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Preface

The classical toolbox for drug discovery is continuously expanding beyond traditional small-
molecule therapies and monoclonal antibodies. This includes oligonucleotide (ON)-based drugs
(ONDs), such as antisense oligonucleotides (ASOs), which are designed to target RNA that enables
selective modulation of currently difficult or even previously undruggable disease-related proteins.
Currently, the development of ASOs is progressing for a wide range of indications, including cancers,
viral infections, and rare genetic conditions, in adult and pediatric patients. Typically, nonhuman
primates (NHPs) are used as the nonrodent model of choice for adult safety assessment of ASO
drug candidates. In 2017, the adult Gottingen Minipig was characterized to be a suitable alternative
non-rodent model in the adult safety assessment of ASOs. As authorities now also stimulate the
development of drugs for pediatric indications, for which juvenile animal studies (JAS) may provide
useful information, extending the work to qualify the juvenile Gottingen Minipig for pediatric safety
assessment of ASOs has been suggested. Therefore, this thesis focuses on characterizing the
juvenile Gottingen Minipig as a pediatric ASO safety testing model concerning its pharmacokinetic

(PK), pharmacodynamic (PD), and safety profiles.






Chapter 1
General Introduction

1.1 Antisense oligonucleotides (ASOs)

ASOs belong to a large group of therapeutic ONs for which different mechanisms of action (MOA)
are harnessed to exert their therapeutic potential. In particular, ASOs emerged as a clinically
validated therapeutic modality that utilizes synthetic ONs to modulate the translation of disease-
related proteins [1]. The use of synthetic ONs as therapeutic agents has progressed into broad
applications concurrent with the development of ASOs and involves multiple modalities, including
small interfering RNA (siRNA), mRNA, microRNA, non-coding RNA, long non-coding RNA, ribozymes,
small nucleolar RNA, and nucleic acids used for immune modulation (e.g., aptamers), gene editing
(i.e., CRISPR), and targeting toxic repeats [2]. These modalities and ASOs share characteristics such
as native nucleotide components or analogs joined together by phosphodiester (PO) or modified
linkages (see section 1.1.4.1). This thesis will focus on ASOs, and particularly on their PK/PD and
safety profiles in the juvenile Gottingen Minipig. In this chapter, we will present a review of what
ASOs are, beginning with a general perspective (1.1.1), followed by their therapeutic indications
(section 1.1.2), types (classes) (section 1.1.3), modification chemistries, and design strategies
(section 1.1.4). Afterward, a general description of their PK/PD (sections 1.1.5 — 6) and safety
profiles (section 1.1.7) will be discussed. In addition, an overview of ASO nonclinical development
and safety evaluation (section 1.2) will be presented, including perspectives on nonclinical pediatric

ASO safety testing and species selection.

1.1.1 General perspectives: ASO history and general advances/challenges

Antisense-based pharmaceuticals have a variety of pharmacologic actions since they can potentially
be designed to engage and modulate any RNA. As a result, clinical use (Table 1.1) and testing of
ASOs encompass numerous medical conditions [1]. In 1998, the first marketing authorization for an
ASO was granted to fomivirsen, indicated for cytomegalovirus retinitis in patients with AIDS. It took

two decades for this approval to pass since the initial proof of the ASO concept in 1978 [2]. In the



beginning, the concept of antisense therapies was conceived as a DNA-like ON sequence capable
of precisely binding to a complementary disease-related (m)RNA [2]. This began when Zamecnik
and Stephenson showed in their seminal works that suppressing Rous Sarcoma viral replication and
preventing chick fibroblasts’ transformation into sarcoma cells could be achieved using a 13-mer
unmodified single-stranded DNA (ssDNA) ON. As a result, this idea opened up novel strategies for
developing treatments based on inhibiting or modulating protein translation [3]. Although the basic
idea behind synthetic ONs as a therapeutic agent is straightforward, a thorough grasp of nucleic

acid chemistry must be realized before it reaches the clinics.

On this account, it took 15 years for the subsequent approval of an ASO therapeutic to be witnessed
in 2013. By the end of 2016, only two more ASOs had been granted approval by health authorities,
while another four ASOs were approved by 2020 (Table 1.1) [4]. Evidently, this shows that the field
took time to develop and get mature enough to produce safe and efficacious drugs qualified for
marketing authorization. Nonetheless, the chemical toolbox gradually expanded and became more
sophisticated throughout the years. ASOs that have advanced into clinical trials steadily increased
in frequency in recent years. As more ASOs pass through stringer sequence screening and safety
testing based on existing knowledge in this field, the pace of approvals will likely continue to speed

up [5]. However, this promising drug modality still needs to address several challenges.

The main challenges the antisense therapeutic concept faced before reaching the clinics were
primarily related to its physicochemical properties, such as nuclease instability and limited protein
binding affinity (see section 1.1.4). Therefore, finding new analogs of ONs with enhanced nuclease
resistance and protein binding for application in antisense investigations became the primary

research objective in the past [2].
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Table 1.1. List of currently approved oligonucleotide-based therapeutics. This table is adapted

from Takakusa et al. (2023) [4].

Generic name Type Mechanism Approval Target Indication
Fomivirsen ASO Tragliii'on ES ggg CMVIE2ZmRNA  CMV retinitis
- US 2004
Pegaptanib  Aptamer (PEG) B'Eﬂ:ﬁ;”d EU 2006 E/Ef)feliis) Nei‘éal\;c;'ar
8 JP 2008 P
. RNase H
Mipomersen ASO (gapmer) degradation US 2013 ApoB-100 mRNA HoFH
. Splicing Dystrophin pre-
Eteplirsen ASO modulation US 2016 MRNA DMD
- US 2016 Spinal
. Splicing
Nusinersen ASO modulation EU 2017 SMN2 pre-mRNA muscular
JP 2017 atrophy
(CpG1018)1  CpG oligomer B;:‘tji'\:’aiiigd Ej ;gz TLRY (protein)  HBV infection
RN H US 2018
Inotersen ASO (gapmer) degr:;:tion EU 2018 TTR mRNA hATTR
US 2018
Patisiran siRNA (LNP) RNAI EU 2018 TTR mRNA hATTR
JP 2019
RN H
Volanesorsen  ASO (gapmer) degr;dsjtion EU 2019 ApoClll mRNA FCS
Us 2019 Acute hepatic
Givosiran siRNA (GalNAc) RNAi EU 2020 ALAS1 mRNA oroh Fr)ia
JP 2021 porphy
Golodirsen ASO splicing US 2019 Dystrophin pre- DMD
modulation MRNA
. Splicing US 2020 Dystrophin pre-
Viltolarsen ASO modulation JP 2020 MRNA DMD
Lumasiran siRNA (GalNAc) RNAI |ngsz ;g;g HAO1 mRNA PH1
Inclisiran siRNA (GalNAc) RNAi :::JL; ;8;(1) PCSK9 mRNA HeFH
Casimersen ASO splicing US 2021 Dystrophin pre- DMD
modulation MmRNA
Vutrisiran siRNA (GalNAc) RNAI US 2022 TTR mRNA hATTR

Abbreviations: ASO, antisense oligonucleotide; US, United States; EU, European Union; CMV IE2, cytomegalovirus
immediate early 2; PEG, polyethylene glycol; VEGF, vascular endothelial growth factor; ARMD, age-related macular
degeneration; ApoB-100, apolipoprotein B 100; HoFH, homozygous familial hypercholesterolemia; DMD, Duchenne
muscular dystrophy; SMN2, survival motor neuron 2; TLR9, Toll-like receptor 9; HBV, hepatitis B virus; TTR, transthyretin;
hATTR, hereditary transthyretin amyloidosis; ApoClll, apolipoprotein CllI; LNP, lipid nanoparticle; FCS, familial
chylomicronemia syndrome; siRNA, small interfering RNA; GalNAc, N-Acetylgalactosamine; ALAS1, delta-aminolevulinate
synthase 1; HAO1, hydroxyacid oxidase 1; PH1, primary hyperoxaluria type 1; PCSK9, proprotein convertase subtilisin
kexin 9; HeFH, heterozygous familial hypercholesterolemia.
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The synthesis of phosphorothioate (PS) ONs marked a significant advancement in the realm of ASO
therapies in the mid-1980s [6,7]. PS-modified ASOs (PTOs) have more favorable physicochemical
properties than unmodified ONs (e.g., nuclease resistance and increased protein binding affinity),
making it a suitable modification basis for antisense therapeutics resulting in much higher cellular
activity and a better PK profile [8] (see section 1.1.4.1.1). In light of these findings, the scientific
community began to pay attention to antisense technology, and PTOs became the first generation
of ASOs [2]. Nevertheless, this modification caused nonspecific off-target binding to other RNA
sequences and proteins, which may result in adverse reactions [9] (see sections 1.1.7). The
progression of PTOs from nonclinical to clinical investigations has offered an essential
understanding of the characteristics of modified ASOs [2,10,11]. Improvements in PK profile and
adverse reactions related to the PS backbone modification have been extensively investigated and
categorized as ‘class effects’. Considering the prevalent adverse reactions to PTOs, early
development studies utilizing them persisted in growing [2]. Moreover, the duplex of a PTO with a
complementary RNA induces RNase activity [12]. Hence, apart from the steric blocking and splicing
modulation mechanisms, this allowed PTOs to be used in cleaving RNA strands causing translation

inhibition [13] (see section 1.1.3).

Subsequently, medicinal chemists developed an array of modifications (e.g., 2’-O-methoxyethyl (2'-
MOE) and locked nucleic acid (LNA)) to improve the different properties of ASOs, which will render
them useful as therapeutic agents. Moreover, certain modifications can be combined in a chimeric
pattern (e.g., gapmers) to further improve the desired ASO properties (see section 1.1.4.2).
Applying these other ASO chemistries and modification patterns led to the second generation of

ASOs [14].

Aside from drug metabolism (ASO degradation) and PK challenges, identifying toxicities or
toxicological properties of ASOs poses another challenge in this field. As there are no specific
guidelines for these emerging drug modalities (see section 1.2), designing the drug development
and safety packages is more flexible for ASOs than small molecule drugs, which should be viewed
as an opportunity instead of a problem. In general, the goal is to identify the adverse effects of
ASOs (as discussed in section 1.1.7) through well-designed studies as early as possible. This warrants

the use of in silico, in vitro, and suitable nonclinical animal models.
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1.1.2 Indications

Currently, more than a dozen ONDs (of which nine are ASOs) have received marketing authorization
(Table 1.1), while many others are in development for a wide range of indications, including
malignant neoplasms and viral infections. Most of these diseases were previously untreatable with
conventional drug modalities due to the innate difficulties in targeting the relevant proteins
involved in their pathology [15]. Additionally, the majority of ON therapeutics that have received
approval to date (e.g., eteplirsen, mipomersen, inotersen, and volanesorsen) are intended to treat
rare, frequently genetic conditions. Since there is no viable alternative treatment, the appearance
of certain safety signals in these circumstances has been determined to be acceptable based on
risk: benefit analysis. This, however, will probably be different for certain recent initiatives that
intend to target significantly larger populations with more prevalent diseases, such as the
cholesterol-lowering siRNA (inclisiran) targeting Proprotein convertase subtilisin/kexin type 9
(PCSK9) transcript and for which alternative therapies are available [16]. On the other hand, ASOs
can be customized to treat diseases unique to an individual, such as milasen, a splice-modulating
ASO designed for an 8-year-old child with Batten disease, a fatal neurodegenerative disease [17].
Such tailored therapy will most certainly become a routine practice in the future as screening

procedures in drug discovery improve and become more stringent [16].

Nonetheless, since ASOs could treat rare genetic conditions (among others) not just in the adult
population but also in special populations, such as pediatrics (e.g., milasen), other pediatric
indications of ASOs have also been explored [18—23]. For these indications, spinal muscular atrophy
and Duchenne muscular dystrophy have been successfully treated [24-26]. In an overview of ASO
candidates which have reached the clinic (either active/completed or discontinued), 31 of 136
clinical trials have a pediatric target population (birth to 17 years of age). Although these figures
are non-exhaustive, as gathered in ClinicalTrials.gov during the conduct of this thesis, this shows
the imbalance between adult and pediatric use of this technology and warrants future research to
supplement the limited knowledge in refining and optimizing the design of drug development and

safety packages for ASOs intended for pediatrics.
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1.1.3 ASO characteristics and types

ASOs are designed to hybridize to RNA's sense strand (i.e., the strand coding for protein) [15] and
are usually 8 to 50 nucleotides in length [27]. They bind to their cognate complementary RNA in a
sequence-specific manner through the highly selective Watson—Crick base pairing [1]. This has the
benefit of not requiring the identification of compounds with intricate ligand-protein binding sites,
as in the case of small-molecule pharmaceuticals, and of high selectivity without being constrained
to extracellular epitopes, as in the case of the majority of antibody therapies [28]. ONDs can exert

their effects via a variety of mechanisms of action (Table 1.2).

In general, ASOs can be divided into two categories: enzyme-independent and enzyme-dependent
oligonucleotides [1]. Steric-blocking ONs prevent the cellular machinery from accessing pre-mRNA
or mRNA without triggering RNA enzymatic degradation, while other ASOs require enzyme-
dependent degradation of the target mRNA (e.g., ribonuclease H (RNase H)-dependent ASOs)
(Figure 1.1). Some of the principles that will be described in this thesis may be applicable to other
OND modalities.

Table 1.2. Mechanism of action of nucleic acid-based therapeutics. The table is adapted from
Lagos-Quintana (2016) [29].

Type of potential therapeutic nucleic acid Mechanism of action
SiRNA RNA interference pathway*
miRmimic microRNA pathway
antimiR Inhibition of microRNAs
RNase H-dependent ASO RNase H-mediated RNA degradation pathway*
. Bind to pre-mRNA and modulate splicing,
ASO Splicing modulators generally Isading to exon skipping orlionclusion.

Bind to mRNA or genomic DNA and block
translation or transcription, respectively
Interact with receptors and proteins, which
Immunostimulatory ONs initiate immune signaling cascades leading to
inflammatory reactions
Bind with high affinity and specificity to

Steric translation/ transcription blockers

Aptamers proteins modulating their function
Ribozymes/ DNAzymes Catalytic nucleic acids that cleave target RNA
Base-pairing between sgRNA and target DNA
CRISPR guide RNAs causes double-strand breaks due to
endonuclease activity of Cas9
MRNA RNA transcripts that encode therapeutic

protein, which will be translated in the cell
Abbreviations: ASO, antisense oligonucleotides, siRNA, small interfering RNA; ON, oligonucleotide; CRISPR, Clustered
Regularly Interspaced Short Palindromic Repeats; Cas9, CRISPR-associated protein 9; *Enzyme-dependent ASOs.
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1.1.3.1 Enzyme-independent ASOs

ASOs share the fundamental principle of target hybridization and modulation of RNA function.
Basically, ASOs can bind to their target sequence and prevent translation (or pre-mRNA processing),
impairing the target sequence's translation and hence, the ability to perform its function [30,31]
(Figure 1.1). For instance, steric-blocking ONs may induce alternative splicing, correct defective
RNA, enhance protein synthesis, or suppress gene expression without triggering RNA degradation
[1]. Splice-switching ASOs, a type of steric-blocking ON, may improve the synthesis of a therapeutic
splice variant (Figure 1.1) [15]. Typically, they target a specific or a subset of mutations and
subsequently shift the protein synthesis towards the therapeutic isoforms, allowing the biological
function that was formerly lacking or insufficient [3,15]. As a result, this ASO class could be used to
treat numerous genetic diseases as opposed to conventional drugs that bind to proteins, which will

unlikely increase its function.

/ Antisense oligonucleotide (ASO) \

A) Steric block of translation B) Modulation of splicing

_|_ T mRNA (spliced)

T MRNA T Pre-mRNA

\ C) RNase H-mediated degradation of mRNA /

Figure 1.1. Three of the main mechanisms through which antisense oligonucleotides (ASOs)
modulate gene expression: A) Steric block of translation, B) Splicing modulation, and C) RNase H-
mediated mRNA degradation. This figure is adapted from Rossor et al., (2018) [32].
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1.1.3.2 Enzyme-dependent ASOs (RNase H mechanism)

In contrast to the previously described ASO class, certain ASOs depend on enzymes to reduce RNA
and protein levels to exert their therapeutic potential [15]. Upon entry into the cell and after
engaging with its complementary target RNA sequence, the ASO that is now part of an RNA-DNA
heteroduplex may induce cleavage of the target transcript through endogenous ribonucleases (i.e.,
RNase H) [33] (Figure 1.1). Hence, RNase H-dependent ASOs have been developed to facilitate the

targeted degradation of a specific RNA sequence through the RNase H mechanism [34].

RNase H is a family of ubiquitously expressed endonucleases that particularly cleaves the RNA
strand of a DNA/RNA heteroduplex [35], leaving 3’-hydroxyl and 5’-phosphate terminated
metabolites, and subsequently releases the intact DNA strand (i.e., ASO). ASOs can modulate gene
expression with such cleavage events as one binding interaction irreversibly destroys the target

transcript [15].

Mammalian RNase H isoforms have distinctive functions, although overlap exists for the
maintenance of genome stability [36]; RNase H1 is necessary for gene transcription (R-loop and
Okazaki fragments processing) [8,37], whereas RNase H2 is thought to remove RNA primers during
DNA replication [38]. RNase H1 is the key enzyme involved in ASO pharmacology for inhibiting RNA
translation [39]. This has been supported by the works done by Wu et al., wherein downregulation
and overexpression of both H1 and H2 variants confirmed that the H1 isoform is associated with
ASO activity and its modulation affected antisense activity in a coordinated manner in both animal

and in vitro models [37,39].

