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Inhomogeneous Diastereomeric Composition of Mongersen
Antisense Phosphorothioate Oligonucleotide Preparations

and Related Pharmacological Activity Impairment
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Mongersen is a 21-mer antisense oligonucleotide designed to downregulate Mothers against decapentaplegic
homolog 7 (SMAD7) expression to treat Crohn’s disease. Mongersen was manufactured in numerous batches at
different scales during several years of clinical development, which all appeared identical, using common
physicochemical analytical techniques, while only phosphorous-31 nuclear magnetic resonance (31P-NMR) in
solution showed marked differences. Close-up analysis of 27 mongersen batches revealed marked differences in
SMAD7 downregulation in a cell-based assay. Principal component analysis of 31P-NMR profiles showed
strong correlation with SMAD7 downregulation and, therefore, with pharmacological efficacy in vitro. Mon-
gersen contains 20 phosphorothioate (PS) linkages, whose chirality (Rp/Sp) was not controlled during
manufacturing. A different diastereomeric composition throughout batches would lead to superimposable an-
alytical data, but to distinct 31P-NMR profiles, as indeed we found. We tentatively suggest that this may be the
origin of different biological activity. As similar manifolds are expected for other PS-based oligonucleotides,
the protocol described here provides a general method to identify PS chirality issues and a chemometric tool to
score each preparation for this elusive feature.
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Introduction

Several synthetic oligonucleotides, including anti-
sense oligonucleotides (ASOs) and small interfering

RNAs (siRNAs), have recently gained approval as thera-
peutic agents and many are in clinical development [1–3].
Synthetic oligonucleotides used therapeutically are chemi-
cally modified to improve their pharmacokinetic and phar-
macodynamic properties [4,5]. The replacement of
phosphodiester (PO) with phosphorothioate (PS) linkages
was the first chemical modification to be investigated and it is

still the most extensively used, in particular, in RNase
H-dependent ASOs [1,4,6,7]. In these ASOs, replacement of
the PO with PS improves resistance to nucleases and facili-
tates cellular uptake and bioavailability in vivo without sig-
nificantly impairing hybridization with the target RNA or the
posthybridization RNase H activation [1,4,6,8].

However, the PS modification results in a chiral center
with either Sp or Rp configuration (Fig. 1). Such chiral cen-
ters coupled with the other stereogenic elements of the oli-
gonucleotide chain lead to the formation of 2n diastereomers,
with n being the number of PS linkages present in the PS-
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2Dipartimento di Medicina dei Sistemi, Università di Roma ‘‘Tor Vergata,’’ Rome, Italy.
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modified oligonucleotide [9,10]. Since common synthetic
methods of PS-modified oligonucleotides do not allow for
control of the chirality at the phosphorous atom, approved PS
oligos are a mixture of diastereomers [4].

It has been known for decades that these diastereomers have
different biological activity, for example, the two PS nucleo-
tides diastereomers have differential reactivity toward nucle-
ases and kinases, and studies performed with ASOs where the
stereochemistry of each PS linkage was predetermined,
demonstrated that RNA binding properties, stability of sense/
antisense hybrid, and posthybridization mechanisms can be
affected by the stereochemistry [9,11–16].

In a study performed to explore the impact of stereochem-
istry on biological activity, mipomersen, an ASO approved by
the Food and Drug Administration to treat homozygous familial
hypercholesterolemia, was prepared in sets of Rp/Sp sequences
across its 19 PS linkages, with the goal of determining the
optimal configurations for RNase H1-mediated target cleavage
[17]. This analysis demonstrated that the stereochemistry
considerably modulates biological activity of the ASO. Ste-
reochemical bias introduced during RNA synthesis has also
been shown to impact the biological activity of siRNA [18].

However, as the overall efficacy of an ASO or siRNA is the
result of a combination of events, where RNase H1 activity or
RNA interference represents only one piece of the mosaic, it
has also been reported that ‘‘ASOs with stereorandom PS
linkages offer the optimal balance of activity and metabolic
stability’’ [19], and that controlling PS chirality would not
justify the added cost and complexity of the manufacturing
process [20].

