties caused by the size and charge of the tag

FIG. 3. Anti-MOE immunocytochemistry. HeLa cells were treated with 100 nM of the gapmer ASOs indicated for 72 h
by gymnosis. Representative immunostaining using the ModDetect anti-MOE clone MOE-4 (MOE, green) with the late
endosomal marker RAB9A (red) and nuclei stained with Hoechst (blue). (A) Using the MOE/PS gapmer ASO, areas of
multiple cytoplasmic immunopositive puncta are detected; two example images are shown with areas of colocalization
(yellow arrow). (B) No signal is visible when a non-MOE LNA gapmer (LNA/PS) or a fully PO-containing MOE gapmer
(MOE/PO) of the same sequence is applied, while the anti-PS antibody ModDetect clone PS03 (PS, green) confirms cellular
uptake of the PS bond-containing MOE gapmer (MOE/PS, far right panel). Images were taken by confocal microscopy at
40· magnification. Scale bars as indicated.
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itself, and that unproductive metabolites of the NAT contain-
ing the tag will likely be visualized.8 Therefore, we were
interested to compare ICC for the anti-PS and anti-MOE
clones with imaging of a fluorescently labeled ASO directly.
A Cy3-labeled version of the MOE-modified ASO used
above (MOE/Cy3, Supplementary Fig. S1) was generated
and HeLa cells dosed at 100 nM, followed by immunostain-
ing for the two antibodies independently 72 h later. As seen
using the unlabeled MOE/PS ASO, the immunopositive
staining derived from both the anti-PS (Fig. 4A) and anti-
MOE (Fig. 4D) antibodies is generally clustered to one pole
of the nucleus, and this pattern is shared with the Cy3-
labeled ASO. At this microscopic resolution (63· magnifica-
tion), there are clearly multiple areas of colocalization
between the Cy3 signal and the antimodification antibody
signal in both cases (Fig. 4A–F). Interestingly, however,
there are also defined cytoplasmic puncta of each independ-
ent fluorescent channel, suggesting areas of ASO sequestra-
tion that are not shared between the labeled ASO signal and
anti-PS or anti-MOE detection (Fig. 4C, F). To quantify the
degree of colocalization, pixel-wise analyses were used
using Pearson’s correlation coefficient.28 By analyzing mul-
tiple individual cells across several fields of view, the coeffi-
cient for anti-PS and anti-MOE with the Cy3 signal was 0.76
and 0.8, respectively (Fig. 4G); this suggests a significant
degree of colocalization, where 1.0 represents complete
overlap.28 To confirm that the background fluorescent signal
was not interfering with these data overtly, exemplar quanti-
fication when no ASO was delivered to the cells showed a
correlation coefficient of only 0.18 (Fig. 4G, H). Overall,
these data suggest that there is a fraction or metabolite of the
MOE/Cy3 oligonucleotide that cannot be detected by the
antibodies, representing ASO fragments where the fluores-
cent tag alone has been cleaved, while the remaining oligo-
nucleotide can still be detected by anti-PS or anti-MOE
immunostaining.

In vivo ASO biodistribution by IHC

An important feature of NAT preclinical development is the
assessment of biodistribution in vivo. After systemic delivery
in rodents, for example, nonconjugated ASOs are known to be
cleared rapidly via the liver and kidneys, although a major hur-
dle in the field is to discover and test novel conjugates or deliv-
ery vehicles combined with NATs that deliver to extrahepatic
tissues.29 As discussed above, fluorescently labeled NATs are
used for this purpose; however, there are advantages to using
IHC that can detect an unlabeled NAT in fixed tissue to deter-
mine cell-type-specific accumulation. Therefore, we tested

immunohistochemical detection of the same MOE/PS gapmer
ASO used above (Fig. 4) after systemic delivery in the mouse.
Fixed liver tissue sections taken 48 h after a single subcutane-
ous ASO dose were immunostained using the anti-PS and anti-
MOE monoclonal antibodies independently (Fig. 5). The gen-
eral positive staining pattern was identical between the clones;
based on cell morphology, the vast majority of the signal
occurred in nonparenchymal cells (Fig. 5A). To confirm this,
multiplex costaining for hepatocytes was carried out using
anti-ASGR1, where it was apparent that the immunopositive
signal derived from this ASO is not detectable in this cell
population at this dosing regimen (Fig. 5B). Presence in
Kupffer cells was detected by adjacent costaining with anti-
CLEC4F, while the remaining ASO accumulation is likely in
other nonparenchymal cell populations such as sinusoidal
endothelial cells and hepatic stellate cells.30 Importantly, as a
negative control for specificity, no signal could be detected in
liver tissue from mice treated with PBS (Fig. 5C).