The heteroduplex formed through the interaction of ASO and the targeted RNA confers RNase H
specificity in this mechanism. In particular, the N-terminus of this endonuclease contains the RNA
binding domain, whereas the C-terminus has the catalytic domain, which is dependent on the
existence of the 2'-hydroxyl on the ribose sugar for cleavage [3]. The catalytic region of the human
RNase H1 establishes numerous crucial interactions with the heteroduplex's DNA and RNA strands,
resulting in a seven-nucleotide footprint on the DNA-RNA hybrid [8]. Catalysis requires the presence
of two metal ions (Mg? or Mn?*), and RNase H interaction with the heteroduplex results in
hydrolysis of the RNA strand at a point distal from the binding area [40,41]. Human RNase H1 has

an Mg*? preference for catalysis, while it is inhibited by Mn?* [42].
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The ASO must have a minimum of eight successive DNA bases for RNase H cleavage to be effective;
this allows for the formation of an RNA-DNA hybrid upon binding, which in turn recruits RNase H
and facilitates the target transcript cleavage [15]. More specifically, RNase H1 requires every
nucleotide within its seven-nucleotide footprints to adapt several distinct conformations to support
RNA cleavage [43,44]. This can be accomplished using unmodified (PO) DNA. However, due to
nuclease instability, chemical and ASO sequence design modifications were needed to improve
metabolic stability while still being compliant with RNase H1 biochemistry to facilitate RNA
degradation [8]. Additionally, the ASO should remain intact so it can degrade other target

transcripts, which in turn amplifies its potency.

1.1.4 OND chemistry and design

Unmodified ASOs, as previously stated, do not possess adequate nuclease stability [45] and
are found to be unstable in cells and blood circulation, resulting in a relatively limited half-life and,
thus, cannot be used as a therapeutic agent [5]. As a result, medicinal chemists have produced a
plethora of chemical modifications to improve the enzymatic stability and biological effectiveness
of antisense molecules [8]. Meanwhile, the quest for appropriate ASO design to support RNase H1
activity began [8,46] to optimize target RNA degradation. On the other hand, steric blockers (e.g.,
splicing modulators) benefited from chemistries with increased affinity (e.g., 2’-ribose and
constrained nucleotides) that also enable the candidate sequence resistant to RNase H activity, as

have been uniformly used (or in combination) in this ASO class [3].

In general, the antisense mechanism an ASO class can utilize after binding to its target RNA is
determined by its chemical modification and design pattern specifications [47]. The chemistry and
design variants within these ASO classes are maintained essentially the same, with just the
nucleobase sequence changing to align with the target transcript. Certain chemical and design
variants predominate over others, giving rise to common features shared across ASO classes [28].
The improvements brought by these chemistries and modification patterns regarding ASO PK/PD,
together with the novel developments with the use of delivery systems, definitely advanced the

field of ON therapeutics. These points will be described in the following sections.
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1.1.4.1 OND chemistry

Major advances have been achieved in optimizing the balance between affinity and specificity,
nuclease stability, distribution and elimination, cellular uptake and trafficking, and safety,
depending on the chemistries utilized and how they were patterned in the sequence design [5,28].
While dozens of different sugar, base, and backbone modifications have been produced, ASOs often
contain PS backbone and certain sugar moiety modifications that enhance their therapeutic
characteristics [16,48]. Several of the most commonly used chemistry modifications can be seen in
Figure 1.2. However, the focus in the following subsections would be limited to the PS backbone
linkage modification, 2'-ribose-modified (i.e., 2’-O-methoxyethyl (2’-MOE)), and constrained sugar
(i.e., locked nucleic acid (LNA)) chemistries. The latter two are among the most commonly used

sugar-modified ON chemistries [5].
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Figure 1.2. Overview of different chemical modifications of antisense oligonucleotides (ASOs). This
figure is reproduced from Xiong et al. (2021) [49].
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1.1.4.1.1 Phosphorothioate (PS) backbone linkages

One of the earliest and remains one of the most popular modifications is the substitution of sulfur
for oxygen in the phosphate backbone leading to PTOs, which are much more stable than native
DNA [1,8]. The PS linkage is chiral at phosphorus [8], resulting in two diastereomers (Sp and Rp
stereoisomers). The increased stability of PTOs to nucleolytic degradation [50] is accounted for by
the Sp configuration, which is highly resistant to nuclease activity, probably as a result of the sulfur
being in closer proximity to the metal ions of nucleases [3]. Because of this, PTOs have enough
stability in plasma, tissues, and cells following systemic administration, and this prevents

degradation before they reach the target RNA [27].

An important advantage of incorporating PS linkages in the OND backbone is that it also enables to
efficiently elicit RNase H cleavage of the target RNA [27]. Aside from that, PS modification also
confers a substantial PK benefit by increasing the binding affinity to plasma proteins (see section
1.1.5.2.1). Nonetheless, the increased affinity to proteins due to its polyanionic nature can cause
problems in the form of nonspecific toxic interactions with undesired proteins [51] (see section
1.1.7.2). On the other hand, the PS backbone lowers binding affinity to complementary nucleic
acids, explaining why "first generation" ASOs based on PS DNA alone have low potency [2]. For each
PS substitution, affinity for complementary nucleic acids is reduced (ATm -0.5 °C per modification)
[8], and although small, the loss in affinity can become significant as the sequence becomes longer
[8]. Thus, a chimeric design (“mixmers”) strategy (see section 1.1.4.2), in which high-affinity
modifications compensating for the relatively low affinity of the PS backbone, can mitigate this
drawback of PTOs [5]. As such, several modifications in the sugar moiety are commonly used in

combination with the PS modification.

1.1.4.1.2 2’-ribose modification (e.g., 2’-MOE)

An important and popular set of modifications in the chemical toolbox for ONDs includes
replacement of aliphatic residues at the 2'-position of the nucleoside sugar wherein this
modification leads to molecules that are more RNA-like [1]. As such, the naturally occurring 2'-O-
methyl (2'-OMe) chemistry has an improved binding affinity to target RNA, and also has good
stability towards nuclease activity [52,53]. Studies carried out with this modification, however,
showed less antisense activity compared with PTOs, when utilizing the RNase H-dependent

mechanism [13]. Since then, dozens of variants have been tested yielding similar results [2]. In
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addition, studies with sequences containing 2’-OMe in combination with PS backbone modification
(as mixmers) showed attenuation on serum protein affinity [2]. Hence, indicating that the
polyanionic nature of the PS backbone in 2'-OMe PS ASOs had contrasting properties than the all-
PS variants [54]. As such, the safety profile of this chemistry is considered to be excellent and this

insight was helpful in designing gapmer ASOs later on (see section 1.1.4.2).

In due course, medicinal chemists identified the 2'-MOE chemistry [55], in which an ethylene glycol
moiety is appended to the 2'-hydroxyl group of the nucleic acid [56]. This variant stands out from
the majority in terms of both nuclease stability and binding affinity (ATm = 0.9-1.7 °C per
modification) [57]. Moreover, the enhanced hydration capacity brought by the ethylene glycol
moiety in this chemistry reduces some of the nonspecific protein interactions observed with PS
DNA ASOs [58]. Albeit this, there were some reports of complement activation and platelet count
reduction in some specific 2’-MOE PS ASO sequences and implicate toxic interaction with certain
serum proteins (see sections 1.1.7.2.1 and 1.1.7.2.3). On the other hand, fully substituting with 2’-
MOE chemistry leads also to loss of the ability to recruit RNase H [8]. However, as they retain
excellent base-pairing specificity and the ability to block the access of cellular machinery to pre-
mMRNA and mRNA without degrading the RNA, they can be utilized as steric-blocking ONs [15,59].
Nonetheless, both 2'-OMe and 2'-MOE residues are commonly used with PS backbone linkages to

enhance its binding affinity while still allowing RNase H recognition [8].

1.1.4.1.3 Constrained sugars (e.g., LNA)

Another important modification is represented by reducing the conformational flexibility of
nucleotides, which can lower the entropic penalty of binding and thus increase ON binding affinity
to complementary RNA [60]. As such, locking the structure of the ribose sugar has been a highly
successful approach in ON medicinal chemistry. These are collectively referred as bridged nucleic

acids or constrained nucleotides [5].

Among those in this genre, LNAs are the most advanced in terms of applications [1,61-63]. In
particular, LNA bridges the 2'-oxygen and 4’-carbon of the ribose, which led to a significant increase
in complementary transcript affinity [64]. Particularly, every addition of an LNA nucleotide to a OND
produces a dramatic increase in its binding affinity (ATm +3-8 °C per modification) as well as binding

specificity for its target RNA [65—67]. However, LNA oligomers of eight or more nucleotides have
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the tendency to aggregate, thereby limiting their therapeutic utility, which can be compensated by
combining this with other chemistries. On the other hand, as LNA is not substrate for RNase H
similar to 2’-ribose chemistries, it can be used for splicing modulation [2]. This is because of its very
high binding affinity, which allows it to be used as the basis for shorter ONs than previously
considered feasible [5]. As such, gapmers of 13-15 oligomers of nucleotides are now commonly

used [59,68,69] unlike those utilized previously (> 18 nucleotides).

1.1.4.2 OND design

Based on previous experience with PTOs and other modified ASOs, it became evident that each one
of the existing modifications have distinct desired qualities. However, all of them also lack one or
more of the required characteristics for antisense therapy. This led to the idea that an optimal ASO
could be designed using a combination of the different modifications (mixmers) [2] (see Figure 1.3).
A typical chimeric pattern in RNase H-dependent ASOs consists of a central region that contains
DNA-like nucleotides, while the flanking regions are modified with the aim of improving affinity to

the target transcript. These mixmer ASOs are also called “gapmers” [8].

1.1.4.2.1 Gapmer ASOs

In general, most chemistries applied to a DNA strand do not support the RNase H antisense
mechanism. So, when designing gapmers, ASOs should retain a region with DNA-like character [3],
and therefore natural bases and sugars with a PS backbone linkages are usually utilized for the
central gap region. The flanking region (also often referred as “wings”) is typically two to five
nucleotides in length and is comprised of modifications, which can protect the DNA-gap from
exonuclease digestion while enhancing target affinity. Although the most sophisticated gapmer
designs in clinical usage employ 2-ribose alterations such as 2’-MOE, more recent design iterations
use higher-affinity modifications such as LNA [8]. On this account, inclusion of a particular
modification can also improve the cleavage selectivity [70-72] of a particular gapmer, which would
address the inherent mismatch tolerance of RNase H [73]. This is of interest for diseases caused by
a dominant negative mutation where it would often be preferable to cleave one allele (i.e.,
producing toxic protein) while leaving another allele intact (i.e., desirable protein), like in
Huntington’s disease [5]. On the other hand, depending on the nature of the modification, the
length of the RNase H binding site in the central gap may be longer. A typical gapmer design usually

has 8-12 central DNA-like residues [3]. Nonetheless, it has been reported that as little as five
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contiguous base regions were sufficient to maintain activity of a gapmer ASO [13,74]. Besides the
length of the gapmer ASOs, high concentrations of PS ONs (PS load in gapmers) can inhibit RNase
H activity [42,75]. Therefore, the use of PS linkages must be used strategically in an ASO gapmer to
balance this effects together with the unwanted toxicities brought by its plasma protein binding

propensity [76] (see section 1.1.7).
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Figure 1.3. Overview of different design strategies (A) and delivery approaches (B) of antisense
oligonucleotides (ASOs). Abbreviations: PO, phosphodiester; PS, phosphorothioate; LNA, locked
nucleic acid; 2’-MOE, 2’-methoxyethyl; GalNAc, N-acetylgalactosamine.
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The 2’-MOE gapmers are probably the most advanced and widely investigated ASOs in clinical use
[2,8]. The enhanced potency and pharmacological effect duration effectively translates to lowered
doses in clinical settings relative to first-generation PTOs [77]. Upon the discovery of the LNAs, LNA
gapmers have shown increased potency in the liver and in extrahepatic tissues, thus expanding the
range of tissues subject to antisense pharmacology (see section 1.1.5.3). The mechanisms by which
LNA ASOs increase potency appear to be a combination of improved binding affinity for the target
transcript and alterations in intracellular protein binding and trafficking [8]. On the other hand, LNA
gapmers also demonstrated an increased propensity to cause hepatotoxicity [78] (see section
1.1.7.2.7) which can be prevented by small changes in sequence or structure [69,78,79]. While LNA
chemistry has been widely used in the field of gapmer ASOs, only a few number of LNA-based ASOs

have gone past early clinical investigations [8].

1.1.4.3 OND delivery approaches

A major challenge since the breakthrough of first-generation PTO drugs has been their inability to
reach target tissues/cells [80]. For instance, sufficient level of the drug needs to reach tumors for a
clinical response to be observed. Beyond the chemical modifications and design strategies within
the ON molecules, delivery technologies have been investigated for optimizing ON trafficking into

and within cells where they will find their intended target.

Systems to improve delivery include ligands or conjugates, as well as encapsulating agents [5,81].
As such, a number of chemical conjugates, including cholesterol [82], lipids [83], peptides [84],
antibodies [85], and sugars [86] have been investigated for targeted in vivo delivery to increase
selective cellular uptake and target tissues exposure [2,5]. In addition to the examples of organic
nanoparticles mentioned above, research has also been conducted on inorganic nanomaterials and
combinations of inorganic and organic nanomaterials [87]. One of the most characterized and
popular targeting approach is N-acetylgalactosamine (GalNAc) conjugation (asialoglycoprotein
receptor 1 (ASGR1)-mediated delivery to hepatocytes) that considerably increases selective
hepatocyte uptake [88,89], thereby increasing ASO potency and efficacy, which proved to be

transformative in clinical use [8].

23



1.1.5 Pharmacokinetics (PK)

Considering the specific OND mechanism, chemistry, and design, as well as delivery approaches,
the PK can vary significantly between different OND classes (eg., aptamers vs ASOs) [16]. However,
ONDs within the same class (i.e., ASO) that have the same chemistry and design (eg., LNA PS
gapmers) demonstrate a relatively consistent and predictive ‘class’ behavior in terms of drug
metabolism and pharmacokinetics (DMPK), and toxicity profiles (see section 1.1.7) [16,28]. This
permits certain extrapolations since their class behavior is only marginally influenced by a particular
sequence [90]. Such features facilitates a rational drug discovery approach for ONs of a given
chemistry and design subclass [28]. This section focuses on the PK characteristics, and the influence
of the physicochemical and structural properties of PS ASOs (1t and 2"? generation) in addition to

administration routes [90].

1.1.5.1 Route of administration

In general, the majority of therapeutic ONs is administered via parenteral route to reach acceptable
systemic exposures [28]. Initially, PTOs are mostly administered intravenously (V) due to their
proinflammatory tendency (see section 1.1.7.2.4) and inadequate nuclease stability when given
subcutaneously (SC). Eventually, the use of 2'-MOE and LNA chemistries allowed SC route to be
tolerable as this greatly improved their nuclease resistance and likewise alleviate the
proinflammatory risk, likely due to less frequent dosing in the second generation ASOs [80]. On the
other hand, the increased nucleolytic stability of gapmer ASOs also supports its potential oral

delivery [91].

Reaching effective local concentrations in a broader range of tissues and cell types [47,48], together
with achieving sufficient productive uptake in the target tissue itself [92] are ongoing challenges for
ON therapeutics (see section 1.1.5.4). This could be addressed via direct administration of the
compound to target organs such as the central nervous system (CNS), dermis, lungs, muscles,
urinary bladder, or the eyes [28,90,93—97], which has been proven successful to reach clinically
relevant tissue levels [98-105]. Moreover, the ease of quickly reaching therapeutically relevant
concentrations after local administration coupled with slow clearance into the circulation allows

lower and less frequent dosing, which in turn minimizes its systemic exposure [98,103,106].
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Adverse effects, if any, are thus limited to locally administered tissues, with low risk of systemic

toxicity.

1.1.5.2 Absorption and plasma exposure

Independent of the administration route, ASOs show similar kinetics after reaching the plasma
compartment. ASOs are generally well-absorbed from the injection site (i.e., SC and intraperitoneal
(IP)), although plasma ASO levels (e.g., maximum concentration (Cmax)) are lower compared to that
of the IV route due to the gradual uptake from the IP and SC depot [80,90]. This enables for a larger
concentration of ASO to bind plasma proteins and a reduced clearance of unbound ASOs [107,108].
Moreover, the time to reach maximum concentration (Tmax) is longer after SC dosing. Accordingly,
Cmax Was observed 3—-4 hours (h) post-SC administration for mipomersen in patients and was thus
similar to the Tmax of 3 h observed for a PTO after SC administration [109,110]. Afterwards, the
plasma concentration declines reflecting the tissue distribution phase, with the plasma half-life
here depending on the chosen route of administration, chemical modification, and the specific ASO
[111,112] (see section 1.1.5.3). This is then followed by a significantly slower elimination phase [28]
(see section 1.1.5.5). Overall, the ASO plasma concentration versus time profile has been described

as multiphasic [80].