When stereochemistry is not controlled during oligonu-
cleotide synthesis, random stereochemistry of a PS sequence
is not ensured. Internal chiral induction is exerted by the
nucleotide sugars and the growing chain itself. The bias to-
ward Rp or Sp configurations depends on the conditions of
preparation and purification of the ASO, and even small
changes in the manufacturing can result in considerable dif-
ferences in the chiral composition of PS linkages [21,22]. For
this reason regulatory authorities require companies that
manufacture oligonucleotides for therapeutic use ensure

batch-to-batch consistency with regard to diastereomeric
composition, which may represent a challenging aspect for
most analytical methods, in the presence of a very large
number of stereoisomers.

In this study, we focused on mongersen, a 21-mer PS-ASO
investigational medicinal product developed for the treat-
ment of Crohn’s disease [23–29].

Crohn’s disease is a chronic inflammatory bowel disease
that affects a considerable portion of the population in
Western countries, with increasing annual incidence and
prevalence [30]. The Crohn’s disease-associated inflamma-
tory process is sustained by defects of normal counter-
regulatory mechanisms [31]. One such mechanism involves
transforming growth factor-b1 (TGF-b1), a multifunctional
cytokine that inhibits multiple inflammatory signals in the gut
and that contributes to the maintenance of the mucosal ho-
meostasis [32,33]. In Crohn’s disease, the defective activity
of TGF-b1 is due to high levels of Mothers against dec-
apentaplegic homolog 7 (SMAD7), an intracellular inhibitor
of TGF-b1/SMAD signaling [23].

Consistent with this mechanism, reduction in SMAD7
levels using an ASO targeted to SMAD7 messenger RNA
(mRNA) restored TGF-b1 activity, thereby suppressing in-
flammatory signals in human mucosal cells and in mouse
models of colitis [34,35]. These studies paved the way for the
development of an oral formulation of the SMAD7-targeted
ASO now known as mongersen (previously GED-0301).
A total of four phase 1 and phase 2 studies documented highly
significant clinical and endoscopic benefit of mongersen in
patients with active Crohn’s disease [24,25,27,29].

Despite these very positive results, a multicenter ran-
domized double-blind placebo-controlled phase 3 study was
prematurely discontinued on the basis of a futility analysis
showing that mongersen was not effective in Crohn’s disease
patients [28]. The reasons for the failure of the phase 3 study,
despite the previous clinical trials documenting the efficacy
of the drug, have not been addressed.

Mongersen has been prepared in numerous batches during
several years of clinical development and, as is the case for
most clinically evaluated PS-ASOs, it was synthesized
without controlling PS stereochemistry. We had the unique
opportunity to analyze samples from each batch to identify
unpredicted and undesirable inhomogeneities, which are
likely to affect other therapeutic oligonucleotides that contain
PS linkages. From this point of view, mongersen constitutes a
study case that represents a general situation.

Very recently, upon testing of a limited number of mon-
gersen batches, Marafini et al. reported remarkable differ-
ences in their pharmacological activity [29].

Over the extended period of mongersen production, sev-
eral conditions changed. The mere difference in manufacture
scale can represent a variable, whose fallout on the compo-
sition of the mixture of the 220 possible diastereomers is
difficult to evaluate. It should be borne in mind that current
analytical techniques would fail to resolve and quantify this
complex mixture.

With this study, we shall demonstrate that (1) phosphor-
ous-31 nuclear magnetic resonance (31P-NMR) reveals in-
homogeneity among the various batches and fingerprints
them, (2) principal component analysis (PCA) can immedi-
ately group families of 31P-NMR spectra, and (3) the PCA
families correlate with different biological activities in vitro.

FIG. 1. Schematic representation of phosphorothioate-
modified oligonucleotides with Sp (red, left) and Rp (blue,
right) configuration at the phosphorous atom.
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This enables us to rationalize one of the possible causes that
could have contributed to the failure of the phase 3 study
despite the previous positive scientific and clinical evidence.
We tentatively assign this inhomogeneity to a variable dia-
stereomeric composition throughout the different preparations.

The specific case of mongersen sheds light on a problem
that is likely to be ubiquitous in the context of PS-modified
oligonucleotides and validates a method to recognize it and
an analytical target to direct manufacturing.