Discussion

As an increasing number of NATs undergo clinical
development, there continues to be a need to improve the
quality and accessibility of analytical methods for their
detection and quantification.31 Antibody-based reagents
are a critical part of the NAT toolkit, facilitating multiple
immunoassay approaches with their inherent sensitivity
and specificity.8 Here, we have focused on benchmarking
new antibodies raised against two well-established oligo-
nucleotide modifications, namely PS bonds and the 20-
MOE sugar moiety. Our aim was to provide exemplars of
their practical use in cellular and tissue systems and not to
generate a highly detailed characterization of what are
already proven control NAT reagents.27 As such, we show
consistent and specific detection of ASOs containing the
respective modifications in several experimental systems
by ICC and IHC. Furthermore, we provide protocols using
reagents that are standard to researchers in the academic
NAT field, with the added simplicity that the antibodies
are not reliant on the ASO sequence itself, thus avoiding
designing and optimizing individual sequence-specific
probes for detecting multiple targets.

A fundamental feature of assessing NAT efficacy—espe-
cially at the early preclinical screening stages—relies typically
on RT-PCR, whether for quantification of targeted gene knock-
down or a specific splice-site modification.20 Results from
these assays will not only be influenced by multiple intracellu-
lar events that surround the kinetics of on-target functionality,
but also by the basic efficiency of cellular uptake.8 Here, we

�
FIG. 4. Colocalization of Cy3-labeled ASO with anti-PS immunocytochemistry. A Cy3-labeled ASO gapmer (MOE/Cy3)
was delivered at 100 nM by gymnosis to HeLa cells for 72 h. Representative immunostaining using an anti-PS antibody
(PS03, green) (A–C) or an anti-MOE antibody (MOE-4, green) (D–F), imaged in parallel with Cy3 fluorescence (red) and
nuclei stained with Hoechst (blue). Individual channels (A and D) are shown with the same image merged (B, C, E, and F).
Digital magnification of boxed regions (C and F) indicates example areas of colocalization (yellow arrow) in addition to
likely nonoverlapping fluorescent signal from the antibody detection (green arrow) or Cy3-ASO (red arrow). Images were
taken by confocal microscopy at 63· magnification. Scale bars as indicated. (G) Quantification of colocalization between
antibody immunostaining (anti-PS or anti-MOE) and labeled Cy3-ASO signal using Pearson’s coefficient. Data points indi-
cate the number of fields of view, each with total areas of 10.3 mm2 (PS & MOE) or 25.5 mm2 (no ASO). Total number of
cells analyzed: 63 (PS), 77 (MOE), and 80 (no ASO). (H) Representative images from cells left untreated (no ASO) to
account for background signal.
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demonstrate that utilizing anti-NAT modification ICC is a
simple approach that facilitates the interpretation of data from
bulk cell RNA or protein preparations. In particular, where
gymnotic delivery is used and lack of the desired efficacy
could be, at least in part, a result of poor or variable cellular
uptake.32,33 In 3D systems such as spheroids, the same parame-
ters are equally relevant but are exacerbated by the necessity of
the NAT to penetrate the structure and move through multiple
cell types over time. As such, efficacy testing from spheroids
will be confounded significantly by the infiltration of the NAT
itself.34 The data presented here show that 3D cell models are
amenable for anti-PS immunostaining after either transfec-
tion or gymnotic delivery of an unlabeled ASO. Moreover,
although the temporal penetration of an NAT is highly
dynamic, it can still be assessed during experimental opti-
mization. This also includes relating dose levels to NAT
localization that may have important implications for cellu-
lar toxicity. Indeed, we demonstrate here that very modest

on-target knockdown occurs in whole spheroids when the
ASO can be detected clearly at the periphery of the struc-
ture, even after an additional transfection step, likely
reflecting the number of cells that have not yet taken up the
oligonucleotide. As an alternative, methods such as flow
cytometry have been applied to quantify oligonucleotide
uptake into spheroids; for example, in a model of Timothy
syndrome using human forebrain organoids, uptake of a
Cy5-labeled lead ASO was estimated using cell sorting.25