The bioavailability for SC administered PTOs together with 2'-MOE and LNA ONs ranged from 26 to
100% of the exposure following IV administration [109,113,114]. For instance, the bioavailability of
a 2'-MOE-modified ASO ranged from 80 to 100% in NHPs [111]. The bioavailability for the same ASO
in healthy volunteers was 82% [110], confirming the results in NHPs. Interestingly, bioavailability
was found to be dependent on formulation but not on the dose [114]. The Cmax and the area under
the curve (AUC)s are described to increase in a concentration/dose-dependent manner at doses
used in the clinics, with peak levels not increasing after repeated administrations because ASOs
distribute widely to tissues [113,115]. However, there are reports in animals showing that ASO
plasma concentrations increase over proportionally with dose above certain levels, suggesting the
involvement of saturable factors in ASO tissue distribution, with differences observed across

species [111].
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1.1.5.2.1 Protein binding

The PK differences seen among ASOs with different chemical modifications is at least partially a
result of their altered protein binding capacities [116,117] and more or less not dependent on their
nucleotide sequence [80]. For instance, the prominent polyanionic nature of PTOs enhance
hydrophobicity and this results in a relatively higher nonspecific affinity to proteins [118,119].
Moreover, it was demonstrated that the prominent protein binding of second generation PS ASOs
resembled those of first generation ONs. Newer ON modifications (e.g., 2'-MOE or LNA) are being

utilized together with PS backbone linkages in nonclinical and clinical development [80,116].

The ability to enhance the interactions of ASOs with proteins could be simultaneously advantageous
and detrimental [8,120] (see section 1.1.7.2). The nonspecific binding is exhibited in the quick
absorption into the plasma from the injection site [121] as described earlier. Likewise, the
association with cell-surface proteins promotes cellular uptake [5,8,27]. The binding of first and
second generation ASOs to plasma proteins (e.g., albumin) also facilitates their extensive
distribution to peripheral tissues [122]. Generally, plasma protein binding is not saturated at
clinically relevant doses and this is related to the large binding capacity of plasma proteins [90]. The
plasma protein binding of second-generation ASOs with PS backbone linkages was in the same
range as PTOs with around 95% bound across most species, except mouse (85%) [116,123]. As such,
PTOs are briefly sequestered in the plasma as they attached to hydrophilic sites of albumin and to
a smaller extent to alpha2-macroglobulin [124]. Nonetheless, the binding affinity of ASOs to plasma
a2-macroglobulin was observed to be higher than albumin [90]. It was demonstrated with gapmer
ASOs that a two-fold increase in potency in a-2-macroglobin-knockout mice occurred, which might
indicate that association with such proteins may steer the ASO toward less productive cellular or
tissue compartments [125]. However, albumin seems to have a much greater nonspecific binding
capacity for ONs, and together with its higher abundance in the plasma, it represents the main
plasma protein ASOs associate with [126-128]. The transient and reversible (low affinity)
association of PS ASOs and gapmer ASOs with plasma proteins also allows them to partition onto

cell-surface proteins, which facilitates cellular uptake [129].

Another important benefit of ASO protein binding is that it also prevents the renal excretion of
ASOs [80,130-132] (see section 1.1.5.5). Association with proteins in plasma minimizes kidney

filtration (improved drug retention) and allows ASOs to circulate longer (better half-life) and
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thereby distribute better to peripheral tissues [8]. Plasma protein binding and renal excretion rate
are negatively correlated, with decreased protein binding leading to a higher rate of glomerular
filtration and excretion [117,123]. In toxicity investigations, plasma protein binding can be
saturated at high concentrations (particularly in mice), resulting in increased urinary excretion of

the parent ASO [133].

Protein binding is also dependent on the ON length, with full-length ASOs excreted in the urine to
a small extent, reflecting the low proportion of the unbound (or free fraction) form.
Truncated/fragmented metabolites, with their significantly lower binding capacities, represent the
major fraction in the urine [111,133]. Similarly, ON chemistries without the PS backbone also show
lower protein binding and as a consequence are subject to rapid renal clearance [80]. As such, both
2’-MOE and LNA PO ONs are excreted faster in the urine as full-length sequences [134] due to their

low plasma protein binding capacity, and this hinders their efficient tissue distribution.

1.1.5.3 Distribution and tissue exposure

The tissue distribution properties of PTOs and second-generation ASOs are generally comparable
as they are rapidly and almost completely distributed from the plasma to the tissue compartments
[80,111,133,135-138]. However, the initial half-life after the IV route is much faster (30-90 min)
compared to the SC route due to the prolonged absorption from the injection site [111,112]. At
clinically relevant doses, plasma concentrations in the distribution phase are generally in the pg/ml
range [135]. The volume of distribution of ASO is often greater than two orders of magnitude larger
than the blood volume. This suggests a widespread distribution and localization in peripheral

tissues, while the total body clearance is low [113,139].

It is apparent from nonclinical studies that the plasma protein bounded ASOs distribute widely into
most tissues following systemic administration for all animal species assessed [90]. Comparable
tissue disposition between PTOs and chimeric ASOs have also been observed in mice and NHPs [2].
However, significant amounts of administered ASO accumulate in certain tissues after repeated
dosing [140]. This is related to their increased in vivo stability, which results in longer tissue
persistence [141,142], suggesting that tissue accumulation is a satiable event. In general, the kidney
cortex accumulates the highest concentration and the liver receiving the highest total dose fraction

[111,120,133,135,143-145].

27



To a lesser extent, ASOs are also taken up in other organs and tissues, including the spleen, lymph
nodes, adipocytes (cell body), bone marrow, and vascular endothelium [68,111,122,145,146].
There is a low uptake in circulating blood cells in general, but ASOs readily accumulate in tissue
macrophages. As such, ASO-containing macrophages can frequently be detected in many tissues,
particularly in rodents [28]. Nonetheless, there is minimal uptake of systemically administered PS
ASOs into organs such as the CNS and across the placenta [122,146-149]. The much lower
exposures in most tissues explains, at least partly, the relative lack of toxicity observed in those

organs other than liver and kidney (see section 1.1.7) [28].

There are reports pointing that the mode of ASO administration can also influence the ASO
exposure in the kidney and liver tissues [150]. On the other hand, the organs to which ASOs
distribute appear to depend on blood flow/perfusion. However, despite being highly vascularized,
the relatively low uptake in lung, heart, and kidney glomerulus is clearly an effect of the protein
binding properties of the ASOs [28,80]. In that capacity, the degree of plasma protein binding and
length appear to be the critical factors for tissue uptake, where longer ONDs with PS linkages tend
to reach higher concentrations in liver than in kidney and shorter sequences demonstrate an
opposite pattern due to increased glomerular filtration brought by their less protein binding

characteristics [123,124,151].

Regarding the chemistry, 2'-MOE partially modified PS ASOs and first-generation PTOs show similar,
sequence-independent PK characteristics with regards to their in vivo disposition that is mainly
dictated by their backbone chemistry [117]. On the other hand, LNAs are compartmentalized
differently than other classes of ASOs, specifically within liver tissue, due to their more hydrophobic
cyclic structure [152]. The distribution of LNA mixmers approximated that of PS ONDs.
Nevertheless, they display substantially less protein binding and are mostly present in plasma as
free molecules, being readily available for rapid tissue uptake [153,154]. Consequently, their
accumulation in the kidney is less than that of PS ONs, whereas their uptake in the spleen, liver,
and adrenal gland appears to be greater [153]. Furthermore, varied positioning of the LNA
chemistry in the ASO strand alters its distribution and this may affect the relative ASO
concentrations in a specific tissue [90,134,153]. For instance, the liver and kidney received the
greatest concentrations of an all-LNA modified sequence, whereas the liver received up to 10-fold

lower quantities of ASOs in a gapmer design featuring 2-5 LNA on each end of a 16-mer ASO [155].
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On the other hand, the ON sequence might affect the uptake of LNA gapmers, which may
be surprising with a given the design and chemistry. In one example, PS backboned 3-10-3 LNA
gapmers against the same target that differed only in sequence, varied five-fold in liver

concentration, and up to 25-fold in liver-to-kidney ratio [118].

To evaluate the efficacy and safety of a drug, it is crucial to evaluate parameters such as
concentration and half-life in the tissue expressing the target transcript and plasma parameters.
However, tissue biopsies are often unavailable in clinical research, hence nonclinical studies are the
main source of this data. On the other hand, It might also be helpful to employ surrogate systems,
such as the plasma trough concentration (see section 1.1.5.5), but these are limited by the strikingly
non-homogenous uptake of PS backbone ONDs within a given organ [28,90]. ONDs' non-
homogeneous tissue uptake qualities have significant effects on both PD and safety. In addition,
cell-type uptake heterogeneity is observed in different organs, and despite extensive research, the
molecular basis for these unique cell-specific differences in uptake remains incompletely

understood [28].

1.1.5.4 Cellular uptake

Cellular uptake of ASOs in organs can be cell-type specific [80,156]. ONDs are typically taken up by
phagocytically active cells (tissue macrophages) or tissues having fenestrated endothelium due to
their molecular size and charge [28]. Accordingly in the kidneys, uptake is greatest in the proximal
tubular epithelial cells of the convoluted tubule and considerably lower in the renal medulla
[122,146,157]. Within the liver, non-parenchymal cells (Kupffer cells, and sinusoidal endothelial
cells) contain 80—90% of the administered non-conjugated PS-containing ONDs and the remainder
within hepatocytes [158,159]. Further evidence from kinetic studies shows that the hepatic
cells that absorb most ASOs also absorb them the quickest [144]. However, gapmer ASOs tend to
be more intrinsically active in hepatocytes than with nonparenchymal cells [160]. This is beneficial,

as the majority of genes of therapeutic interest are expressed in hepatocytes [161].

It has been demonstrated that adding PS linkages to ASOs enhances cellular absorption, indicating
that the kinetic behavior of ASOs in vivois determined by the chemistry of their backbone
[156,162]. Interestingly, ASOs with fewer PS links than those with a complete PS backbone exhibit

greater cellular uptake [163—-165]. Moreover, ASOs are detected in the cytoplasm of different cell

29



types within a very short time following administration, which appears to be a class effect and
independent of sequence [90]. This increased the possibility that the innate ASO PK would provide
preferential PD in certain organs that receive the highest concentration of the administered ASO
dose [80]. For example, one of the first ASO targets in the liver that advanced to clinical testing was
apolipoprotein B 100 (apoB-100) [166,167], the lipoprotein carrier of low-density lipoprotein (LDL)
cholesterol and is needed for the assembly of circulating LDL cholesterol by the liver. Targeting
apoB-100 displayed an ideal approach in lowering atherogenic particles linked with cardiovascular
diseases [168]. Although this target is mainly expressed in the hepatocytes (not in nonparenchymal
cells), antisense inhibition was validated in the clinics with mipomersen (Kynamro) [107,169], a 2’-
MOE-modified PS gapmer. Thus, becoming the first systemically administered (SC) ASO approved
by the US Food and Drug Authority (FDA) (January 2013).

Accordingly, this body of work offered insights on how targeted delivery to specific cell types (e.g.,
hepatocytes), may improve the ASO PK/PD properties in the liver. This demonstrated that the liver
PK was related directly with ASO-mediated activity on the target transcript [133,170,171].
Subsequently, conjugation of a targeting ligand, such as GalNAc for hepatocyte-targeting ASOs have
significantly improved uptake [172-174] and increases their potency by more than 30-fold over
than unconjugated ASOs [175,176]. As a consequence, substantially lower dosages are needed and
low-volume SC injections are given less often [175]. Other chemistries and delivery systems have
now been introduced, which enhanced the potency of shorter ASO constructs (see section 1.1.4.1-
3). This enables potency gains and enhances antisense activity not just in the liver but well beyond,

such as in tumors [177] and muscle tissue [178].

As mentioned previously, the plasma protein binding of ASOs is transient as it is relatively low in
affinity and it is a reversible interaction. This facilitates distribution to peripheral tissues [5,129] and
subsequently allows the opportunity for the ON to contact cellular surface proteins, facilitating their
binding to other acceptor sites leading to tissue uptake [5,27]. ASOs are seen to be linked with
cellular surface proteins and extracellular matrix one hour following parenteral administration
[126]. In addition, PS ONs have 100—1000 fold greater affinity for cell surface proteins than PO ONs
[5]. Previous research shows a multitude of cell surface proteins where ASOs come into contact

with, such as scavenger receptors, and trafficking proteins [179-181]. Accordingly, these works
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have identified a number of cell type-specific nucleic acid-binding surface proteins [130,173] and

the presence and abundance of these are crucial for cellular uptake [121,179].

It is reasonable that certain cell types have a specific set of cell-surface proteins that may engage
and internalize ASOs, and research in this area is ongoing [182]. The mechanisms by which the ASOs
traverse biological membranes to reach their intracellular target are not entirely known after ASO
delivery. Cellular uptake leading to PD effects is often referred to as “productive uptake”
[28,179,182]. Nevertheless, PS ONsmay be delivered to hepatocytes through
nonproductive intracellular routes that would likely result in trafficking to lysosomes [179]. Hence,
the cellular mechanisms by which ONs reach their intracellular targets greatly influence
ASO pharmacological activity [1] (see section 1.1.6). Each step may become rate-limiting and
regulate the ASO cellular response according to their relative efficiency across different delivery
mechanisms. Uptake by itself is insufficient; the ON needs to reach the correct subcellular
compartments for activity (see section 1.1.6), e.g., the nucleus for splice modulation or RNase H
activity [16]. The interactions of ASOs (i.e., gapmers) with intracellular proteins constitute an
emerging field with interesting implications for the design of future generations of ONDs that utilize
the control of intracellular protein recognition processes (e.g., PS ASOs interact with an array of
cellular proteins) [51]. These interactions have the potential to modulate ASO activity and
localization within cellular compartments [8,183-187]. However, these processes has been

reviewed elsewhere [182,188] and not in the scope of this thesis.

1.1.5.5 Metabolism and clearance

The liver is considered the main site of ON metabolism due to its biodistribution characteristics [90].
Unlike conventional small molecular drugs, ASOs neither act as substrates for phase | (e.g.,
cytochrome P450) or phase |l metabolizing enzymes (e.g., glucuronyl and sulfotransferases) or drug
transporters (e.g., such as P-glycoprotein), nor inhibit or induce these proteins that are essential for
small molecule metabolism, uptake, and excretion [133,189,190]. Hence, the drug—drug interaction
potential of ASOs for these enzymes and transporters is negligible as established by clinical
experience to date [191-194]. Instead, ASOs are hydrolyzed by endogenous nucleases in the
circulation or tissue compartments [133,195]. These nucleases are phosphodiesterases that cleave

the PO bonds of nucleic acids and can be classified as either exonucleases, which cleave one
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nucleotide at the 3'- or 5-end; or endonucleases, which cleave PO linkages in the middle of the

nucleic acid chain [196].

Accordingly, unmodified (PO) ONs are metabolized within minutes in the blood, serum, or tissue
[158,197], predominantly by exonucleolytic degradation, and the cleavage rate and extent are
typically sequence-independent. Because of this, shorter metabolites are produced by gradual loss
of one nucleotide after the other [90]. Replacing PO with PS linkages in the ASO backbone
significantly protects the ON against nuclease activity (see section 1.1.4.1.1). For instance,
enzymatic breakdown in the liver homogenate is over 20-fold slower for PS ONs their unmodified
counterpart [197,198]. Moreover, ASOs with PS linkages have modest stability against
exonucleases, but quite significant for endonucleases [8]. Accordingly, PTO degradation is mainly
by exonucleases generating 3’ or 5’ shortened fragments, and minimally by endonucleases [80].
Therefore, the subsequent PTO metabolites may still have antisense activity. On the other hand,
preincubation of liver homogenate with a PTO reduced subsequent enzymatic degradation of PO
ONs [197]. Aside from chemical modification, sequence length affects metabolism rate. Nuclease
substrates must have at least three inter-nucleotide links, with shorter sequences being
degraded more slowly [90,197]. This suggests that initial metabolites from endonuclease
degradation compete with full-length sequences for enzyme binding and hence, contribute to their

stability.

Additional 2'-ribose modifications offers increased nuclease-resistance (see sections 1.1.4.1.2-3).
Fully 2’-ribose modified ASOs are exclusively metabolized by exonucleases, mostly (but not solely)
from the 3’-end [117]. Moreover, gapmer ONs further modified by terminal 2’-O-ribose or LNA
chemistries blunt exonuclease degradation [90]. However, cleavage in the central gap region by
endonucleases could still occur, which is then followed by exonuclease degradation of the
unprotected ends of the metabolites [199]. Consequently, the metabolites of second generation
ASOs produced from the initial endonuclease cleavage are too short to still have antisense activity
[122]. still, PS gapmers have multiple-week half-lives in animals and humans that correlate to long

durations of activity [107,133,139,199,200].

Plasma clearance of PS-modified ASOs is attributed to the initial rapid tissue distribution and to a

lesser extent to plasma metabolism [126,201]. In any case, the primary serum metabolite in general
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result from 3’-exonucleolytic degradation. PS-modified ASOs is cleared nearly 10-fold slower
compared to their unmodified counterparts[202,203] due to their extensive plasma protein binding
(see section 1.1.5.2.1). On the other hand, intracellular degradation of full-PS ONs seems to be more
varied and is cell type-dependent, with both 3'- and 5'-degradation profiles observed [76]. As such,
within minutes after in vivo, shorter, base-depleted PS ON metabolites can be found [198]. For
second generation ASOs, once they are distributed to various tissue compartments, they are
generally degraded by endonucleases followed by exonucleases [122]. Therefore, expected
putative metabolites, as well as tissue half-lives are dependent on enzymatic resistance of the ONs

[90].