Materials and Methods

Mongersen samples

Mongersen was chemically synthesized using commer-
cially available synthesizers in a process that included oli-
gonucleotide synthesis on solid support, cleavage of the
protected oligonucleotide from the solid support, deprotec-
tion, preparative chromatography purification, concentration,
desalting, and lyophilization to yield the drug substance.
Twenty-seven different batches of mongersen, prepared
during the course of several years at different manufacturing
scales, were studied (Supplementary Table S1). All batches
(excluding E) were manufactured in compliance with current
good manufacturing practice between 2008 and 2017.

Most of these batches were used in clinical trials. The ex-
ception is sample E, which was manufactured on laboratory
scale (0.24 mmol, 150 mg) in 2020. Quality control testing
performed at the time of manufacture was in line with standard
requirements for ASOs and did not reveal significant chemical
differences. The batches had a chemical purity of mean
92.1% – 0.7%. The impurity profile, mainly represented by
oligonucleotide-related impurities, was typical of this class of
molecules. Of note, the impurity pattern was consistent across
batches, as ascertained by reversed-phase high performance
liquid chromatography (RP-HPLC) (Supplementary Fig. S1)
and liquid chromatography mass spectrometry (LC-MS)
(Supplementary Figs. S2 and S3) analyses. All the samples
were stored at -20�C.

Quality and homogeneity in terms of purity and impurities
profile were reconfirmed by RP-HPLC on all batches before
31P-NMR and in vitro testing performed for this study
(Supplementary Fig. S1).

Moreover, representative batches were also characterized
using a large array of state-of-the-art techniques aimed at
detecting possible differences in the chemical composition
and physical properties of the batches (ie, solid-state NMR,
X-ray powder diffraction, Fourier transform (FT) infrared
spectroscopy, FT-Raman spectroscopy, small-angle X-ray
scattering, thermal gravimetric analysis evolved gases anal-
ysis, differential scanning calorimetry, dynamic vapor sorp-
tion, electronic circular dichroism [ECD], and variable
temperature ECD). No significant variability between bat-
ches was detected (Supplementary Figs. S4–S15).

In vitro pharmacology experiments

The human colorectal cancer cell line HCT-116 was ob-
tained from the American Type Culture Collection and main-
tained in McCoy’s 5A (Lonza) supplemented with 10% fetal
bovine serum (FBS) (Euroclone) and 1% penicillin/strepto-
mycin (Lonza), in a 37�C 5% CO2 fully humidified incubator.
The cell line was authenticated by short tandem repeat DNA
fingerprinting using the PowerPlex 18D System kit according

to the manufacturer’s instructions (Promega); the profile
matched the known DNA fingerprint. To perform transfec-
tion experiments, 1 mL of single-cell suspension (2 · 105

cells/mL) was added per well of six-well culture dishes.
The next day, cells were washed with phosphate buffered

saline (PBS) (Lonza) and transfected with different batches of
mongersen using Opti-MEM I transfection medium plus Li-
pofectamine 3000 (Lipo) reagent (Thermo Fisher Scientific)
according to the manufacturer’s instructions. The transfection
was performed in a final volume of 2 mL to result in a 1mg/mL
final concentration of each test item. Cells incubated with
Opti-MEM I transfection medium and Lipo only were used as
internal control. After 24 h, cells were washed with PBS and
cultured with McCoy’s 5A supplemented with 10% FBS and
antibiotics for further 3 or 24 h to assess SMAD7 RNA tran-
scripts or SMAD7 protein expression, respectively. Cells were
then washed with PBS and either RNA or total proteins were
extracted to perform reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) and Western blotting
experiments.

RNA was extracted using PureLink mRNA mini kit
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. A constant amount of RNA (1 mg per sample)
was reverse transcribed into complementary DNA (cDNA),
and 1 mL of cDNA per sample was then amplified by RT-
qPCR using iQ SYBR Green Supermix (Bio-Rad Labora-
tories, Milan, Italy) and the following primers: SMAD7:
forward: 5¢-GCCCGACTTCTTCATGGTGT-3¢; reverse: 5¢-
TGCCGCTCCTTCAGTTTCTT-3¢, b-actin: forward: 5¢-AA
GATGACCCAGATCATGTTTGAGACC-3¢; reverse: 5¢-
AGCCAGTCCAGACGCAGGAT-3¢. SMAD7 RNA ex-
pression was calculated relative to the housekeeping b-actin
gene on the base of the DDCt algorithm.