However, despite successful splice modulation in this
system, no data regarding the spatiotemporal distribution
of this ASO versus on-target activity can be gained using
this approach. Similarly, in a study of iPSC-derived cere-
bral organoids to model tau mutations, target gene knock-
down is reported from bulk cell tissue, although no data
regarding the uptake or distribution of the ASO itself are
shown.35 Immunocytochemical approaches in 3D systems
thus have the key advantage of utilizing unlabeled NATs,

FIG. 5. Immunohistochemistry of a systemically delivered ASO in mice. (A–B) A 20-MOE modified gapmer with PS bonds
(MOE/PS) was delivered subcutaneously to mice and fixed liver tissue immunostained with ModDetect anti-PS clone PS03 or
anti-MOE clone MOE-4 antibodies independently as indicated. Representative positive immunostaining (green arrows) indi-
cates accumulation of the ASO in nonparenchymal cells surrounding hepatocytes (blue arrows indicate example large hepatic
nuclei, DAPI). (B) Multiplex immunohistochemistry showing nonparenchymal Kupffer cells (anti-CLEC4F, red arrows) and
hepatocyte membranes (anti-ASGR1, magenta arrow) with anti-PS (green arrows). (C) Immunostaining of PBS-treated mice
as a negative control. (A–C) Images taken by confocal microscopy at 20· (top and bottom panels) and 40· (middle panels).
Scale bars as indicated.
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with the option for multiplexing with standardized cell-
type-specific markers, a critical aspect of spheroid and
organoid characterization.36,37

A major criticism of using amphiphilic fluorophores—
such as cyanine dyes—for localization or biodistribution
studies is that the tag itself alters significantly the steric
bulk and overall charge of the ASO, influencing fundamen-
tal biological parameters, including interactions with cellu-
lar membranes12 and even the RNase H1/DNA complex
required for target transcript knockdown.38 Here we vali-
dated and quantified the gymnotic uptake of a Cy3-labeled
ASO by demonstrating a significant degree of colocalized
endogenous fluorescence with the anti-PS or anti-MOE
antibody detection; yet it is interesting that some independ-
ently localized signals were also visible. This could reflect
metabolites of the ASO that contain either modification but
where intracellular cleavage of the cyanine dye alone has
occurred, as steric blocking of the multiple oligonucleotide
epitopes by Cy3 is unlikely. It is also noteworthy that some
progress has been made in the generation of fluorescent
bases that are structural and functional analogues of their
canonical counterparts, with data demonstrating largely
minimal effects on native base-pairing and secondary struc-
ture.39 However, such compounds are not part of standard
oligonucleotide synthesis workflows and they do not repre-
sent the NAT that would be used clinically. Moreover, these
analogues still require benchmarking to the lead NATs in
any quantitative assays associated with, for example, biologi-
cal activity or toxicology.40 Thus, access to non-sequence
defined antibody reagents for NAT detection provides a prac-
tical solution for these caveats.

With the inherent vulnerability of nucleic acids to exonu-
clease degradation and the necessity to escape the endosomal
system for nuclear or cytoplasmic delivery, only a very small
proportion of the intracellular NAT is estimated to be pro-
ductive. For ASOs, productive activity is thought primarily
to occur in the nucleus and a number of studies have
attempted to equate on-target efficacy with nuclear locali-
zation.41 This is a technically challenging task, given the
expected amount of nonproductive ASO uptake; this assump-
tion is consistent with the very small amount of potential
nuclear staining in our immunocytochemical assays from
both nuclear and non-nuclear localized transcript targets.
Indeed, a detailed cell fractionation study of a 16-mer LNA
ASO in HeLa cells demonstrated that the limit of detection
of the gapmer in the nucleus by ELISA, after gymnotic deliv-
ery at 1 lM, did not result in target gene knockdown.42 Here
we detected strong on-target activity at 10-fold lower concen-
trations using our LNA/PS ASO, suggesting that quantifica-
tion of productive nuclear localization of NATs of this
potency might have to rely on much higher resolution
microscopy or other imaging methods.43 Studies with fluo-
rescently labeled ASOs show a wide range of reported
nuclear distribution, from little or no detection44 to signifi-
cant sequestration in defined nuclear compartments, often
related to toxicity.45 Whether there is bias in these studies
due to the detection of fluorophore-containing ASO metab-
olites, or even physical interactions with nuclear import
mechanisms, is unclear. Yet such phenomena are also
likely dependent on multiple factors, such as the ASO