Species-specific differences in exonuclease or endonuclease activity may account for the variable
half-lives on the tissues of different animals. For instance, an LNA-modified ASO had a half-life in
the liver that was between 4 and 10 days in mice, compared to 2-4 weeks in NHPs and up to 5 weeks
in humans [113]. The higher retention of second-generation ASOs in tissues reflects their longer
half-lives. As increased tissue retention is required for a less frequent dosing regimen, several
second-generation ASOs are injected weekly [204]. This is a major improvement to PTOs, for which

continuous infusions up to several days are required to attain therapeutic concentrations [80].

After systemic treatment, only a small fraction of full-length OND is eliminated in the urine, while
shorter metabolites produced by exonuclease digestion (in the case of PS ASOs and full 2'-ribose
modified ASOs) are eventually cleared through the kidneys owing to their reduced plasma protein
binding capacity [205] (see section 1.1.5.2.1). According to mass-balance studies, roughly 80% of
the full dose is eliminated in the urine after 90 days for 2'-MOE gapmers [123]. Only a small

percentage is found in feces and the remaining part can be found in the carcass [123].

The plasma elimination (terminal) half-life of ONs is determined by their tissue metabolism, the
equilibration of parent ASOs and metabolites between tissues and blood, and renal excretion
[111,122]. As such, this reflects tissue clearance, mostly after nuclease metabolism to shorter
fragments [133,204] and may generally be between a few days for PTOs to several months for
second generation ASOs, depending on their chemical modification pattern and the tissue [28]. At
clinically relevant doses, plasma concentration of low ng/ml or pg/ml in the (post-distribution)

elimination phase can be observed [123,204]. Accordingly, the steady-state plasma exposure
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(plasma trough levels) during the elimination phase can be used to estimate tissue exposure, e.g.,
liver to plasma concentration ratio [123,145,204,206]. For instance, the plasma trough levels of the
second-generation ASOs (i.e., mipomersen and drisapersen) increased after weekly injections due

to their tissue half-lives being longer than one week [204,207].

1.1.6 Pharmacodynamics (PD)

PDis the collective term for the relationship between pharmaceuticals like ASOs and their biological
targets, and how they influence the target to cause a pharmacological response. Therefore, the
main goal of nonclinical and clinical research on the PD of ASOs has been on how the ASO affects
target transcript (and/or target protein levels), downstream effects that come from target
modulation, and therapeutic efficacy within a specific disease indication [80,205]. Moreover,
establishing the PK/PD relationship is crucial in guiding the first dose in man and the dose and
schedule optimization in later-stage clinical development. Thus, the existence therapeutic response
markers as well as target selection and validation are fundamental. The criteria for these markers

are extensive and are covered elsewhere [80].

Before ASOs can exert their pharmacological action on their target transcripts, three common
processes need to happen: (i) access of ASOs to their action sites within the target cells, (ii) target
RNA binding, and (iii) post-binding events (e.g., degradation of the RNA through endogenous
enzymes) [1]. As mentioned in the PK section, productive and nonproductive uptake of ASOs could
have an effect on its PD effect (see section 1.1.5.4). In vitro experiments showed that most cells
readily take up PS ASOs. However, activity is seen only in a subset of these cells [179,182,184,185].
ASOs affinity for subcellular structures may also enhance or attenuate their biological effects
[183,201,203] by determining their ability to reach the appropriate subcellular compartment. For
instance, RNase H1 is located in both the nucleus and cytoplasm, thus ASO gapmers (with RNase H-
dependent MOA) will act in both of these compartments [208], while splice-correcting ASOs are
active only in the nucleus [28]. Therefore, among the mechanisms proposed for mild enhancement
or inhibition/attenuation of ASO activity, changes in ASO subcellular distribution or interference
with RNase H1 for binding to ASO/RNA duplexes were investigated [68,209]. More than 50
intracellular proteins interact with PS ASOs, according to several in vitro studies examining the
kinetics and influence of ASO chemistry and delivery technique on subcellular localization and
intracellular protein interactions [182]. As such, RNase H activity may be increased or decreased by
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binding to different proteins. Some of these effects are linked to changes in subcellular ASO
localization. Interestingly, binding affinity to a particular protein is determined by both the ASO

sequence and the kind of ribose modification [28,119,182].

PD parameters are evaluated at the level of a target RNA/protein, or downstream biomarker
(preferably at the cellular level), according to the MOA of an ASO. The primary PD endpoints to be
assessed at the molecular level should be simple since binding of ASOs to their target leads to either
transcript degradation, inhibition of translation, or splicing modification (see section 1.1.3). For
instance, reduced mRNA and protein levels should be examined in particular for ASOs that cause
MRNA degradation through the RNase H mechanism. Over half of the ASOs in late-stage clinical
studies have been shown to inhibit their targets at the mRNA and/or protein levels in the relevant
cell types in patients, such as those localized in the liver, muscle fibers, various solid tumors, lymph

nodes, bone marrow, intestinal mucosa, and eosinophil progenitors and blood cells [80,210].

Abundance measurements of the target and any off-target mMRNA may be made using a wide range
of methods such as hybridization-based methods, quantitative polymerase chain reaction (qPCR)-
based technologies, and RNA-sequencing methods. These techniques have been discussed in
several studies [73,211,212] and have varying throughput capacities, benefits, and drawbacks. On
the other hand, immunohistochemistry (IHC), immunofluorescence, Western blotting, and flow
cytometry-based methods are used to quantify the abundance of the corresponding protein
[210,213]. Assessing the PD effects of the ASO on the target is quite simple when the downstream
biomarker is released into bodily fluids (e.g., the blood), and thus makes PD effect analyses
straightforward [80]. Nevertheless, as ONs are species-specific, nonclinical development may be
extremely challenging and need a variety of species-specific analogs or humanized mice models for

a full pharmacological assessment [29] (see section 1.2.3).

1.1.7 Toxicology — Safety concerns

The understanding of the critical molecular mechanism for ASO PK/PD has evolved significantly as
discussed in the previous sections. This is also true for the common toxicities experienced in the

field. Key toxicological elements of ASO therapies will be summarized in the following sections.
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In general, the chemistry of an ASO may have a variety of effects on its safety profile. For instance,
adverse reactions (e.g., nonspecific polyanion-protein toxic-interactions) are anticipated to be
reduced if a chemical modification decreases the required ASO dose. Nonetheless, ASOs may fold
into various structures or attach to new proteins as a result of chemical modifications independent
of the sequence, which might have adverse implications [214]. Meanwhile, the toxicity
characteristics might vary across different OND classes based on the particular OND mechanism
and design. At the same time, ONDs with the same MOA, chemistry, and design exhibit
relatively similar behavior, permitting certain extrapolations across compounds within an OND class

with the sole variable being the nucleobase sequence [16].

A similar profile of "class-related toxicities" was observed through early experience with PS and 2'-
MOE ASOs (and subsequently with LNA ASOs), which is highly correlated with their PK
characteristics [76,215]. Two primary toxicity mechanisms have been described for ASOs (see Figure
1.4). The most frequently observed is independent of the hybridization of the ASOs to RNA. The
other mechanism is dependent of ASO hybridization to either target or other RNA sequences. Issues
related to genotoxicity, carcinogenicity, immunotoxicity, as well as developmental and
reproductive toxicity maybe also of relevance but are not further discussed in this thesis as they

were not investigated.
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Figure 1.4. Schematic overview of the two primary OND-associated toxicities and the effects of
Watson-Crick hybridization. Some of these toxicities have only been confirmed in animal studies.
This figure is adapted from Andersson and Den Besten (2019) [28].

Thrombocytopenia

Hybridization independent

1.1.7.1 Hybridization-dependent toxicities

Concerns about on-target safety (exaggerated pharmacology and off-target interactions must be
taken into account with every pharmaceutical modality. This is equivalent to Watson-Crick
hybridization for ONDs to both the target RNA and non-target RNA transcript [28]. Exaggerated
pharmacology is caused by the intended target RNA being inhibited to levels leading to adverse
effects. Unintended RNA transcripts entirely or partially complementary to the ON sequence may
likewise experience hybridization-dependent consequences. These are referred to as "off-target

effects" [73,216].

Nonclinical efforts to comprehend and control these risks should take into account both the parent
molecule and possibly active shortened-metabolites that are sometimes seen following
exonuclease digestion of non-gapmer ASOs. These evaluations ideally begin early, during the
discovery and design stages with ongoing monitoring throughout the development process to

reduce the possibility of hybridization-dependent toxicities. [28].
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1.1.7.1.1 Exaggerated pharmacology

Exaggerated pharmacology of ONDs, like with any medicinal platform, might result in toxicity via
excessive or extended activity in the intended or non-intended organ [28]. It is often reported
during the nonclinical safety studies necessary for first-in-human clinical trials in a
drug development package [217]. To detect and analyze the possibility and possible impacts of on-
target toxicities in any therapeutic modality, a full knowledge of the biology of the pharmacological
target and the patient population is required [28]. Published examples include adverse liver
effects found in patients treated with mipomersen as a result of excessive knockdown of the target

apoB100 [218].

When evaluating on-target safety for ONDs, various considerations must be made in comparison to
small-molecule and antibody medicines [219]. There are often just a few different organs and cell
types that will undergo sufficient productive uptake for considerable on-target toxicity to occur.
However, particular cells in the liver and kidney should always be examined for possible on-target
adverse effects (see section 1.1.5.4). The evaluation of exaggerated pharmacology in pre-clinical
phases poses an extra degree of complexity since ONDs are generally directed against a species-
specific target transcript [217]. In circumstances when the clinical candidate's cross-species potency
is inadequate, a surrogate OND (see section 1.2.3) that is active in one of the nonclinical

models (often a rodent) may be utilized to facilitate on-target risk assessment [28].

1.1.7.1.2 Off-target toxicities

The relatively few cell types being amenable to sufficient productive uptake of ASOs also limit the
number of organs and cell types susceptible to off-target effects. However, for ONDs that
mainly exert their activity in the nucleus, such as ASO gapmers or splice-switching ASOs, off-target
sequence analyses must include the introns of the unspliced pre-mRNA [220]. The inclusion of
unspliced primary transcript sequences in specificity studies could dramatically increase the

number of potential off-targets [73].

With improved mechanistic knowledge and the use of high-affinity chemistries (e.g., LNA) resulting
in potent ASOs of shorter lengths, awareness of off-target hybridization and related toxicities has
grown dramatically [221]. Accordingly, exaggerated RNase H-dependent off-target activity has been

hypothesized as a possible explanation for the high-affinity ASO gapmers' sequence-dependent
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hepato- and (perhaps) nephrotoxicity [222—-224] (see sections 1.1.7.2.6-7). In line with this, due to
the physiological function and minimal stringency requirements of RNase H1, RNase H-dependent

ASOs present inherent specificity concerns [73].

In 2012, a subcommittee of the Oligonucleotide Safety Working Group (OSWG) on off-target
analysis issued recommendations for assessing and managing potential hybridization-dependent
off-target activities [225]. The fundamental processes in the risk assessment of hybridization-
dependent off-target effects detailed in the 2012 recommendations are still applicable, despite the
fact that advancement in the area has enhanced insights and knowledge on off-target effects [28].
However, off-target effect prediction should be carried out independently for each animal model
utilized in experimental safety assessments owing to large sequence divergences across the species
commonly employed in nonclinical evaluations (see section 1.2.3). Although functional annotation
and sequence quality for lower mammals or primates are not on par with those of humans, the off-
target effect analysis may still be useful, particularly when a species-specific phenotype is identified

[73].

1.1.7.2 Hybridization-independent toxicities

Watson-Crick base pairing of ASOs to RNA is not the primary mechanism causing the majority of
OND-induced toxicities; rather, tissue accumulation, proinflammatory processes, and/or protein
binding (aptameric effects) are the primary causes [28]. Nevertheless, the sequence of ASOs can
produce undesirable pharmacologic effects that are independent of hybridization [226—229], such
as having unmethylated cytosine-guanine dinucleotide (CpG) motifs (cause immune activation

through activation of Toll-like receptor (TLR) 9) [230].

On the other hand, the OND chemistry and design are substantially responsible for the majority of
these toxicities [28]. PS ASOs, despite all of their advantages, may have unintended effects related
to their physicochemical properties, which may occur by altering the degree of protein binding
[216]. This is also true for those modifications that have reached clinical development and confer
the greatest increase in potency, namely 2'-MOE [231] and LNA [232]. As these ONs still have PS
linkages throughout the sequence, their toxicological properties are comparable to those outlined

for PS ASOs [151,233].
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Multiple mechanisms appear to be at play in some of the class-related toxicities. This is effectively
demonstrated by the hepatotoxicity of gapmer ASOs (see section 1.1.7.2.7). This emphasizes the
need to provide additional nuance to the OND class profile concept for novel OND classes with
distinct properties. In the context of mechanisms and species translatability, a number of frequent
observations are well understood. Aside from sporadic occurrences of thrombocytopenia recently
described [234] (see section 1.1.7.2.3), no additional "new" toxicities or clinically relevant
toxicological target organs have been added to the list of possible risks associated with ONDs. As a
result, we can identify a recurring pattern of possible hazards associated with ASOs as a modality

[28]. Figure 1.4 summarizes the major characteristics of several of these OND toxicities.

1.1.7.2.1 Complement activation

A well-characterized protein-binding feature of PS ASOs is activation of the alternative complement
pathway [235]. The mechanism is through the inhibition of complement factor H (CFH) [236] an
endogenous inhibitor of the alternative pathway of complement activation. The total amount of PS
linkages (and hence PS OND length) and the impact of 2'-ribose modifications on protein-binding
significantly affect complement activation, with sequence being less critical [215,237]. Complement
activation is distinguished by the decrease in serum hemolytic potential (50% hemolytic
complement, CH50 analysis) and concomitant transient increases in the liberation of complement

split products Bb, C3a, and C5a at the cost of complement C3 protein [216].

Reduced levels of complement factors in circulation may impair the complement system's overall
function and its part in innate immune surveillance, such as clearance of immune complexes. The
ability of in vitro assays to predict in vivo concentration-effect relationships for specific split
products of the alternative pathway (e.g., activated complement factor B (Bb)), is limited.
Nevertheless, they can be used to screen toxic sequences and advance our understanding of

structure-activity relationships. [28].

NHPs are known to be more sensitive to this adverse reaction than humans or other species
[215,235-237]. This seems to be due to the reduced inherent inhibitory activity of NHP CFH relative
to human CFH, rather than a greater binding affinity to CFH [237]. Complement inhibition for NHP
factor H is threefold greater than that for the human protein. On the other hand, the lack of ON-

induced complement activation in dogs provides support to the species variations in this effect of
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PS ONs [216]. Nonetheless, it may also be seen in other species at high bolus IV doses (e.g., minipigs)

[238], and man when given as prolonged infusion [239,240].

Acute toxicity to complement activation by ASOs is evidenced by marked clinical signs (lethargy and
periorbital edema) together with hemodynamic changes (heart rate and blood pressure reduction)
as well as hematologic effects (fluctuations in neutrophils) [235]. Accordingly, there were moderate
to severe episodes of emesis, ataxia, and decreased motor activity in rhesus monkeys. This
activation of the alternative complement pathway was demonstrated to be transient and plasma
PS ASO concentration-dependent. [215]. It has been shown to occur primarily after rapid infusion
of ONDs. The plasma PS ON activation threshold for NHPs has been characterized, i.e., when plasma

concentrations reach or surpass 40-50 pg/ml [235].

Acute symptoms are often absent with SC administration or lower-dose IV infusions, although
significant complement-related clinical symptoms and/or death have been reported in association
with aggressive IV dosage regimens in NHPs [235]. Furthermore, persistent low-level activation of
the alternative complement pathway in cynomolgus or rhesus monkeys eventually results to
complement depletion, increased vulnerability to infectious diseases, and in certain circumstances,
damage to the vascular system and kidney [215]. In contrast, no evidence of sustained/chronic
complement activation or vascular inflammation in humans has been found in clinical studies to
date [241], as high plasma concentrations can be avoided by controlling the dose and rate of
administration. This underscores the importance of the clinical dosing regimen [110,236].
Moreover, even when circulating drug levels were comparable to or higher than those linked to
complement activation in NHPs, acute complement activation is often not seen in clinical settings

with SC injection at dosages up to 1000 mg/kg [237,241].

1.1.7.2.2 Coagulation cascade inhibition

Prolongation of the clotting time (i.e., activated partial thromboplastin times (aPTT)) is a well-
known effect of PS ASOs [242-244] directly correlated to the PS content and extrapolates well
across all species and different sequences [215,238,240,243,245]. This is the result of selective
binding and interference with the intrinsic tenase complex (key activator of the intrinsic coagulation

cascade) resulting in prolongation of the coagulation time of the intrinsic pathway [242,244].
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Similar to complement activation, aPTT prolongation is closely correlated with plasma PS ASO
concentrations, with most significant prolongation occurring at Cma. As a result, it is highly
predictable but of limited clinical consequence since, at clinically relevant exposure levels, it is often
not linked to an elevated risk of bleeding or other coagulation disorder symptoms. Compared to
what is needed for complement activation, the plasma concentrations related to increased aPTT
are lower (¥10-15 pg/ml) [110,246]. The aPTT prolongation is transient and more prominent than
prothrombin times (PT), demonstrating that the intrinsic pathway predominantly mediates the
effect [216]. Prolongation of aPTT is common to many species and has been observed in mice, rat,
and monkey [247-249]. Due to the lower plasma concentrations required to increase aPTT
prolongation relative to complement activation, aPTT prolongation has been observed in humans.
In these cases, neither altered coagulation status nor symptoms of bleeding were present
[110,250]. Even after repeated dosing, the relative insignificance of the clinical manifestations of
these coagulation changes is likely due to the minor scale and the transient nature of the aPTT
change [240,250,251]. It is possible to avoid increased aPTT by controlling the administration of the
PS ONs using dosing regimen (e.g., SC administration or longer IV infusions instead of bolus 1V) in
such a way that plasma concentrations remain below threshold [110,246] or by reducing the degree

of protein binding through shorter ON length, chemical ribose and/or backbone modifications [28].