Total proteins were extracted using the following lysis buffer:
10 mmol/L N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
(HEPES) pH 7.9, 1 mmol/L ethylenediaminetetra-acetic acid
(EDTA), 60 mmol/L KCl, 0.2% Igepal CA-630, 1 mmol/L
sodium fluoride, 10mg/mL aprotinin, 10mg/mL leupeptin,
1 mmol/L dithiothreitol (DTT), and 1 mmol/L phe-
nylmethylsulfonyl fluoride (PMSF) (all from Sigma-Aldrich).
Proteins were separated on a 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gel, and
blots were then incubated with a mouse antihuman monoclo-
nal anti-SMAD7 antibody (0.5mg/mL final dilution; R&D
Systems) followed by incubation with a rabbit antimouse an-
tibody conjugated to horseradish peroxidase (1:20,000 final
dilution; Dako, Cat. No.: MAB2029).

After analysis for SMAD7, each blot was stripped and
incubated with a mouse–antihuman monoclonal b-actin an-
tibody (Sigma-Aldrich) to confirm equal loading of the lanes.
Computer-assisted scanning densitometry (Image Lab Soft-
ware) was used to analyze the intensity of the immunoreac-
tive bands. Each batch of mongersen was tested in at least
three independent experiments. Data were analyzed using the
Student’s t-test. Each experiment included the negative
control (transfection reagent-only treated cells) and the
mongersen reference batch H.

NMR experiments

In all cases, the ASOs were dissolved in D2O (*9 mg in
0.5 mL) and immediately subjected to NMR (31P and 1H)
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analysis. The NMR experiments were conducted on an Agi-
lent Inova 600 spectrometer operating at 14.1 T and at 25.0�C
using standard 1H-NMR and 31P-NMR pulse sequences. For
1H-NMR, 128 transients were obtained. For 31P-NMR, 2,000
transients with 3-s relaxation times were obtained. The hy-
drogen deuterium oxide line width did not exceed 1.3 Hz.
A line broadening of 2 Hz was applied to the 31P spectra.

Representative 1H- and 31P-NMR spectra are shown in
Supplementary Figs. S16–S19. After recording a spectrum as
already specified above, the tube containing sample F was
heated to 85�C for 20 min. After this, it was cooled to room
temperature again and measured a second time at 25�C; data
from this experiment are shown in Supplementary Fig. S20.

31P-NMR PCA

PCA was performed using the freeware Chemometrics
Agile Tool (http://www.gruppochemiometria.it/index.php/
software/19-download-the-r-based-chemometric-software).
All the 31P-NMR spectra were digitized between 53 and
57 ppm (a total of 2,175 points each). The samples C, F, G,
H, L, M, Q, S, U, and W were chosen as the training set. To
perform the PCA, all the NMR spectra were normalized on
the area between 57 and 53 ppm. The data matrix was then
prepared by arranging the variables in columns and the
samples in rows. The PCA was performed on the data matrix
by automatically scaling the intensity values through mean
centering by column.

Results

In vitro pharmacology profile

To identify differences in the pharmacological profiles of
different clinical batches of mongersen drug substance
(Supplementary Table S1), the downregulation of SMAD7
protein was tested in cells of the human colorectal cancer cell
line HCT-116 treated with mongersen or not. This is a well-
established bioassay, shown previously to give reproducible
results [36]. Before in vitro testing, all samples were analyzed
by RP-HPLC, which did not reveal significant differences
among batches, confirming the considerable stability of
mongersen over several years of storage. The batches differ
in their ability to reduce the levels of SMAD7 target protein
in cultured cells (Fig. 2a, b).