sequence and chemistry, the cell type assayed, and the tim-
ing and dose of oligonucleotide exposure; it will be interest-
ing in the future to compare some of these less well-reported
localization events between fluorescently labeled and unla-
beled oligonucleotides by ICC.

Another key advantage to immunohistochemical meth-
ods for NAT detection is their use for in vivo biodistribu-
tion studies. Here, we show specific accumulation of a
20-MOE-containing gapmer in nonparenchymal cells of
the liver after subcutaneous dosing by multiplex coimmu-
nohistochemical antibody staining. Of note, these data
are consistent with previous studies in the mouse liver,
where a considerable proportion of an unconjugated ASO
remains in cells other than hepatocytes after systemic
delivery.30 A more recent, detailed study quantified bio-
distribution of a gapmer used clinically by RNAscope
in situ hybridization combined with IHC and AI-driven
image quantification. These data revealed that only 13%
of this particular ASO localized to hepatocytes, with the
remainder in nonparenchymal cells.46 As such, our data
are also consistent with these findings and we propose that
the well-established antibody staining protocols applied here
are potentially less technically challenging for researchers
than optimizing and multiplexing sequence-specific in situ
hybridization probes with IHC.

Conclusions

In summary, we provide data to validate antibodies
against two NAT modifications commonly applied experi-
mentally and clinically, including the first description of
immunostaining results from anti-MOE reagents. Together,
these data illustrate the utility of these reagents against the
increasingly common number of NATs designed during
preclinical optimization, or those destined for the clinic,
with partially modified structures.4 The panel of antibodies
against backbone or sugar moiety modifications is being
expanded currently to include 20-OMe16 and 20-Fluoro,
with the aim that this now proven method of monoclonal
library generation could be applied to any future genera-
tion of NAT modifications; this is critical for the field as
the number of advanced chemistry options and clinical
approvals continues to rise.

Acknowledgments

The authors thank the staff in the MLC, Harwell, for animal
handling and sample collection, in addition to the MLC histol-
ogy group for tissue processing. They thank T. Giardiello for
assistance in the preparation of ELISA figures and M. Cadeddu
and A. Correa-Sánchez for technical assistance and advice.
The Rockland Immunochemicals, Inc. information pre-
sented is covered under US Provisional Patent Application
No.: 63/547,067. ModDetect� is a trademark of Rockland
Immunochemicals, Inc.

Author Disclosure Statement

I.F., X.W., and P.L.O. have no disclosures. S.A.F.,
D.P.C., and C.A.A. are employees of Rockland Immuno-
chemicals, Inc.

ANTI-PS AND ANTI-MOE ANTIBODY CHARACTERIZATION 179

D
ow

nl
oa

de
d 

by
 1

30
.2

46
.2

42
.2

1 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
9/

01
/2

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Funding Information

Nucleic Acid Therapy Accelerator is supported by the
Medical Research Grant MC_PC_20061.