1.1.7.2.3 Thrombocytopenia (TCP)

Thrombocytopenia (TCP) is a common side effect of many pharmaceuticals and has also been
observed with PS ONs [252]. After repeated doses of PS ASOs, dose-dependent decreases in platelet
counts in mice and NHPs have been documented. [28,253]. The reductions were transient and
reversible over courses of weeks or months depending on the half-life of the ASO [254]. In rodents,
this effect is often accompanied by splenomegaly, which seems to be related with the
proinflammatory effect of ASOs commonly observed in this species [28] (see section 1.1.7.2.4). TCP
has also been reported in humans, following systemic administration of PS ONs in cancer patients

[250,255-258].

The exact mechanism of the ASO-induced TCP is not known yet. It has been suggested that the
mechanism may vary across species and between mild and severe occurrences [254]. The fact that
three different ASOs covering two different MOA (RNase H1 and splice switching) and three

different targets indicates that the TCP is not caused by exaggerated pharmacology. Moreover,
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ASO-induced TCP is not linked to general bone marrow toxicity, reduced platelet production, or the
existence of anti-drug antibodies [259,260]. Recent research has begun to give some insight into
the interaction involving ASOs and platelets (both immune-mediated and non-immune-mediated

[28]. We will tackle this specific adverse effect in detail in Chapter 4.

On the basis of extensive nonclinical NHP and clinical human experience with PS gapmer and non-
gapmer ASOs, two separate phenotypic manifestations of platelet reductions are now recognized,
each with distinct clinical impacts [28]. The more typical phenotype is characterized by a mild to
moderate, dose-dependent, gradual, and non-progressive reduction in platelet count [253]. In this
reproducible profile of platelet reduction, the platelet count often does not drop below the lower
limit of normal (150,000 platelets per ul in humans). With prolonged therapy, platelet counts often
stay within the normal range, do not further decrease, and are not linked to any signs of clotting
dysfunction or an elevated risk of bleeding [261,262]. However, as the disease status (as well as the
baseline platelet count) could affect the predisposition to platelet count alteration, proper
assessment is still warranted to ensure ASO safety. The second phenotype is a severe TCP, which
manifests at low incidence. These events are not seen across studies employing the same sequence
and dosage levels, but their incidence rises with higher doses and longer treatment periods. Several
observations, including repeated reductions in platelet counts in re-dosed monkeys, point to an

immune-mediated mechanism [28].

1.1.7.2.4 Immune stimulation and proinflammatory effects
Immune-stimulatory effects have long been a prominent feature of ONs, wherein ample data from
both animal toxicity research and early human clinical studies show that ASOs have

proinflammatory properties [263] (see Figure 1.5).
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Figure 1.5. Immune stimulatory effects of ONDs — primary and secondary effects and pathologies
related to immune stimulation. Abbreviations: PRR, pattern recognition receptor; NHP, nonhuman
primate, ADA, antidrug antibodies; TCP, thrombocytopenia; APC, alternative pathway of
complement; SC, subcutaneous. This figure is adapted from Andersson and Den Besten (2019) [28].

The proinflammatory characteristics of ONDs result from the activation of pattern-recognition
receptors (PRR) within the innate immune system. The best characterized PRRs responsible for the
recognition of synthetic ONDs are the membrane-bound TLRs, specifically the endosomal TLR3,
TLR7 and TLR8, recognizing different RNA variants [264], and TLR9, which responds to
unmethylated CpG motifs in DNA [265]. Other PRRs residing in the cytoplasm has also been
described and tackled in detail elsewhere [266—269]. Binding to these different PRRs and activation
of downstream signaling pathways distinguish between ON design, chemical modification of the

base, ribose or backbone, and sequence, and therefore may not be applicable for all ONDs [28].

Responses may vary widely between species. In contrast to rodents, NHP, minipig, and human
inflammatory responses are typically attenuated and less pronounced [215,238,248,249]. However,
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prominent inflammatory responses, such as vasculitis, have been observed in NHPs [263,270],
particularly with sequences that also show pronounced complement activation. On the other hand,
the underlying mechanism for rodent sensitivity is not entirely understood but is assumed to
involve variations in PRR expression, ligand selectivity, and signaling cascades [271,272]. In
particular, rodents express the TLR9 receptor on more cell types [273] (B cells, dendritic cells, and
monocytes) than humans and NHPs; thus it is likely that SC administration of these
immunostimulatory ASO produced qualitatively distinct responses in mice as opposed to humans

[254].

The immunomodulatory/stimulatory potential can be used deliberately to design nucleotide-based
immunotherapies and vaccine adjuvants, often harboring so-called CpG motifs (proinflammatory
ONDs) [99,274]. However, in most other cases these effects are unwanted. Accordingly, such
proinflammatory effects had led to the rejection of a marketing authorization (e.g., Kyndrisa) [275].
Proinflammatory responses may involve production of antibodies to ssDNA (anti-drug antibodies)
(i.e., mipomersen and drisapersen) or double-stranded DNA (dsDNA) [28,276], activation of the
alternate complement pathway [235,277], hematological alterations including TCP [263,278], and
stimulation of cytokine production [254,279-281]. In particular, patients in clinical trials have
expressed complaints of fatigue, gastrointestinal disorders, chills, and fever, which are similar to
those produced by the release of cytokines. Such immune responses (“flu-like symptoms”) and local
cutaneous injection site reactions have been seen in patients and led to cessation of therapy in

some cases [282,283].

Local injection site reactions after SC administration have been reported and described as
erythema, induration, itching, pain and sometimes ulceration or necrosis [275,284]. In general, ASO
administration can lead to mononuclear cellular infiltrate at the administration site [249]. Although
the pathophysiology of the local skin reactions remains unclear, it most likely includes the
persistently high local concentration of the proinflammatory ONDs. Inflammatory SC injection site
reactions in animal studies are less severe and mostly reversible, suggesting that SC tolerability is
lower in humans, presumably due to species variations in SC skin composition, such as a higher
adipocyte content in humans compared to laboratory animal species [28]. On the other hand,
infiltration of mononuclear cells occurs not only at the administration site but also at systemic

locations, such as in those organs that accumulates ASOs like the liver and kidney, and this may play
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a role in the observed toxicity in these organs [249,263,285] (see section 1.1.7.2.5-7). Moreover,

changes in spleen and lymph node weight were noted in some studies [285].

1.1.7.2.5 Accumulation-related toxicities

Toxicities in high-exposure organs is expected with ASOs in line to their tissue distribution (see
section 1.1.5.3). Class-related toxicities in different tissues seem to be mostly associated to the
proinflammatory potential of PS ONs, which leads to infiltrates of monocytes, lymphocytes, and
fibroblasts [249,286] (see section 1.1.7.2.4). The ONs accumulate in the kidney and liver (among
other organs) after systemic administration. Since the kidney represents the site with the highest
OND concentration, it is potentially the primary target organ for toxicity [287]. On the other hand,
the limited (or absent) absorption in other organs (e.g., brain, lung, gastrointestinal tract, eye,
skeletal muscle, or heart muscle) is the reason for the very limited toxicities in these particular
organs following systemic administration of ASOs [145]. However, exceptions such as the spleen
and lymph nodes were observed as they are susceptible to dose-dependent proinflammatory
effects of PS ONs, although they do not accumulate the highest concentration of the compounds

[216].

The histologic hallmark of OND exposure and accumulation in tissues is the presence of basophilic
granulation (under hematoxylin and eosin (H&E) stain), which has been observed in various tissues
of animals treated with systemic PS ONs [145] as well as those that received it via inhalation
[288,289]. Due to the fact that these granules disappear upon cessation of treatment and do not
cause degenerative changes, they are considered non-adverse, adaptive changes [28]. The changes
are reversible, but due to prolonged tissue half-life of the modified PS-ASOs, it may take weeks to

months for these to resolve [278].

The organs presenting basophilic granulation are usually the principal sites of ON accumulation
[76]. It is widely accepted that the granular material represents the ON's clearance and
deposition in the cell type(s) where it is found. The granulation is usually observed in resident
macrophages of the spleen, lymph nodes, and liver (see section 1.1.7.2.7), as well as in the proximal
tubular cells of the kidney after systemic OND administration (see section 1.1.7.2.6) [216]. IHC
evaluations of the kidney and liver reveal perivascular infiltrates and this often refer to

“lymphohistiocytic cell infiltrates” [281]. The affected macrophages have been described as having
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a “distended, weakly stained and finely vacuolated or granular cytoplasm” [263]. The liver resident
macrophages (Kupffer cells) can appear reactive (hypertrophic) or proliferative (hyperplastic) [254].
The ON uptake by resident macrophages is frequently accompanied by a rise in macrophage
number (histiocytosis), which induces the OND clearance process [216]. After local delivery via
inhalation, a typical nonclinical toxicological finding is alveolar macrophage and histiocyte
accumulations within the lungs of animals. These cells appear enlarged with cytoplasmic

vacuolization containing basophilic granular material [98,288,289].

In multiple tissues of rodents that received high PS ASO doses, macrophages and histiocytes are
frequently observed to have a foamy appearance. In contrast to the ASO-containing basophilic
granules, the granular cytoplasm of activated macrophages is considered to contain cytokines.
These are not generally observed in NHPs, owing to the greater rodent susceptibility to the
proinflammatory properties of PS ASOs [263]. However, it is unknown if ASO uptake disturbs
macrophage phagosomes. It has been proposed that alterations in tissue macrophages are caused
by cellular activation and cytokine production in reaction to the ASQO's proinflammatory character
[270]. On the other hand, there is some evidence that the toxicity results from lysosomal
breakdown or cytokine release by activated Kupffer cells (leading to hepatotoxicity) or

mononuclear cells [215,235].

1.1.7.2.6 Nephrotoxicity

High local concentrations of ONs make the kidney one of the typical organs to observe toxicities
related to various OND modalities [28,216,290], and this is particularly concentrated in the proximal
tubular epithelium [157,287,291]. Changes in the proximal tubules are more common than in other
tubular sections or the glomeruli. Renal toxicities are due to the buildup of ASOs (seen as basophilic
granules) inside the proximal tubule's lysosomes, which causes the tubular absorptive capacity to
be disrupted, leading to tubular proteinuria [215]. Accordingly, proteinuria was documented in
drisapersen patients and was mainly modest in severity (primarily affecting low-molecular-weight
proteins), reversible with brief treatment interruptions and neither progressing nor related with

other renal impairment symptoms [262,292].

The pattern and distribution of these ON-containing basophilic granules in the tubular epithelium

are similar to those of normal low molecular weight proteins [216]. The changes in tubular
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morphology and function follow a predictable pattern in animal studies, with initial microscopic
changes of cytoplasmic basophilic granules at low doses, which becomes associated with tubular
atrophy, regeneration, and degeneration at high doses and tissue concentrations [215,233,293]. As
such, functional tubular changes in NHPs are often seen only at several multiples of the clinically
relevant dosage, as described for 2’-MOE gapmers [215,233]. Accordingly, NHPs appear to predict

well for the tubular toxicity risk in humans [28].

Another prevalent change in the kidney after systemic ON treatment is the appearance of
cytoplasmic vacuoles in the tubular epithelium (in formalin-fixed kidney sections). These vacuoles'
existence is caused by osmotic imbalances caused by large concentrations of hydroscopic material
(i.e., ONs) in the phagolysosomes [216]. Therefore, this is a fixation artefact that should not be
mistaken as a degenerative change (i.e., vacuolar degeneration) [294]. Other changes have been
reported at relatively high doses (more than 80 mg/kg/week) and high tissue concentration (as high
as 2.6 mg/g), such as dose-dependent renal tubular atrophy and degeneration, although they are
not considered function-limiting as these change were not accompanied by renal function
abnormalities. When changes in renal function were identified in NHPs (increased urine

protein/creatinine ratio), they were quickly reversed [233].

The mechanism for this mild, reversible tubular dysfunction is unclear. Still, it may be associated
with transient and competitive interference with proximal tubular reabsorption of solutes, which
includes proteins from the glomerular filtrate, as both ASOs and proteins are understood to be
reabsorbed from the glomerular filtrate via scavenging-receptor-mediated endocytic processes.
This would increase the excretion of low-molecular-weight proteins and, to a lesser degree,

albumin, and the effect is easily reversed when the treatment is discontinued [262,294].

Except for those effects directly related to tissue accumulation, the tubular effects mentioned
above are only slightly affected by the ON sequence. For ASOs with higher affinity modifications, a
distinct pattern of tubular toxicity was observed [270], in which sequence tends to be more vital
than tubular accumulation over a critical concentration threshold. This is evidenced by renal toxicity
in rodents after only two weeks of dosing with 3—8—3 LNA gapmers that also caused hepatotoxicity
[79]. On the other hand, acute tubular necrosis following three treatments of the LNA gapmer

RTR5001 (5 mg/kg) is a clinical example of highly sequence-dependent renal toxicity [295].
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Furthermore, human volunteers treated with an unusually short (12-mer) 2’-MOE gapmer intended
to accumulate in the kidney and target the renal sodium-glucose cotransporter-2 transporter
experienced acute tubular dysfunction as evidenced by a dose-dependent rise in serum creatinine
and increased urinary excretion of B>-microglobulin and kidney injury molecule-1 (KIM-1). Although
a direct tubular effect has not been ruled out, it is likely that the intended pharmacology is the
primary contributor, as serum creatinine levels stabilized with sustained treatment, indicating

tubular adaptation [151,296].

Glomerular lesions are uncommon with PS ONDs and 2'-MOE gapmers [294].
However, glomerulopathies were detected (and reproducible)in three months or longer
rodent and NHP toxicity trials utilizing 2'-OMe ASOs [263,297]. In general, these glomerular lesions
were observed at or below the clinical doses/exposures and were unrelated to glomerular
accumulation. Accordingly, they are distinguished by profound species differences: in mice, local
inflammatory activity and murine-specific characteristics appeared to be significant determinants
of the progressive and irreversible pathology [297]. On the other hand, the reversible lesions in
NHPs showed evidence of chronic complement activation and ASO-induced inflammatory reactions
[297], known to be triggered by ASOs when delivered to NHPs over a particular dosage threshold
[140,270,298]. The fact that humans are less susceptible to ASO-induced complement activation
and inflammatory mechanisms suggests that animal toxicity studies overpredict the clinical risk
associated with glomerular lesions. Clinical experience supports this, with only a few of established

ASO-related glomerulonephritis identified [28,292].

Overall, when detecting proteinuria in a patient, it is crucial to differentiate between the more
medically manageable tubular toxicity and the more severe glomerular impairment [263]. Small or
negligible levels of protein would be consistent with tubular effects and hence less clinically
problematic, but substantial elevations or the presence of high molecular weight proteins may

assist in identifying proteinuria of glomerular origin and risk of glomerulonephritis [254].

1.1.7.2.7 Hepatotoxicity
Following systemic treatment, the liver is another primary target organ for toxicity due to its high
accumulation of PS ONs. In contrast to the kidney, where ONs are primarily located in the tubular

epithelium, ONs are detectable in all liver cells [111,158,291]. Accordingly, single-cell necrosis and
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Kupffer cell hypertrophy, as well as basophilic granules in the liver, have been observed in animal
models at high dosages. [215,263,293]. The presence of the basophilic granules and hypertrophy
of Kupffer cells demonstrates their normal function to clear foreign material and is usually not
associated with hepatic dysfunction [216]. Further dose-dependent changes involve
lymphohistiocytic cell infiltrates that may be linked to multifocal hepatocellular degeneration or
single hepatocyte necrosis, consistent with the proinflammatory class effect of PS ONs [114] (see
section 1.1.7.2.4). These changes tend to be accompanied by an elevation of serum transaminases
(alanine transaminase (ALT)) and aspartate aminotransferase (AST)) and a decrease in albumin and
cholesterol levels, which may indicate altered liver function [231,249]. On the other hand, a
different and more severe form of liver toxicity not brought on by ASO accumulation nor
proinflammatory effects has emerged with the development of ASO gapmers with high-affinity 2'-
ribose modifications, such as LNA [299]. In cases with greater severity, changes are more profound
with larger areas of apparent necrosis, evidenced by marked liver enzyme elevations, morbidity and

mortality [78,300].

In general, this toxicity appears to be independent of local concentration or knockdown of the
primary target mRNA and is not induced by metabolites or impurities [78,222,300]. Current
evidence suggests off-target RNA knockdown plays a role in this gapmer-induced hepatotoxicities
[28]. Three independent groups demonstrated that much of the hepatotoxicity of high-affinity
gapmer ASOs results from RNase H-mediated cleavage of off-target transcripts (often within
introns) [220,222,224,301]. Significant efforts have been made to better comprehend and define
the specific ASO sequence component and sequence motifs that are linked with these hepatotoxic
liabilities. Sequence motifs consisting two or three nucleotides were identified and correlate
reasonably well with the toxic potential of the sequences [299,300]. In line with this, the precise
location of the toxic sequence in the gapmer (gap vs. wings), the position of the LNA's in the wings

and the gap size all influenced the toxicity profile [78,299,300].