An in vitro arbitrary pharmacology performance score was
assigned to the batches based on their capability to down-
regulate the SMAD7 protein as compared with the capability
of a reference batch H. The reference batch consistently re-
duced SMAD7 levels in this assay [29] and induced clinical
remission in patients with active Crohn’s disease when for-
mulated as gastroresistant delayed release tablets used in the
phase 1 and phase 2 clinical studies [24,25]. The in vitro
pharmacology performance scores are plotted in Fig. 2c.

A color-coded score was assigned to the batches based on
their in vitro pharmacology performance: green—good per-
formance, yellow—medium performance, and red—poor
performance. In addition, we evaluated the ability of some
representative batches (ie, H, Z, K, and S) to affect SMAD7
RNA expression by RT-qPCR. Our data, depicted in Sup-
plementary Fig. S21, clearly show the different capability of
the tested batches in downregulating SMAD7 RNA tran-
scripts and are in line with data obtained by Western blotting
regarding the modulation of SMAD7 protein levels.

31P-NMR spectra of mongersen batches

After ascertaining that all other analytical data had re-
vealed no differences among the various preparations (see
Supplementary Data), all batches of drug substance were
analyzed by 31P-NMR. Each phosphorous atom of the PS
ASO results in a singlet in the 31P-NMR spectrum in the
region between 54 and 56 ppm. The fine structure in this
region is due to, among other effects, the distribution of
Sp/Rp centers along the backbone. Most chemical impurities
do not contribute to the 31P spectrum in the narrow chemical
shift range of PS linkages and, therefore, the differences can
arise from stereochemistry.

Wyrzykiewicz and Cole previously reported that the PS
linkage formation is not stereorandom [21]. However, these
authors suggested that the overall synthetic process is ste-
reoreproducible. This will be correct, when synthesis is
performed under rigorously identical conditions using the
same starting materials. However, this may not be the case
when synthesis scale differs and when drug substance is
prepared over a long time span, during which there may be
variations in the manufacturing protocols or in the starting
materials. Moreover, owing to the diastereomeric nature of

‰

FIG. 2. (a) Western blots for SMAD7 protein expression in cells treated with mongersen from different batches. HCT-116
cells were either incubated with Lipofectamine 3000 only (Lipo) or transfected with the indicated batches of drug substance.
Whole-cell extracts were prepared and analyzed for SMAD7 expression by Western blotting. b-actin was used as a loading
control. One of at least three representative experiments for each set of samples is shown. (b) Quantitative analysis of
SMAD7/b-actin protein ratio in total extracts of HCT-116 cells treated as indicated in (a), as measured by densitometry
scanning of Western blots. Values are expressed in a.u. and are the mean – SEM of at least three experiments for each set of
samples. The dashed lines represent the SMAD7/b-actin protein ratio in cells transfected with the reference batch H.
‘‘Lipo’’ indicates the negative control, with cells treated with transfection reagent only. Reference batch H versus the
indicated mongersen batches, *P < 0.05, **P < 0.01. (c) In vitro capability of mongersen batches to downregulate SMAD7
protein expression compared with batch H. An arbitrary pharmacology performance score, defined as the mean percentage
difference in SMAD7 protein expression between treatment with the indicated batch and the reference batch H, was
assigned to the mongersen batches based on their capability to downregulate the SMAD7 protein. The pharmacology
performance of the batches is represented by colored bars and is defined as follows: green—similar to batch H (efficacy
within 20% of H), yellow—marginal decrease in performance compared with batch H (decrease in efficacy of 20–40% vs.
H); red—poor performance (>40% decrease of efficacy compared with H). ‘‘Lipo’’ indicates the negative control, with cells
treated with transfection reagent only. For each batch, the bar represents the mean of at least three independent experiments.
a.u., arbitrary units; HCT-116; SEM, standard error of the mean; SMAD7, Mothers against decapentaplegic homolog 7.
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the Sp/Rp set of isomers, the chromatographic purification
steps may further affect this composition [37,38].