Supplementary Material

Supplementary Figures

References

1. Naeem S, Zhang J, Zhang Y, et al. Nucleic acid therapeutics:
Past, present, and future. Mol Ther Nucleic Acids 2025;36:
102440; doi: 10.1016/j.omtn.2024.102440

2. Kulkarni JA, Witzigmann D, Thomson SB, et al. The
current landscape of nucleic acid therapeutics. Nat Nano-
technol 2021;16:630–643; doi: 10.1038/s41565-021-
00898-0

3. Dias N, Stein CA. Antisense oligonucleotides: Basic con-
cepts and mechanisms. Mol Cancer Ther 2002;1:347–355.

4. Egli M, Manoharan M. Chemistry, structure and function of
approved oligonucleotide therapeutics. Nucleic Acids Res
2023;51:2529–2573; doi: 10.1093/nar/gkad067

5. Koller E, Vincent TM, Chappell A, et al. Mechanisms of
single-stranded phosphorothioate modified antisense oligo-
nucleotide accumulation in hepatocytes. Nucleic Acids Res
2011;39:4795–4807; doi: 10.1093/nar/gkr089

6. Ruchi R, Raman GM, Kumar V, et al. Evolution of anti-
sense oligonucleotides: Navigating nucleic acid chemistry
and delivery challenges. Expert Opin Drug Discov 2025;20:
63–80; doi: 10.1080/17460441.2024.2440095

7. Talap J, Zhao J, Shen M, et al. Recent advances in therapeu-
tic nucleic acids and their analytical methods. J Pharm
Biomed Anal 2021;206:114368; doi: 10.1016/j.jpba.2021
.114368

8. Deprey K, Batistatou N, Kritzer JA. A critical analysis of
methods used to investigate the cellular uptake and subcel-
lular localization of RNA therapeutics. Nucleic Acids Res
2020;48:7623–7639; doi: 10.1093/nar/gkaa576

9. Sutton JM, Guimaraes GJ, Annavarapu V, et al. Current state
of oligonucleotide characterization using liquid chromatogra-
phy–mass spectrometry: Insight into critical issues. J Am
Soc Mass Spectrom 2020;31:1775–1782; doi: 10.1021/jasms
.0c00179

10. Haegele JA, Boyanapalli R, Goyal J. Improvements to
hybridization-ligation ELISA methods to overcome bioana-
lytical challenges posed by novel oligonucleotide therapeu-
tics. Nucleic Acid Ther 2022;32:350–359; doi: 10.1089/nat
.2021.0100

11. Castellanos-Rizaldos E, Brown CR, Dennin S, et al. RT-
qPCR methods to support pharmacokinetics and drug mecha-
nism of action to advance development of RNAi therapeutics.
Nucleic Acid Ther 2020;30:133–142; doi: 10.1089/nat.2019
.0840

12. Hughes LD, Rawle RJ, Boxer SG. Choose your label
wisely: Water-soluble fluorophores often interact with lipid
bilayers. PLoS One 2014;9:e87649; doi: 10.1371/journal.pone
.0087649

13. Yin L, Wang W, Wang S, et al. How does fluorescent label-
ing affect the binding kinetics of proteins with intact cells?
Biosens Bioelectron 2015;66:412–416; doi: 10.1016/j.bios
.2014.11.036

14. Wang F, Flanagan J, Su N, et al. RNAscope. J Mol Diagn
2012;14:22–29; doi: 10.1016/j.jmoldx.2011.08.002

15. Soares RJ, Maglieri G, Gutschner T, et al. Evaluation of fluo-
rescence in situ hybridization techniques to study long non-
coding RNA expression in cultured cells. Nucleic Acids Res
2018;46:e4; doi: 10.1093/nar/gkx946

16. Chimento DP, Anderson AL, Fial I, et al. Bioanalytical
assays for oligonucleotide therapeutics: Adding antibody-
based immunoassays to the toolbox as an orthogonal
approach to LC-MS/MS and ligand binding assays. Nucleic
Acid Ther 2025;35:6–15; doi: 10.1089/nat.2024.0065

17. Butler M, Stecker K, Bennett CF. Cellular distribution of
phosphorothioate oligodeoxynucleotides in normal rodent
tissues. Lab Invest 1997;77:379–388.