Aside from liver accumulation related changes, hepatotoxicity observed in animals tends to be
dependent on ASO sequence and chemistry, and the sensitivity of each species than the absolute
concentration. Liver toxicity in rodents is more commonly reported, partly due to their sensitivity
to the proinflammatory effects of ONDs, with increased lymphobhistiocytic cell infiltrates as a key

pathological feature. In general, NHPs are considered to better predict risks to clinically relevant
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hepatotoxic effects associated with tissue accumulation [28]. The toxicities related with liver
degeneration or necrosis in rodents have been demonstrated with LNA-modified ASOs at doses
below those generally known to result in accumulation-related hepatic changes in other species
[299,300]. The absence or mild liver findingsin NHPs, often restricted to hypertrophy and
basophilic granules in Kupffer cells, are consistent with the general lack of hepatic toxicities in

clinical situations [215].

Rodent tolerability studies have shown to be an effective strategy for screening out these
hepatotoxic candidates before moving on to the clinics [28]. Through careful sequence screening
and selection, hepatoxicity has not been a general feature of most PTOs and newer generation ASOs
in clinical settings [28,215], except for the toxicity secondary to exaggerated pharmacological
inhibition of apoB-100 by mipomersen [218]. Another clinical case is the GalNAc-conjugated siRNA
ALN-AAT, which was terminated after liver enzymes increased caused by an microRNA-like off-

target activity in its Phase 1 trial [28].

1.2 ASO nonclinical development and safety evaluation

Various components of a drug development program could decide its success with regards to
marketing approval. As for ON-based drugs, selection of sequence candidate during the discovery
phase should weigh the balance between efficacy, clinical relevance of a target, and safety [16]. As
mentioned earlier in this chapter, ASOs are designed with an assortment of chemical modifications
dictated by its intended MOA. Based on this design, the probable PK/PD properties of a specific ASO
candidate can be predicted. Potential safety issues identified as common ‘class toxicities’ profile
usually correlate with the ASO PK properties [76,215]. With previous experience and the overall
predictable behavior of ASOs, stringent screening processes can be applied. All these properties
contribute to shorter timeframes from early pharmacological concepts to validation in the clinics

for ON therapeutics when compared to other drug modalities [28,302].

1.2.1 Regulatory perspectives

The nonclinical development and general safety assessment of ONDs usually follows the nonclinical
testing guidelines for small molecules (e.g., as small molecules for Food and Drug Authority (FDA);

or as new chemical entities for European Medicines Agency (EMA)) as there is no formal guidelines
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from health authorities in place for ONDs to date. Even though the small-molecule guideline
recommendations from the International Conference on Harmonization (ICH M3 [R2]) does not
directly address OND, the general principles may also apply to them as they are chemically
synthesized (Table 1.3) and frequently involve not naturally-occurring chemical modifications
[28,303]. On the other hand, some product attributes of ONDs are shared with biopharmaceutical
agents such as larger size, predictive PK, longer half-life, and species and target specificity [304]. As
ONDs are mentioned in the ICH S6 (R1) for biotechnology-derived pharmaceuticals, the principles
from this guideline should also be taken into account in the nonclinical testing strategy of ONDs.
Therefore, a hybrid approach between ICH M3 and S6 customized to a specific OND characteristic

may satisfy the regulatory expectations and provide a scientifically sound safety evaluation [28].

Informally, a set of best practice recommendations (provided as series of white papers) were
prepared by various consortia, such as the OSWG consisting of academics, regulators, and industry
members. The OSWG presents very detailed discussions in these whitepapers on issues that were
faced by both developers and regulatory reviewers of ON therapeutics. While these white papers
do not represent the opinions of regulatory authorities, they do suggest a possible approach to
resolving issues specific to ONDs that are not addressed in the current guidelines for small

molecules and biopharmaceutical products [305].

Table 1.3. Comparison of product attributes across product classes. This table is reproduced from
Schubert et al. (2012) [305].

NCEs ONs NBEs
Molecular weight Low (<1 kDa) Mid (>6 kDa) High (>30 kDa)
Manufacture Chemical synthesis Chemical synthesis Biologically derived
Structure Single entity Single entity Heterogenous
Tissue - Intra- and extracellular - Intra- and extracellular - Largely extracellular
distribution - Wide distribution - Selected distribution - Limited distribution
- Species-specific - Catabolized to - Catabolized to amino
PK/ ADME metabolites nucleotides acids
- Short half life - Long acting - Long half life
Soeci
pe.c.le.s Less likely More likely Often
specificity
Off-t.arget Often Sometimes Rarely
toxicity

Abbreviations: NCEs, new chemical entities; ONs, oligonucleotides; NBEs, new biological entities; kDa, kilodalton; PK,
pharmacokinetics; ADME, absorption, distribution, metabolism, and excretion.
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1.2.2 Nonclinical safety assessment strategies

The general aim for nonclinical safety testing is to identify potential toxicities of ASO candidates to
aid their use in the clinics. Developmental and reproductive toxicology, as well as juvenile animal
studies may also be necessary for ONDs, depending on the indication(s) being pursued and the
clinical phase of development. Beyond the typical considerations on general toxicology study design
(e.g., species selection of relevant animal models), particular justifications unique to ONDs (e.g.,
exaggerated pharmacology assessment and use of surrogates) should be recognized [306].
Moreover, certain product attributes of the ON candidate (e.g., class, chemistry, and delivery
system) also necessitate specific considerations when planning nonclinical studies and each OND

could be assessed on a case-by-case basis [307].

The small molecule guideline defines the conduct of repeat-dose toxicity evaluation in two species
(up to six months in one rodent and nine months in one non-rodent species) [308]. The main
difference with this one as opposed to the biopharmaceutical guideline [309] is that a single species
approach is allowed in the latter when sufficient justifications are provided (species selection will

be discussed in section 1.2.3).

Nonetheless, only 29% of sponsors have experience with health authorities accepting a “leaner”
(use of a single species) M3 (R2) approach for their ONs nonclinical regulatory packages upon first
submission, according to the results from a survey across 22 companies developing therapeutic ONs
performed in 2018 [310]. In cases where single (primarily non-rodent) species nonclinical safety
programs were conducted, the following reasons necessitated it: (1) lack of cross-reactivity to
pharmacologic target and (2) lack of feasibility of the clinical dose route in rodents (e.g., intrathecal
dosing), and (3) low risk of systemic class-related or off-target toxicity based on route of
administration. Correspondingly, 76% of the respondents in this survey had been requested at least
once by health authorities for a study or readout (e.g., small molecule relevant assays and use of
second species), which they had not included or planned to include. On this regard, 47% of the
respondents had positive feedback after providing sufficient justification for a “leaner” ON-tailored
approach [310]. This is an encouraging evidence that health authorities are open to a modified
approach (hybrid with S6) when there is a clear and compelling scientific rationale. Still, the
prevailing nonclinical regulatory packages that companies follow are still solely the principles of the

two-species small molecule ICH M3 (R2) guideline [310] wherein 76% of the respondents have
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always conducted toxicology testing in two species [16]. This is evidenced when respondents placed
ICH S6 (R1) on the lower end of relevant guidelines with an overall mean relevance of 44%, as

compared to the ICH M3 (R2) guideline that has 72% mean relevance [310].

A consensus report of the Reproductive subcommittee of the OSWG recommended the case-by-
case approach to assess developmental and reproductive toxicology (DART) for ONDs, as well as for
species selection [219,304,311], due to their unique product attributes discussed earlier. Therefore,
when planning the DART program, ON developers should consider: the regulatory guidelines for
both NCEs and NBEs [312,313], the intended patient population [306], the pharmacological effect
of the specific ON [307], its function within the reproductive system, and the potential for
exaggerated pharmacology during pregnancy and fetal development [314]. The shared attributes
of ONDs to NCEs and NBEs also require considerations for its chemical characteristics, structural
subclasses, MOA, and optimal exposure (including dosing regimen) when planning DART studies

[304].

1.2.2.1 Nonclinical safety testing for ASOs intended for Pediatrics

Similar to the rational basis for the program development for DART studies, the specific product
attributes of ONDs should also be considered when developing therapeutic ONs intended for the
pediatric population. In comparison to adults, pediatric patients who can receive pharmaceuticals
during periods of rapid growth and/or postnatal development of numerous organ
system constitute a distinct population [315]. The immaturity and stage of maturation of human
and animal organ systems during OND treatment can affect its PK/PD profiles, and/or off-target
effects potentially leading to differences in safety and/or efficacy profiles between pediatric
populations (as described in ICH E11) and/or when compared to adults [315]. Moreover,
comparison of development across species can be challenging and is not uniform across different
organ systems. Therefore, careful evaluation of these potential differences in the intended

developmental age groups compared to adults and between species is warranted [316].

ICH S11 was devised to serve as a guideline in support to the development of pharmaceuticals
intended for pediatric use [315]. The scope of this guideline includes small molecule therapeutics
and biotechnology-derived pharmaceuticals as defined in ICH S6 and therefore may be applicable

for antisense therapeutics [309]. Most of the general considerations in the guideline regarding the
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design of a nonclinical juvenile animal study (JAS) can also be applied with the case-by-case
approach. The level of maturity and function can potentially influence susceptibility to toxicity.
Understanding differences across species during development (e.g., nuclease ontogeny) is needed
not only to design the appropriate JAS but also to aid the translation of nonclinical toxicity findings

of ONDs to human age categories [316].

To date, no white paper has been written about the conduct of JAS when previous nonclinical and
adult human data are judged to be insufficient to support pediatric studies for ONDs. Normally, a
JAS is included in the pediatric investigation plan (PIP) and is designed to investigate safety concerns
that cannot be adequately addressed in other nonclinical studies or pediatric clinical trials, including
potential long-term safety effects [315,317]. It should be noted that the most relevant safety data
for pediatric studies ordinarily come from adult human exposure [316]. However, additional
nonclinical investigations in juvenile animals are advisable depending on the identified safety
concerns and the intended pediatric clinical use. This also depends on an integrated assessment
(weight of evidence approach) based on the totality of the evidence, including the clinical context
together with the pharmacology, PK (ADME), and nonclinical in vitro and in vivo animal, and clinical

safety data (adult and/or pediatric) [315].

The requirement for JAS in a PIP are motivated by concerns regarding potential developmental
toxicities, in view of the young age of the pediatric population to be investigated, lack of knowledge
concerning the maturation of the pharmacological target, the lack of sufficient (non)clinical data,
observed toxicities in the adult (non)clinical studies, and long duration of the intended treatments
[317]. Primary or secondary pharmacological properties of a pharmaceutical can be responsible for
unwanted side effects. Moreover, further nonclinical investigation in juvenile animals should be
considered for ONDs even though they have high selectivity and specificity for their target
sequence, as potential adverse effects can stem out from exaggerated pharmacology [315].
Furthermore, both on-target and off-target pharmacology can be an important predictor of
developmental effects for all classes of pharmaceuticals, including ONDs. During development,
genes can have very distinct functions than in adults, and modulation of an array of pharmaceutical

targets has been linked to developmental implications [313,318].
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1.2.3 Species selection

The selection of animal models requires careful consideration [319] for the proper safety evaluation
of an OND candidate including the general assessments common for toxicology studies, together
with particular types of endpoints to assess potential toxicities that have been reported previously
for other ONDs [306]. As such, an ideal animal model(s) should be representative of humans with
regard to PK, metabolism, sensitivity to toxicity, and pharmacologic effects [313]. Specific
considerations for species selection for ASO DART studies had been described elsewhere, while the
ICH guideline S11 for pharmaceuticals in general is being considered for JAS in support of the

development of ONDs intended for pediatrics.

In general, toxicity studies for ONDs are performed in a rodent and a non-rodent species, similar to
small molecules [16] as evidenced by the prevailing nonclinical regulatory packages that most
companies follow [310]. This is in line with the recommendation of the Japanese Research Working
Group as ONDs often cause hybridization-independent off-target toxicities and sensitivity to these
effects may vary between species [307]. Therefore, when assessing the off-target toxicities of
ONDs, M3(R2) should be the reference as there are similarities between ONDs and NCEs. On the
other hand, S6(R1) should be referred to for assessing on-target toxicities of ONDs. Accordingly, the
consensus of the Subcommittees of the OSWG (DART, Safety Pharmacology, Formulated ON)
recommends that at least one pharmacologically relevant species (responsive to the ON candidate
pharmacologic activity) should be used for safety testing of ONDs that are directed against ‘host
targets’ (i.e., human gene products or pathways) [304,311,320]. This is also consistent with
recommendations by the Exaggerated Pharmacology subcommittee of OSWG in evaluating the

potential for toxicities induced by the intended pharmacologic activity of a candidate ON [219].

Characterization of cross-species pharmacologic activity is critical for species routinely employed in
toxicological assessments, especially for species that have traditionally been used for OND safety
assessment, such as NHPs [219,321]. In case that two or more species are available for appropriate
testing of on-target effects, toxicity studies should, in principle, be conducted in both, one rodent
and one non-rodent [307]. However, it is the experience of the members of the Exaggerated
Pharmacology Subcommittee that the pharmacologic activity of an OND is often achievable only in
one species, owing to the ON sequence specificity and the precise sequence homology requirement
for successful downregulation of an expressed gene [320,321]. Accordingly, sequence differences
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may lead to inadequate activity of the clinical OND candidate in animal test species when evaluating

potential hybridization-dependent on and off-target toxicities [319].

If a second pharmacologically relevant species is unavailable (e.g., mouse or rat), then the second
species should typically be used to test only for chemistry-related effects (class effects) or other
types of non-mechanism-based effects. As is the case with antibody therapeutics, toxicological
testing of a particular candidate in a non-pharmacologically relevant species could be avoided if
sufficient justifications are provided (e.g., previously well-studied drug class) [320,321]. In addition
to using previous knowledge of the biological function encoded by the target sequence, in silico
and/or in vitro microarray analyses could be used to assess the risk of on-target toxicities [307].
Similarly, the sponsor may recommend carrying out an extra in vivo toxicity study with a surrogate
(active animal analog) before clinical studies or proceeding directly to the clinical phase without
such data. This decision may be made on a case-by-case basis depending on previous available
information [307]. When no pharmacologically responsive animal species can be identified for the
clinical candidate, a satellite group receiving a single dose of a surrogate to assess on-target
toxicities could be helpful for hazard identification. A similar study design has been proposed by
S6(R1) and in a white paper by Kornbrust et al. [219,307]. However, there are very few instances
when ON exaggerated pharmacology that translated into significant toxicity was reported in
animals. Therefore it is essential to consider this before considering the use of analogs. Exaggerated
pharmacology evaluation for ONs requires careful planning and close attention to a number of
criteria in order to provide useful safety data while minimizing the possibility of causing unrelated
effects that might be misinterpreted as exaggerated pharmacology [219]. In addition, off-target
effects or class effects resulting from a clinical candidate's chemistry should not be assessed

based on findings from a surrogate [307].

Information on the toxicity profile of many types of ONs that is often dominated by nonspecific
“class effects” [76,129,276], if available, may be useful for selecting an animal species for toxicity
studies and interpreting the results. As such, except for complement activation, rodents are more
susceptible to OND toxicity than NHPs in a study of OND toxicity in individual animal species [307].
This information proved helpful in extrapolating nonclinical animal toxicity results to foresee the

onset of adverse reactions in humans [278]. Other safety issues, such as proinflammatory
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indications, exhibit rather poor interspecies translation but may still be important to evaluate and

select against in regulatory toxicology studies to increase the probability of success [319].

Moreover, one aspect influencing the species selection would be variations in OND metabolism
across species. Since the nuclease resistance and metabolite profiles of ONDs can be evaluated in
vitro or in vivo, selecting an animal species with a metabolic profile comparable to that of humans
would be suitable if species-specific metabolite differences are identified [307]. If such data is
known for an OND in the same class, an animal species with a PK profile comparable to humans
should be chosen. For instance, PS ASOs showed PK profiles in nonclinical animal studies (except in

mice) which correlated well with human PK [307].

1.2.3.1 Rodents

Mice and rats have been used as the rodent species for OND toxicity testing, and the selection
criteria seems to be company- and program-specific [306]. For ASOs, relevant pharmacological
activity is relative to the sequence homology degree between the drug candidate and the target
transcript across species. The degree of homology between rodents and humans (or rodents and
NHPs), is frequently poor. As a result, a rodent-active surrogate may be required to allow
pharmacology investigations in rodent species. The rodent surrogate OND can then address the
potential toxicities related to exaggerated pharmacological activity by including it as a distinct

treatment group in the toxicity evaluation for the human-active OND [306].

Although the rat is the most commonly used rodent when investigating small molecule toxicities,
rat-specific lesions such as Chronic Progressive Nephropathy [215,263] are exacerbated by the
high kidney concentrations following systemic PS ASO administration. Chronic Progressive
Nephropathy has no human relevance, however it may cause issues in chronic toxicity
investigations [16,322]. On the other hand, treatment of mice with high doses of PS ASOs resulted
in elevated levels of circulating cytokines and chemokines [269,286] and dose-dependent lymphoid
hyperplasia with spleen and lymph node enlargement and lymphohistiocytic cell infiltration often
detected in different organs [263,279,321]. In line with this, there is growing proof that the intensity
and range of anatomic pathologies produced by immunostimulatory ONs in rodents do not
indicate human responses [219]. Thus, although rodents have been commonly utilized for in vivo

toxicity screening, they are thought to be more susceptible to immune stimulation and specific
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lesions such as Chronic Progressive Nephropathy, which does not necessarily translate to humans

[319].