Provided the base sequence is the same, a 31P spectrum is
further modulated by the sequence of Sp/Rp at each PS
linkages. When there are 20 such linkages, there are 220

possible diastereomers, each leading to a different 31P spec-
trum. Thus, the signal between 54 and 56 ppm for mongersen
batches is complex (we should hypothesize up to
20 · 220 = 20 · 106 singlets). For mongersen batches, we ob-
served signals in the ranges of 54.8–55.3, 55.3–55.6, and
55.6–56.0 ppm; signals between 54 and 54.8 ppm were very
weak. The fine structures within these regions differed from
batch to batch as shown in Fig. 3.

Principal component analysis

Because the 31P spectra are the convolution of a large
number of contributions, it was necessary to resort to the
application of chemometric analysis. Ten batches were se-
lected that had spectra that appeared to be significantly dif-

ferent from one another (Fig. 3), and spectra of these batches
were subjected to PCA using the Chemometric Agile Tool
software. Six principal components accounted for >99% of
variance of the 31P-NMR spectra, and only two components
account for 90% of total variance. The score plot of this
training set is shown in Fig. 4 and the scree plot is presented
in Supplementary Fig. S22.

The remaining 17 spectra were treated as an external set
and were projected onto the score plot of the training set
(Fig. 5). Clusters of batches with almost identical PC1/PC2
were distinguished. The batches in the clusters had similar
31P-NMR spectra. A small number of batches are scattered
and did not belong to any defined cluster.

Besides the chirality of PS linkages, the 31P spectra would
also respond to other stereochemical factors, the most critical
one is represented by secondary structures. To exclude that

FIG. 3. The 31P-NMR spectra of
a subset of mongersen batches, re-
vealing differences in the fine
structures of the 31P resonances.

FIG. 4. The score plot of the 31P spectra of the 10 batches
of mongersen (M, C, L, S, U, G, W, Q, F, and H) used as a
training set for the PCA. PCA, principal component analysis.

FIG. 5. The score plot of the 31P spectra of the 27 batches
of mongersen analyzed in this study. The filled circles
(batch number reported in Fig. 4) represent samples from
the training set. The open circles represent the external set.
The colors correspond to SMAD7 expression inhibition
(as defined in Fig. 2 legend): green—similar to batch H,
yellow—marginal decrease in performance versus H; and
red—poor performance.
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mongersen batches are characterized by different secondary
structures, ECD spectra were recorded. All samples had very
similar ECD spectra and almost identical ECD versus tem-
perature curves (Supplementary Figs. S14 and S15); all
variations were within the experimental error. As a second
experiment to exclude other factors, NMR spectra were ob-
tained of batch F before and after heating at 85�C for 20 min.
The spectra before and after heat treatment are superimpos-
able (Supplementary Fig. S20), thus the oligonucleotide was
not trapped in a folded conformation.

Correlation between SMAD7 inhibition
and 31P-NMR PCA

In the score plot of Fig. 5, the cluster of batches centered at
(-0.10, 0.05) corresponds to batches that had considerably
lower in vitro SMAD7 inhibitory effect (‘‘red cluster’’) than
the reference batch H. Outside this region, there is a transition
zone, characterized by data corresponding to batches with
marginal decrease in performance compared with batch H.
A well-defined area around (-0.35, -0.15) is also distin-
guishable; in this region, batches with in vitro SMAD7 in-
hibitory performance similar to reference batch H are
clustered (‘‘green cluster’’).

Two batches located around (0.7, -0.1) and (0.9, -0.45) are
batch H (which was the reference for the in vitro pharma-
cology testing, and was the batch manufactured first) and
batch E, prepared in 2020 in a laboratory-scale synthesis.
Both batches H and E very efficiently inhibited SMAD7
expression in the in vitro assay.

Discussion

Mongersen is a PS-ASO designed to downregulate the
expression of SMAD7.

Starting in 2008, a total of four phases 1 and 2 clinical
studies documented highly significant clinical benefit in ac-
tive Crohn’s disease patients treated with mongersen
[24,25,27,29], whereas a phase 3 study was discontinued in
2017 due to lack of efficacy [28].