18. Shemesh CS, Yu RZ, Warren MS, et al. Assessment of the
drug interaction potential of unconjugated and GalNAc3-
Conjugated 20-MOE-ASOs. Mol Ther Nucleic Acids 2017;
9:34–47; doi: 10.1016/j.omtn.2017.08.012

19. Wan X, Wang W, Liang Z. Epigallocatechin-3-gallate
inhibits the growth of three-dimensional in vitro models of
neuroblastoma cell SH-SY5Y. Mol Cell Biochem 2021;
476:3141–3148; doi: 10.1007/s11010-021-04154-w

20. Gagnon KT, Corey DR. Guidelines for experiments using
antisense oligonucleotides and double-stranded RNAs.
Nucleic Acid Ther 2019;29:116–122; doi: 10.1089/nat.2018
.0772

21. Prakash TP, Mullick AE, Lee RG, et al. Fatty acid conjuga-
tion enhances potency of antisense oligonucleotides in mus-
cle. Nucleic Acids Res 2019;47:6029–6044; doi: 10.1093/
nar/gkz354

22. Dowdy SF, Setten RL, Cui X-S, et al. Delivery of
RNA therapeutics: The great endosomal escape! Nu-
cleic Acid Ther 2022;32:361–368; doi: 10.1089/nat.2022
.0004

23. Lange J, Zhou H, McTague A. Cerebral organoids and anti-
sense oligonucleotide therapeutics: Challenges and opportu-
nities. Front Mol Neurosci 2022;15:941528; doi: 10.3389/
fnmol.2022.941528

24. Wan L, Kral AJ, Voss D, et al. Screening splice-switching
antisense oligonucleotides in pancreas-cancer organoids.
Nucleic Acid Ther 2024;34:188–198; doi: 10.1089/nat.2023
.0070

25. Chen X, Birey F, Li M-Y, et al. Antisense oligonucleotide
therapeutic approach for Timothy syndrome. Nature 2024;
628:818–825; doi: 10.1038/s41586-024-07310-6

26. Goyenvalle A, Jimenez-Mallebrera C, van Roon W, et al.
Considerations in the preclinical assessment of the safety of
antisense oligonucleotides. Nucleic Acid Ther 2023;33:
1–16; doi: 10.1089/nat.2022.0061

27. Hung G, Xiao X, Peralta R, et al. Characterization of target
mRNA reduction through in situ RNA hybridization in mul-
tiple organ systems following systemic antisense treatment
in animals. Nucleic Acid Ther 2013;23:369–378; doi: 10
.1089/nat.2013.0443

28. Dunn KW, Kamocka MM, McDonald JH. A practical guide
to evaluating colocalization in biological microscopy. Am J
Physiol Cell Physiol 2011;300:C723–C742; doi: 10.1152/
ajpcell.00462.2010

29. Hammond SM, Aartsma-Rus A, Alves S, et al. Delivery of
oligonucleotide-based therapeutics: Challenges and oppor-
tunities. EMBO Mol Med 2021;13:e13243; doi: 10.15252/
emmm.202013243

180 FIAL ET AL.

D
ow

nl
oa

de
d 

by
 1

30
.2

46
.2

42
.2

1 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
9/

01
/2

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

http://dx.doi.org/10.1016/j.omtn.2024.102440
http://dx.doi.org/10.1038/s41565-021-00898-0
http://dx.doi.org/10.1038/s41565-021-00898-0
http://dx.doi.org/10.1093/nar/gkad067
http://dx.doi.org/10.1093/nar/gkr089
http://dx.doi.org/10.1080/17460441.2024.2440095
http://dx.doi.org/10.1016/j.jpba.2021.114368
http://dx.doi.org/10.1016/j.jpba.2021.114368
http://dx.doi.org/10.1093/nar/gkaa576
http://dx.doi.org/10.1021/jasms.0c00179
http://dx.doi.org/10.1021/jasms.0c00179
http://dx.doi.org/10.1089/nat.2021.0100
http://dx.doi.org/10.1089/nat.2021.0100
http://dx.doi.org/10.1089/nat.2019.0840
http://dx.doi.org/10.1089/nat.2019.0840
http://dx.doi.org/10.1371/journal.pone.0087649
http://dx.doi.org/10.1371/journal.pone.0087649
http://dx.doi.org/10.1016/j.bios.2014.11.036
http://dx.doi.org/10.1016/j.bios.2014.11.036
http://dx.doi.org/10.1016/j.jmoldx.2011.08.002
http://dx.doi.org/10.1093/nar/gkx946
http://dx.doi.org/10.1089/nat.2024.0065
http://dx.doi.org/10.1016/j.omtn.2017.08.012
http://dx.doi.org/10.1007/s11010-021-04154-w
http://dx.doi.org/10.1089/nat.2018.0772
http://dx.doi.org/10.1089/nat.2018.0772
http://dx.doi.org/10.1093/nar/gkz354
http://dx.doi.org/10.1093/nar/gkz354
http://dx.doi.org/10.1089/nat.2022.0004
http://dx.doi.org/10.1089/nat.2022.0004
http://dx.doi.org/10.3389/fnmol.2022.941528
http://dx.doi.org/10.3389/fnmol.2022.941528
http://dx.doi.org/10.1089/nat.2023.0070
http://dx.doi.org/10.1089/nat.2023.0070
http://dx.doi.org/10.1038/s41586-024-07310-6
http://dx.doi.org/10.1089/nat.2022.0061
http://dx.doi.org/10.1089/nat.2013.0443
http://dx.doi.org/10.1089/nat.2013.0443
http://dx.doi.org/10.1152/ajpcell.00462.2010
http://dx.doi.org/10.1152/ajpcell.00462.2010
http://dx.doi.org/10.15252/emmm.202013243
http://dx.doi.org/10.15252/emmm.202013243