1.2.3.2 Non-rodents

The primary non-rodent species for OND safety evaluation has been the NHP, often a macaque
species such as the cynomolgus monkey [306]. The reason for this is due to the highest likelihood
of sequence-dependent crossover on activity (due to high degree or complete RNA sequence
homology) and a robust historical background data [16]. The former enables the exaggerated
pharmacology evaluation in the clinical candidate's general toxicity study in NHPs. However, for
those ASOs that depend on hybridization for MOA, high degree of homology does not ensure
activity across species as single base mismatches may significantly diminish or eliminate activity.
Hence, some evidence of pharmacological activity (in vitro or in vivo) in the species selected for the

nonclinical program may be required [306].

Other non-rodents have been evaluated, including the minipig [16,238,310], regarding ASO safety
assessment. On the other hand, the high cost of production in the early days of OND development
encouraged the selection of NHP owing to their smaller body weight than the dog (~2.4 vs. ~8-10
kg). Alternative non-rodent species have also been utilized for certain indications or administration
methods, such as dermal applications (minipig and rabbit) or intraocular injections (rabbit and dog)
[306]. Nevertheless, regulatory-based review papers have focused on using NHPs for toxicity
assessment, reinforcing the need to include an NHP species for nearly every OND program
[303,323]. Accordingly, the PK properties and sensitivity to proinflammatory effects of NHPs,
generally appear to appropriately represent human responses. In part, it was presumed that the
similarity of NHPs to humans indicated a high degree of relevance of the findings to human safety.
However, this relationship remains a subject of continual assessment. In turn, considering the
particular attributes of the drug candidate, an alternative to NHP may be more relevant and/or
practical for general toxicity assessment, presuming sufficient evidence of pharmacological activity
for the chosen non-rodent species. As stated previously, even if the OND has substantial cross-
species activity for general toxicology and exaggerated pharmacology evaluation, regulatory

authorities may expect some testing in NHPs unless a solid rationale is provided [306].
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1.3 The Gottingen Minipig as a safety testing model

Gottingen Minipigs are one of the most often used purpose-bred pigs in Europe. Recent studies
have provided data supporting the predictive value of minipigs in the nonclinical development of
pharmaceuticals [324,325] as the minipig exhibits many similarities to human anatomy, physiology,

biochemistry, and pathophysiological responses [326,327].

Pigs have a higher genetic similarity to humans than rodent and canine models. In 2005, the first
entire pig reference genome sequence assembly was made accessible, containing approximately
2500 Mb in size organized in 18 autosomal and two sex chromosomes of comparable sizes to those
of humans [328]. Considering the similarities with humans and the good body of information
available for the minipig, the model has the potential to be used in the development of

biopharmaceuticals, ONDs, and possibly in silico toxicology studies [326].

Transgenic technology can be readily applied in minipigs [326,327]. For instance, humanized
Gottingen Minipigs are now available [327] and this allows the safety assessment of human IgG-
based therapeutic antibodies. This can be beneficial also for safety testing of antibody-ON
conjugates (AOCs). As the Gottingen Minipig genome has been sequenced [329,330], it is possible
to make homologous ASOs that cross-react in minipigs, which permits the study of toxicities linked
to the pharmacologic target. In essence, pharmacological target homology is essential for showing
the pharmacological effects of ASO candidates in the relevant nonclinical species. As such, the
recent sequencing of the minipig genome is crucial in considering this model as a potential

alternative non-rodent species [238].

1.3.1 The adult Géttingen Minipig as a safety testing model for ASOs

Concerning the use of minipigs as an adult non-rodent toxicity model, only 14% of RNase-H-based
ASOs and 20-40% of other ASO subclasses were tested in this model [310]. In 2017, the adult
Gottingen Minipig was reported to be a suitable alternative model for NHPs in the adult safety
assessment of ASO drugs [238]. In this study, four different model LNA PS ASOs, all with known
safety profiles, were administered subcutaneously to minipigs using similar study designs and read-
outs as in earlier NHP studies. Administration of the four LNA PS ASOs resulted in similar PK/PD and
safety profile in minipigs as in NHPs upon subacute systemic exposure [238].
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ASOs are well-absorbed in the circulation following SC administration. Similar to other species,
plasma exposure increased roughly dose-proportionally, and ASOs were rapidly cleared from
circulation [123,238]. In both species (minipigs and NHPs), LNA PS ASOs (e.g., RTR5001) are
distributed and taken up by peripheral tissues such as the liver and kidney. For most of the
investigated LNA PS ASOs, there was an exposure saturation in the kidneys. In general, kidney

exposure was significantly higher compared to the liver, as previously described [68,145,238].

Target engagement and pharmacologic effect had also been demonstrated in the minipigs [238].
However, among the four model ASOs assessed, only one of the compounds (i.e., RTR5001, see
Table 1.4) showed pharmacologic activity in the minipigs. A decrease in LDL cholesterol after
repeated administration of RTR5001 (20 mg/kg) (targeting the PCSK9 transcript) had been observed
similar to NHPs [331]. Likewise, PCSK9 expression in minipig livers was significantly reduced even
though there is a single mismatch (end-standing) in the minipig sequence. Accordingly, PCSK9 is a
protease that degrades LDL receptors in the liver, thereby has a role in controlling plasma LDL
cholesterol levels [332]. Furthermore, no additional on- and off-target effects or non-hybridization-

dependent toxicities were identified in the adult minipigs for the four tested LNA PS ASOs [238].

Table 1.4. Nonclinical and clinical information of RTR5001, one of the four model ASOs evaluated
for safety testing in adult Gottingen Minipigs.

Remarks and

RTR5001 compound information
references

See section 1.1.4.1.1

‘5-T*G*C*t*a*c*a*a*a*a*c*C*C*A*-3' (upper-case, LNA forPS;and 1.1.4.1.3

Sequence monomers; lower-case, DNA monomers; *, PS linkages) for LNA modification
information.
Design LNA PS gapmer (RNase H-dependent ASO) ?sfl-sl\(le;tlg(;r;rln.:.r4.2.l
characteristics.
Familial  Hypercholesterolemia: a genetic disease
Indication characterized by' elgvated plasma L.DL chglesterol.. LDL [333,334]
cholesterol deposits in blood vessels, increasing the risk of
premature cardiovascular disease.
PCSK9 mRNA (mainly expressed in the liver): PCSK9 functions
Pharmacologic by increasing the degradation rate of LDL receptor (binds LDL [335]
target in the circulation) and secondarily by preventing LDL
clearance (increases circulating LDL cholesterol).
Available Goéttingen Minipig:
information in Three minipigs (adult females, 4-6 months) per dose level
. . . L . . [238,331,336]
nonclinical group received a SC dose (inguinal region, left and right
(Gottingen alternated) of 6 or 20 mg/kg on days 1, 6, 11, and 16 at a dose
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Minipig and
NHPs) and
clinical study
designs (e.g.,
dosing regimen)

volume of 0.25 mlL/kg. Two animals served as concurrent
controls (phosphate-buffered saline).

Cynomolgus monkey:

Three monkeys per dose level group received subcutaneous
doses of 0, 6, or 20 mg/kg on days 1, 6, 11, and 16.
Single-dose study. Six monkeys received a 10 mg/kg SC dose
with subsequent killing of single monkeys at days 4, 7, 14, 21,
28, and 56 after dosing.

Multiple-dose study. Five monkeys were initially SC dosed
with 20 mg/kg, followed by four weekly 5 mg/kg maintenance
doses. Forty-eight hours after the last dose (day 30), three
monkeys were sacrificed, and the remaining two were
monitored for an additional 8-week recovery period.
Human:

Randomized, ascending dose, double-blind, and placebo-
controlled (0.9% saline), with an RTR5001:placebo ratio of 6:2
per cohort (24 healthy volunteers). The drug was
administered SC in the abdominal region as three weekly
doses of 0.5, 1.5, or 5 mg/kg on study days 1, 8, and 15 (150
mg/ml RTR5001 dissolved in water for injection; injection
volumes <3 ml administered in a single injection and volumes
>3ml in two injections). The 0.5 mg/kg/week starting dose
was 4-fold lower than the maximum recommended starting
dose of 2.0 mg/kg/week, based on the NOAEL of 20 mg/kg
per dose, with an applied safety factor of 10.

Pharmacokinetic profile

Plasma exposure

Gaéttingen Minipigs: AUC and Cp values increased roughly
dose-proportionally. Mean AUCq.2an (Lg*h/mL): 25.3+4.3 (Day
1, 6 mg/kg); 120.0+26.9 (Day 1, 20 mg/kg); 23.6+4.1 (Day 16,
6 mg/kg); 111.1+21.9 (Day 16, 20 mg/kg). Mean Crax (ug/mL):
3.8+1.2 (Day 1, 6 mg/kg); 15.1+1.6 (Day 1, 20 mg/kg); 3.3+1.0
(Day 16, 6mg/kg); 15.6+3.5 (Day 16, 20 mg/kg). Plasma
exposure over repeated administration remained unchanged
and rapidly cleared from circulation, resulting in a
concentration of 2-3 orders of magnitude lower than Cpax
after 24 hours.

Cynomolgus monkey: Mean AUCo.o4n (Hg*h/mL): 27.0£8.4
(Day 1, 6 mg/kg); 128.0+26.0 (Day 1, 20 mg/kg); 25.818.4 (Day
16, 6 mg/kg); 117.0+16.0 (Day 16, 20 mg/kg). Mean Cpmax
(ug/mL): 5.34+2.6 (Day 1, 6 mg/kg); 12.942.0 (Day 1, 20
mg/kg); 3.55+1.7 (Day 16, 6mg/kg); 10.9+1.0 (Day 16, 20
mg/kg). No available data on the single and multiple-dose
studies.

Human: Mean AUCo.24n (Mg*h/mL): 1.8 (Day 1, 0.5mg/kg); 5.0
(Day 1, 1.5mg/kg); 23.0 (Day 1, 5.0mg/kg). Mean Cmax
(ug/mL): 0.3 (Day 1, 0.5mg/kg); 0.8 (Day 1, 1.5mg/kg); 2.4
(Day 1, 5.0mg/kg). Tmax: 1.7£0.5 (0.5 mg/kg), 1.2£0.4 (1.5
mg/kg), and 2.5+2.7 (5.0 mg/kg) hours post-dose. High
binding affinity of RTR5001 (>95%) to human serum albumin.

See section 1.1.5.2
for further details
about ASO plasma
exposure. [238,336]

Distribution

Goéttingen Minipig: Liver and kidney tissue levels increased
dose-dependently after administration (partitioned to a
markedly higher concentration in the kidney cortex than in

See section 1.1.5.3
for further details
about ASO
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the liver). The presence of RTR5001 was demonstrated by
immunohistochemistry and in situ hybridization in the
cytoplasm of tubular epithelial cells in the kidneys, Kupffer
cells in the liver, and macrophages in the lymph nodes.
Accumulation of RTR5001 in the proximal tubular cells in
kidneys resulted in cytoplasmic basophilic granules. Kidney
cortex exposure: 0, 164, and 555 ug/g at 0, 6, and 20 mg/kg,
respectively. Liver exposure: 0, 38, and 74 ug/g at 0, 6, and 20
mg/kg, respectively.

Cynomolgus monkey: Kidney cortex exposure: 0, 386, and
602 pg/g at 0, 6, and 20 mg/kg, respectively. Liver exposure:
0, 65, and 177 pg/g at 0, 6, and 20 mg/kg, respectively. Liver
exposure (multiple doses, 20 mg/g initial dose followed by
four weekly doses of 5 mg/kg, day 30): 58.0+17 ug/g.
RTR5001 uptake is most prominent in the proximal tubules of
the kidneys.

Human: No available data.

distribution.
[238,295,331]

Metabolism and
Excretion
(terminal
elimination)

Gaéttingen Minipig: No available data.

Cynomolgus monkey: liver tissue half-life, at least six days
(single dose). The plasma half-life during recovery (multiple
doses) is estimated to be at least seven days.

Humans: Plasma half-life (terminal phase) was estimated to
be seven days. The total amount of RTR5001 in urine
increased more than dose-proportionally. During the first 24
hours after administration, only 1-3% of the dose was
excreted in the urine (approximately corresponding to the
unbound fraction).

See section 1.1.5.5
(ASO metabolism and
excretion) for further
details. [331,336]

Pharmacologic activity profile

Gottingen
Minipigs:

At 20 mg/kg: statistically significant (p < 0.05) decrease (up to
-53%) in mean serum LDL cholesterol, together with a decline
of mean total cholesterol (-20 to 30%) on days 12 and 17; and
decreased triglyceride levels on day 17. PCSK9 mRNA
expression levels in the liver were markedly and dose-
dependently reduced (measured by quantitative PCR) by up
to 72% after SC dosing despite the single end-standing
mismatch in the minipig sequence of RTR5001. By in situ
hybridization, a reduced PCSK9 mRNA expression was
confirmed wherein minimal to mild cytoplasmic staining for
PCSK9 was present in hepatocytes of control minipigs, and no
or only minimal staining was present in minipigs dosed with
20 mg/kg RTR5001.

[238]

Nonhuman
primates
(Cynomolgus
monkey):

Decrease in total cholesterol and triglyceride levels at 20
mg/kg, and reduction in LDL cholesterol at 26 mg/kg.

Single dose, 10 mg/kg: LDL cholesterol levels decreased
continuously over the first three weeks, with a maximum
reduction of 50% at day 21, the effect diminished slowly, and
at day 56, LDL cholesterol had returned to pre-dose levels.
Multiple doses: significant reduction in serum PCSK9 protein
levels was observed (24 hours after the first dose). At day 7,
an 85% reduction of PCSK9 protein level was seen and
maintained for the treatment period. This translated into
decreased LDL cholesterol (and total cholesterol, while HDL

[238,331]
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cholesterol was unaffected). However, the reduction was
delayed and was observed only from day four onwards (an
average of 50% below pre-dose level, with 70% in the highest
responder). Liver PCSK9 mRNA expression compared to
controls was 85% lower. Liver LDL receptor protein levels
(analyzed by western blot) increased by 67%. For recovery
period monitoring, circulating LDL cholesterol increased
gradually to 65% of the pre-dose level during the first four
weeks. At the recovery period termination (day 84), liver
PCSK9 mRNA expression level was similar to the pre-dose
levels.

Humans:

Plasma PCSK9 protein concentration decreased (37.2 —
58.5%), reaching a level of significance (p<0.0001) when
compared with placebo at the highest dose levels. The
maximal decrease in PCSK9 level was achieved one week after
the last dose (from 302480 ng/ml at baseline to 156485 ng/ml
on day 21, at 5 mg/kg). LDL cholesterol dose-dependently
decreased (25%) with a maximal effect reached two weeks
after the last dose (from 3.840.8 mmol/L at baseline to
2.9¢1.1mmol/L on day 29, for 5 mg/kg). LDL cholesterol
returned to baseline nine weeks after the last dose
administration. HDL cholesterol, VLDL cholesterol, and
triglycerides are not affected by treatment.

[336]

Toxicity profile

In-life
observation and
Clinical
pathology

Gaéttingen Minipig: All animals survived until the scheduled
sacrifice. No RTR5001-related clinical signs or injection site
reactions, and no changes in hematology, coagulation
parameters, and cytokines were observed. On day 17 (after
four doses) at 20 mg/kg, one minipig showed an increase in
serum creatinine (1.6-fold) and blood urea nitrogen (BUN;
1.8-fold); another minipig showed a rise in BUN only (1.2-
fold). Urinary changes at 20 mg/kg: increased urinary volume
with  a concomitant increase of N-acetyl-beta-D-
glucosaminidase, sodium, and calcium normalized to
creatinine.

Cynomolgus monkey: Increase WBC count, neutrophils, and
monocytes were observed at 20 mg/kg. Single and multiple
dose studies: no significant effect in liver and kidney
toxicology markers (e.g., alanine aminotransferase, aspartate
aminotransferase, urea, creatinine, glucose).

Human: One subject dosed at the highest dose (5 mg/kg per
dose) experienced acute (transient) tubular necrosis five days
after the last dose (serum creatinine level from 0.81 mg/dL at
baseline to 2.67 mg/dL, and this coincide with the presence
of WBC, granular cast, and minimal hematuria on urine
microscopy). This patient’s serum creatinine peaked at 3.81
mg/dL one week after the last dose before returning to
baseline levels 44 days upon conservative treatment. Kidney
injury urine markers started to increase after the first dose,
and a 4-fold increase was observed for B,-microglobulin,
while 24-fold for a-GST and 60-fold for KIM-1 were observed
in samples taken before the last dose administration. No

[238,331,336]
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clinically relevant effects on serum creatinine levels were
observed in the 0.5 and 1.5 mg/kg per dose groups, while thr
5 mg/kg dose induced a transient increase in serum
creatinine (four out of six subjects). Average serum creatinine
in the high-dose group started to increase after the last
administration and peaked approximately ten days after the
final dose (from 84412 to 106+15 pmol/L; reference ranges
are 64-104 pumol/L for males and 49-90 umol/L for females)
before gradually declining to baseline levels. Increases in
serum creatinine (9%, p=0.02), urinary B;-microglobulin
(200%, p=0.01), urinary KIM-1 (55%, p=0.2), and urinary a-
GST (280%, p=0.004) were observed at the highest dose level
tested, with serum creatinine and urinary KIM-1 reaching the
peak at the fourth week.

Gross and
anatomic
pathology

Gattingen Minipig: increased weights and pale discoloration
of the kidneys. Red discoloration of the injection sites
(corresponds to histologic findings of inflammation and acute
hemorrhage).