The in vitro assay employing the human cell line HCT-116
provides an excellent model to test the pharmacological activity
of this ASO. This assay demonstrated a large degree of variation
in the ability of 27 different batches (most of which were used in
mongersen clinical studies), to inhibit SMAD7. This variability
indicates that there was a lack of reproducibility of the drug
substance manufacture, which could not be detected during
quality control testing, or by the employment of a large array of
state-of-the-art techniques (ie, solid-state NMR, X-ray powder
diffraction, FT infrared spectroscopy, FT-Raman spectroscopy,
small-angle X-ray scattering, thermal gravimetric analysis,
evolved gases analysis, differential scanning calorimetry, dy-
namic vapor sorption, and LC-MS impurity profiling, or by
ECD analysis) aimed at thoroughly characterizing the compo-
sition and chemical/physical properties of the batches.

By using these analytical methods, one would have con-
cluded that the product was homogeneous within the batches. It
is also worth of note that LC-MS and 31P-NMR itself would
reveal the presence of PO impurities. For a number n of PO
replacing PS, one would expect an MS peak at mass M-(n · 16)
and 31P resonances*0 ppm, which can be practically ruled out
(below a few percentage of monophosphodiester-related sub-

stance detected by LC-MS in all batches) by considering the
spectra in Supplementary Figs. S3, S6 and S17.

In contrast, 31P-NMR, which is a selective interrogation
tool for the chemical environments of the phosphorous at-
oms, differed significantly from batch to batch. The re-
markable differences in 31P-NMR point to an unexpected
manifold, shedding light on the batch-to-batch differences
observed in in vitro activity.

Of note, the batches of drug substance used in this study
were manufactured over the course of several years, and
batch size, equipment, parameters, and reagents were chan-
ged during this time period.

PCA allowed us to identify clusters of batches with similar
31P-NMR spectra. The spectral characteristics were strongly
correlated with in vitro activity. Thus, the strategy we de-
scribe provides a chemometric tool to highlight similarities
and differences in diastereomeric composition of batches of
ASO. PC1 and PC2 explained *90% of total variance of
these spectra and were used to provide a two-score char-
acterization of each batch. It can be recognized that
there are tight clusters around (-0.35, -0.15) and (-0.10,
0.05), several somewhat scattered points and two outliers
(E and H).

These two batches, H and E, were unique with regard to
their manufacture: the former is the first clinical batch of drug
substance prepared in 2008, and the latter is the result of a
very small laboratory-scale preparation from 2020. We can
conclude that 31P-NMR in solution fingerprints the stereo-
chemical identity of our specific drug substance mongersen.
Noteworthy, preparations with the same 31P spectrum profile
behave very similarly in biological assays.

Thus, 31P-NMR/PCA provided an analytical measure that
correlated with in vitro activity of mongersen.

Among possible explanations of the differential biological
activity of mongersen batches, it appeared to us that one
matches the experimental observation of variable 31P-NMR
profiles in the PS region, in the absence of other evidence of
chemical contamination or by-product. Thus, we put forward
that the common origin of the variances in pharmacological
activity and in 31P-NMR is PS stereochemistry. Unfort-
unately, it is difficult to corroborate this hypothesis with more
stringent experimental data and we leave it to further study
and discussion.

This mongersen case study sheds light on a problem that is
likely to be ubiquitous in the context of PS-modified oligo-
nucleotides, which could have influenced the drug develop-
ment of this specific ASO and may affect the future clinical
advancement of these medical products.

Conclusions

Using solution 31P-NMR, a commonly available analytical
tool, and PCA, we developed a protocol to fingerprint syn-
thesis batches of oligonucleotide drug substance. The ob-
served variation of 31P-NMR in the narrow range of PS
resonances may be tentatively assigned to the diastereomeric
composition of mongersen in terms of chirality at phospho-
rous. The 31P-NMR/PCA scores correlate with, and thus may
predict, biological activity. We provide evidence that the
mongersen batches administered in clinical studies were not
homogeneous and presented a different ability to down-
regulate SMAD7 in cultured cells.
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The simple 31P-NMR/PCA protocol described here pro-
vides a tool for assessing homogeneity of PS oligonucleotide
preparations, particularly where the manufacturing condi-
tions are altered, or where variations in synthetic or purifi-
cation protocols occur. This tool will be even more valuable
in critical situations such as process scale-up or following a
change of drug substance manufacturer.
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