30. Shemesh CS, Yu RZ, Gaus HJ, et al. Pharmacokinetic
and pharmacodynamic investigations of ION-353382,
a model antisense oligonucleotide: Using alpha-2-macro-
globulin and murinoglobulin double-knockout mice. Nu-
cleic Acid Ther 2016;26:223–235; doi: 10.1089/nat.2016
.0607

31. Research C for DE and. Nonclinical Safety Assessment of
Oligonucleotide-Based Therapeutics. FDA; 2024. Available
from: https://www.fda.gov/regulatory-information/search-
fda-guidance-documents/nonclinical-safety-assessment-
oligonucleotide-based-therapeutics [Last accessed: March
3, 2025].

32. Geary RS, Norris D, Yu R, et al. Pharmacokinetics, biodis-
tribution and cell uptake of antisense oligonucleotides. Adv
Drug Deliv Rev 2015;87:46–51; doi: 10.1016/j.addr.2015
.01.008

33. Linnane E, Davey P, Zhang P, et al. 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; doi: 10
.1093/nar/gkz214

34. Buijsen RAM, van der Graaf LM, Kuijper EC, et al. Cal-
cium-enhanced medium-based delivery of splice modulating
antisense oligonucleotides in 2D and 3D hiPSC-derived neu-
ronal models. Biomedicines 2024;12:1933; doi: 10.3390/
biomedicines12091933

35. Bowles KR, Silva MC, Whitney K, et al. ELAVL4, splicing,
and glutamatergic dysfunction precede neuron loss in MAPT
mutation cerebral organoids. Cell 2021;184:4547–4563.e17;
doi: 10.1016/j.cell.2021.07.003

36. Zhu Z, Cheng Y, Liu X, et al. Advances in the develop-
ment and application of human organoids: Techniques,
applications, and future perspectives. Cell Transplant
2025;34:9636897241303271; doi: 10.1177/096368972413
03271

37. Han X, Cai C, Deng W, et al. Landscape of human organo-
ids: Ideal model in clinics and research. Innovation (Camb)
2024;5:100620; doi: 10.1016/j.xinn.2024.100620

38. Moreira BG, You Y, Owczarzy R. Cy3 and Cy5 dyes
attached to oligonucleotide terminus stabilize DNA duplexes:
Predictive thermodynamic model. Biophys Chem 2015;198:
36–44; doi: 10.1016/j.bpc.2015.01.001

39. Nilsson JR, Baladi T, Gallud A, et al. Fluorescent base ana-
logues in gapmers enable stealth labeling of antisense oligo-
nucleotide therapeutics. Sci Rep 2021;11:11365; doi: 10
.1038/s41598-021-90629-1

40. Wilhelmsson LM. Fluorescent nucleic acid base ana-
logues. Q Rev Biophys 2010;43:159–183; doi: 10.1017/
S0033583510000090

41. Buntz A, Killian T, Schmid D, et al. Quantitative fluores-
cence imaging determines the absolute number of locked
nucleic acid oligonucleotides needed for suppression of tar-
get gene expression. Nucleic Acids Res 2019;47:953–969;
doi: 10.1093/nar/gky1158

42. Pendergraff H, Schmidt S, Vikeså J, et al. Nuclear and cyto-
plasmatic quantification of unconjugated, label-free locked
nucleic acid oligonucleotides. Nucleic Acid Ther 2020;30:
4–13; doi: 10.1089/nat.2019.0810

43. Kay E, Stulz R, Becquart C, et al. NanoSIMS imaging
reveals the impact of ligand-ASO conjugate stability on
ASO subcellular distribution. Pharmaceutics 2022;14:463;
doi: 10.3390/pharmaceutics14020463

44. Castanotto D, Lin M, Kowolik C, et al. A cytoplasmic path-
way for gapmer antisense oligonucleotide-mediated gene
silencing in mammalian cells. Nucleic Acids Res 2015;43:
9350–9361; doi: 10.1093/nar/gkv964

45. Liang X-H, De Hoyos CL, Shen W, et al. Solid-phase sepa-
ration of toxic phosphorothioate antisense oligonucleotide-
protein nucleolar aggregates is cytoprotective. Nucleic Acid
Ther 2021;31:126–144; doi: 10.1089/nat.2020.0923

46. Spencer-Dene B, Mukherjee P, Alex A, et al. Localiza-
tion of unlabeled bepirovirsen antisense oligonucleotide
in murine tissues using in situ hybridization and CARS
imaging. RNA 2023;29:1575–1590; doi: 10.1261/rna
.079699.123

Address correspondence to:
Xiao Wan

Medical Research Council Nucleic Acid Therapy Accelerator
Research Complex at Harwell

Harwell Campus
Didcot OX11 0FA

UK

E-mail: xiao.wan@natahub.org

Peter L. Oliver
Medical Research Council Nucleic Acid Therapy Accelerator

Research Complex at Harwell
Harwell Campus
Didcot OX11 0FA

UK

E-mail: p.oliver@har.mrc.ac.uk

Received for publication March 12, 2025; accepted after revi-
sion June 26, 2025; Published Online: July 21, 2025.

ANTI-PS AND ANTI-MOE ANTIBODY CHARACTERIZATION 181

D
ow

nl
oa

de
d 

by
 1

30
.2

46
.2

42
.2

1 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
9/

01
/2

5.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

http://dx.doi.org/10.1089/nat.2016.0607
http://dx.doi.org/10.1089/nat.2016.0607
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/nonclinical-safety-assessment-oligonucleotide-based-therapeutics
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/nonclinical-safety-assessment-oligonucleotide-based-therapeutics
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/nonclinical-safety-assessment-oligonucleotide-based-therapeutics
http://dx.doi.org/10.1016/j.addr.2015.01.008
http://dx.doi.org/10.1016/j.addr.2015.01.008
http://dx.doi.org/10.1093/nar/gkz214
http://dx.doi.org/10.1093/nar/gkz214
http://dx.doi.org/10.3390/biomedicines12091933
http://dx.doi.org/10.3390/biomedicines12091933
http://dx.doi.org/10.1016/j.cell.2021.07.003
http://dx.doi.org/10.1177/09636897241303271
http://dx.doi.org/10.1177/09636897241303271
http://dx.doi.org/10.1016/j.xinn.2024.100620
http://dx.doi.org/10.1016/j.bpc.2015.01.001
http://dx.doi.org/10.1038/s41598-021-90629-1
http://dx.doi.org/10.1038/s41598-021-90629-1
http://dx.doi.org/10.1017/S0033583510000090
http://dx.doi.org/10.1017/S0033583510000090
http://dx.doi.org/10.1093/nar/gky1158
http://dx.doi.org/10.1089/nat.2019.0810
http://dx.doi.org/10.3390/pharmaceutics14020463
http://dx.doi.org/10.1093/nar/gkv964
http://dx.doi.org/10.1089/nat.2020.0923
http://dx.doi.org/10.1261/rna.079699.123
http://dx.doi.org/10.1261/rna.079699.123
mailto:xiao.wan@natahub.org
mailto:p.oliver@har.mrc.ac.uk