Cynomolgus monkey: No observed gross effects in the single
and multiple dose studies.

Human: Injection site reactions (44% of the treated subjects,
0/6, 3/6, and 5/6 in the 0.5, 1.5, and 5 mg/kg dosing groups,
and none in placebo-treated subjects).

[238,331,336]

Accumulation-
related and
proinflammatory
toxicities

Gottingen Minipig: In the kidneys, mild to moderate
dilatation of the proximal renal tubules and mild to moderate
tubular degeneration/regeneration were seen in 2 of 3
minipigs at 20 mg/kg. Tubular degeneration consists of
proximal tubular cell vacuolation, necrosis of tubular cells,
and occasional apoptotic/necrotic cells in the lumen. In the
liver, minimal single-cell necrosis was observed in 1 of 3
minipigs dosed at 20 mg/kg. In the mandibular, mesenteric,
and inguinal (draining) lymph nodes, minimal to mild
macrophage vacuolation was observed (> 6 mg/kg). At the
injection site, increased SC inflammation was characterized
by the presence of macrophages, lymphocytes, and
granulocytes (at 6 and 20 mg/kg); necrosis, edema, and
hemorrhages were also observed when compared with
controls.

Cynomolgus monkey: No histological changes in the livers of
treated monkeys. Basophilic tubular granules at > 6 mg/kg,
tubular dilatation/atrophy in 1 of 3 at 20 mg/kg. In the lymph
nodes, sinus histiocytosis (vacuolated/stippled) at = 6 mg/kg).
At the injection site, increase severity of inflammation,
edema, and hemorrhages when compared with controls.
Human: Acute multifocal tubular necrosis (cause unclear, but
hypothesized as off-target effect) and signs of
oligonucleotide accumulation were observed in a (healthy)
subject five days after the three weekly doses were given.
Histopathologic examination showed several foci of severe
tubular injury with total denudation, nuclear apoptosis, and
eosinophilic epithelial degeneration with shedding into the
tubular lumen, which also contained debris with granular
material. The interstitium showed focal edema and

[28,238,295,331,336]
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lymphocytic infiltrates. Electron microscopy showed cell
necrosis, vacuolization, and cytoskeleton collapse, commonly
seen in toxic tubular damage.

See sections
1.1.7.2.1;1.1.7.2.2;
Complement activation, coagulation cascade inhibition, and and 1.1.7.2.3 for

zztea:::;erlc platelet count reduction were not observed in adult minipigs, further information
NHPs, and humans. about these adverse
effects by ASOs.
[238,295,331,336]

Abbreviations: PS, phosphothioate; LNA, locked nucleic acid; SC, subcutaneous; LDL, low-density lipoprotein; HDL, high-
density lipoprotein; VLDL, very low density lipoprotein; PCSK9, proprotein convertase subtilisin/kexin 9; NOAEL, no
observed adverse effect level; Cnax, maximum concentration; AUC, area under the graph; a-GST, a-glutathione S-
transferase; KIM-1, kidney injury molecule-1.

In general, minipigs showed very good comparability in toxicity profile versus NHPs. Effects on the
coagulation and platelet count, were comparable to those observed in NHPs. On the other hand,
the minipig did not predict the clinical features of human injection site reactions better than the
NHPs, but histopathological similarities were observed between the two species. Typical of the
class-wide toxicity profile of ASOs (e.g. RTR5001) [238], the kidney, liver, and lymphoid tissues were
also observed to be the main target tissues of toxicity in the minipigs, similar to NHPs. However,
minipigs appeared more sensitive to the high-dose kidney toxicity of most of the selected ASOs
than NHPs. In particular, one minipig dosed with RTR4955 showed a mesangioproliferative
glomerulonephritis, a lesion not previously observed in NHPs for the four LNA PS ASOs. On the other
hand, activation of the complement system was seen at plasma Cmax values of approximately 500
pg/mL RTR2996 in the minipigs [238]. In contrast, activation of the complement system in NHPs
was reported with threshold ASO plasma levels of 70—-80 pg/mL [298]. Although this warrants more
data, this finding could suggest a lower sensitivity of minipigs to this effect in terms of complement
activation than NHPs and thus possibly a higher relevance to human safety evaluation since NHPs

are known to be over predictive [337].

1.3.2 The Gottingen Minipig in pediatric drug development

Besides species similarity, welfare considerations, technical feasibility, and rapid postnatal
development [324,326,338] make the juvenile minipigs a promising model for safety assessment of
pharmaceuticals, including ONDs. The ICH S11 guidelines on nonclinical safety testing in support of
the development of pediatric pharmaceuticals also state that there are many similarities between
human and Gottingen Minipig regarding organ development [315]. In addition, the EMA has
established different age categories within the pediatric population and this information is available
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in the public domain [339]. Detailed information about these similarities, differences, as well as

advantages, and disadvantages of the model are reviewed elsewhere [338].

With the recent advances in genetic engineering along with the inherent characteristics of
(mini)pigs, different (mini)pig models representing active disease states have become available
[338]. As such, these models mostly account for genetic disorders (e.g., Duchenne muscular
dystrophy [340], cystic fibrosis [341,342], and hereditary tyrosinemia type 1 [343]. Moreover, other
disease models are available for the pigs/piglets, such as inflammatory bowel disease [344], and
nonalcoholic fatty liver disease [338], wherein antisense therapy application has been explored
[345-347]. In particular, Duchenne muscular dystrophy, which is of interest for pediatric

indications, has been already been treated successfully with ASOs [24,26].

Pigs and humans share many developmental milestones as both species show similar differences
between adult and juvenile populations. In particular, the patterns of development of the
gastrointestinal tract (GIT) including the liver, cardiovascular, CNS systems, and eye are remarkably
comparable in both species. On the other hand, the development of the renal, immune, and
reproductive systems occur relatively earlier and quicker in humans than in pigs [338]. Nonetheless,
the pig shares more similarities with humans in ontogenic changes in PK than other species,
including the dog [348]. Despite attempts to further characterize ADME processes in minipigs
(especially in neonatal and juvenile piglets) for their use in drug development studies [326,349,350],
no information is available yet about the ontogeny of nucleases responsible to ASO degradation in
the different tissue compartments in the minipigs. Likewise, no data is present regarding the effect
of age in the PK, PD, and safety of ASOs in the Goéttingen Minipig. Therefore, further research is
necessary. The main focus of this thesis will be on the evaluation of an LNA PS gapmer, RTR5001,

of which its characteristics, PK/PD, and safety profiles are described on Table 1.4 (see section 1.3.1).
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Chapter 2
Aims of the Doctoral Thesis

In accordance with EU law, it is required to replace, reduce, and refine animal use for research
purposes (the "3Rs" concept), with a particular emphasis on limiting the use of nonhuman primates
(NHPs). However, new drug modalities such as ASOs are frequently intended to interact with human
targets with high specificity, which is why NHPs are often the selected species in the safety testing

of these drug candidates. Nonetheless, other animal models are also being explored.

Significant efforts have already been made to advance scientific knowledge and comprehension of
the value of minipigs as an alternative animal model for the safety testing of pharmaceuticals. In
fact, the adult Gottingen Minipig has recently been recognized as a suitable alternative to NHPs in
the safety testing of ASOs. On the other hand, potential differences in PK, PD, and off-target effects
of ON-based therapeutics in pediatric patients may lead to differences in safety and/or efficacy
profiles of a candidate ASO between pediatric populations and adults. Expanding the translational
knowledge to juvenile minipigs for pediatric indications will advance the use of this animal model
in the safety testing of ASOs in pediatric drug development. As the minipig presents multiple
advantages in view of developmental pharmacology, drug discovery, and safety testing, as well as
shares many similar developmental milestones with humans, we hypothesize that the juvenile
minipig is a suitable model in nonclinical safety testing of ASOs intended for pediatric populations.
However, no data is available on the PK/PD, toxicological, and metabolic profiles of ASOs in juvenile

minipigs. To test our hypothesis, the following research objectives were addressed:

1. Assess potential differences in exposure/toxicity and pharmacologic effect of a model ASO
in the juvenile Gottingen Minipig, following weekly dosing starting on postnatal day (PND)
1 for up to 8 weeks. This was done using an antisense LNA/PS/LNA gapmer (RTR5001) that
had been previously characterized in adult Goéttingen Minipigs and NHPs, in which the
kidney and the liver were the primary target organs (Chapter 3).

2. To further explore the findings of the in vivo study with regard to the toxicokinetic and
pharmacologic effects of ASOs; we evaluated the ontogeny of nuclease expression and

activity in blood, kidney, and liver tissues obtained from the study animals and in additional
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tissues from a biobank (gestational day (GD) 84-86, 108; PND 1, 3, 7, 28; and adults). To
that end, we assessed the relative gene transcription (by gPCR) and activity (by activity
assays using three isosequential ASOs (i.e., unmodified, all-PS, and LNA gapmer)) of
identified key nucleases responsible for ASO metabolism and pharmacologic activity
(Chapter 3).

To further understand ASO-induced thrombocytopenia (TCP), in vitro platelet activity and
aggregometry assays were performed in Goéttingen Minipigs. A panel of ASOs with different
sequences and modifications (i.e., unmodified, all-PS, LNA gapmer, and 2’-MOE gapmer)
with known platelet response phenotypes in NHPs and humans were employed as tool
ASOs. The mechanism for direct platelet activation identified in humans was characterized
in adult Gottingen Minipig samples. To extend this work to the juvenile minipigs, the
ontogeny of proteins (i.e., glycoprotein VI (GPVI) and platelet factor 4 (PF4)) implicated in
ASO-induced TCP mechanisms were studied (Chapter 4).

Collate and analyze the data obtained from objectives 1-3 and compare it to existing adult
minipig, NHP, and human data (Chapters 3 and 4). This will expand the translational

knowledge in juvenile Gottingen Minipigs versus human pediatric populations (Chapter 5).
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Chapter 3

Safety Testing of an Antisense
Oligonucleotide Intended for Pediatric
Indications in the Juvenile Gottingen
Minipig, Including an Evaluation of the
Ontogeny of Key Nucleases

Allan Paulo Valenzuela, Claire Tardiveau, Miriam Ayuso Hernando, Laura Buyssens, Chloé Bars,

Chris Van Ginneken, Pierluigi Fant, Isabelle Leconte, Annamaria Braendli-Baiocco, Neil Parrott,

Georg Schmitt, Yann Tessier, Paul Barrow, and Steven Van Cruchten.

Adapted from Pharmaceutics 2021, 13(9), 1442.

Abstract: The adult Gottingen Minipig is an acknowledged model for safety assessment of antisense
oligonucleotide (ASO) drugs developed for adult indications. To assess whether the juvenile
Gottingen Minipig is also a suitable nonclinical model for pediatric safety assessment of ASOs, we
performed an 8-week repeat-dose toxicity study in different age groups of minipigs ranging from 1
to 50 days of age. The animals received a weekly dose of a phosphorothioated locked-nucleic-acid-
based ASO that was assessed previously for toxicity in adult minipigs. The endpoints included
toxicokinetic parameters, in-life monitoring, clinical pathology, and histopathology. Additionally,
the ontogeny of key nucleases involved in ASO metabolism and pharmacologic activity was
investigated using quantitative polymerase chain reaction and nuclease activity assays. Similar
clinical chemistry and toxicity findings were observed; however, differences in plasma and tissue
exposures as well as pharmacologic activity were seen in the juvenile minipigs when compared with
the adult data. The ontogeny study revealed a differential nuclease expression and activity, which
could affect the metabolic pathway and pharmacologic effect of ASOs in different tissues and age
groups. These data indicate that the juvenile Gottingen Minipig is a promising nonclinical model for

safety assessment of ASOs intended to treat disease in the human pediatric population.
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3.1 Introduction

Antisense oligonucleotides (ASOs) belong to a therapeutic modality designed to treat specific
diseases by selectively modulating the gene expression of disease-associated proteins. Usually 12—
24 nucleotides in length, ASOs are designed to hybridize with a specific and complementary mRNA,
resulting in inhibition of protein translation [1]. Currently, more than a dozen RNA-targeting
therapeutics are authorized for use, while many others are in development for various indications

for which no or limited treatment options are available [2—4].

One mechanism by which ASOs inhibit RNA translation is through RNA degradation by the RNase
H-dependent cleavage mechanism [5,6]. RNase H-dependent ASOs utilize a ubiquitous endogenous
ribonuclease that specifically hydrolyzes the RNA strand in the RNA-DNA heteroduplexes. This
antisense mechanism remains one of the most utilized despite the rapid advancements in RNA-
targeted therapeutics [7,8]. After parenteral administration, ASOs transiently bind to plasma
proteins before getting biodistributed rapidly to peripheral tissues. The plasma protein interaction
supports tissue bioavailability and reduces renal clearance [9,10]. As observed across several
mammalian species, the highest tissue concentration is reached primarily in the kidney and liver,
with a long elimination phase from those tissues [11,12]. Accumulation-related changes in these
organs are commonly observed in nonclinical testing of ASOs together with hematological

alterations, immunostimulation, and coagulopathy [13].

Unlike conventional small molecule drugs, ASOs do not appear to be a substrate for cytochrome
P450 enzymes [14,15]. Instead, ASOs are hydrolyzed by endogenous nucleases in the blood and
other tissue compartments [16,17]. Nucleases are phosphodiesterases that cleave the
phosphodiester bonds (P-O) of nucleic acids and can be classified as either exonucleases, which
cleave one nucleotide at the 3'- or 5’-end; or endonucleases, which cleave P-O in the middle of the
nucleic acid chain [18]. ASOs are metabolized by 3’-exonucleases while in circulation [19-21]. Once
ASOs reach the various tissue compartments, they are generally metabolized by endonucleases
followed by exonucleases [21]. Unmodified ASOs containing P-O bonds are inherently susceptible
to nucleolytic degradation and have poor intrinsic binding affinity and biodistribution, which make
these ASOs not suitable as therapeutic agents. This led to the development of first-generation ASOs

with backbone chemistry modifications, e.g., phosphorothioate (PS), so-called phosphorothioate
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antisense oligonucleotides (PTOs) [22,23]. PTOs later included additional modifications of the
nucleotide sugar moiety, e.g., locked-nucleic acids (LNAs) in the flanking regions. This modification
pattern, termed as gapmers, results in greater nuclease resistance and improved pharmacokinetics
and potency [24] while still ensuring the activation of RNase H [25-27]. Currently, additional
modifications are being investigated to further improve intracellular uptake of ASOs and delivery

to the target tissues by e.g., covalently binding them to a carrier or ligand [23,28,29].

To date, no specific guidelines regulate the nonclinical safety testing of ASO drug candidates. The
nonclinical testing guidelines for small molecule drugs are applicable since ASOs are manufactured
by chemical synthesis. Thus, repeat-dose toxicity studies in both a rodent and a non-rodent are
generally required [30], for which one needs to be pharmacologically relevant. Classically,
nonhuman primates (NHPs) are the preferred non-rodent model for this class of compounds when
the candidate ASO does not hybridize in dogs. However, the adult Gottingen Minipig appears to be
a suitable alternative to NHPs, as it showed a similar safety profile in a previous study [31].
Moreover, with the sequencing of the Gottingen Minipig genome [32,33], it has become feasible to
synthesize homologous ASOs that cross-react in swine to allow the evaluation of adverse effects
related to the pharmacological target (exaggerated pharmacology). In essence, pharmacological
target homology is crucial for demonstrating pharmacological effects of ASO candidates in the
relevant nonclinical species. Still, only 14% of RNase-H-based ASOs and 20-40% of other ASO
subclasses were tested in minipigs for non-rodent toxicity studies. ASOs are also of interest for
pediatric indications, including neuromuscular diseases [34-36], such as spinal muscular atrophy
[37] and Duchenne muscular dystrophy [38], which have already been treated successfully [6].
Moreover, ASOs are also being explored for the treatment of several other diseases in children such
as retinopathy of prematurity [39], leukodystrophies [40], and inherited lung diseases [41].
Consequently, more repeat-dose toxicity studies in juvenile animals may be required/expected
before starting pediatric clinical trials, depending on the intended pediatric age group(s), duration
of treatment, etc. [42]. This is motivated by concerns of increased susceptibility of juveniles to
toxicities due to, for instance, differences in absorption, distribution, metabolism, and excretion
(ADME) [43]. Generally, minipigs and humans share many developmental milestones [42].
Moreover, both species show comparable differences between adult and juvenile populations.
Therefore, the juvenile minipig as a model species presents multiple advantages in view of

developmental pharmacology, drug discovery, and drug safety testing [44]. For ASOs, the juvenile
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minipig is a promising model due to its biological similarity to humans, technical feasibility, welfare
considerations, and rapid postnatal development [45,46]. However, to date, there are no data
available on the pharmacodynamic, toxicological, and metabolic profiles of ASOs in the juvenile

minipig.

To qualify the use of the juvenile Gottingen Minipig for pediatric safety assessment of ASOs,
knowledge of the ontogeny of the key nucleases responsible for ASO metabolism and
pharmacologic activity is pivotal. The functional immaturity of nucleases for ASO metabolism may
result in high ASO exposure, resulting in more severe or additional toxicities in young individuals.
On the other hand, the functional immaturity of RNase H may lead to low or absent ASO
pharmacologic activity or could mask potential exaggerated pharmacology or off-target effects.
Juvenile animal studies are designed to detect such effects and thus provide valuable safety data

for the human pediatric population.

The goal of this study was to assess potential differences in exposure/toxicity and pharmacologic
effect (i.e., reduce total and LDL cholesterol) of a model ASO in the juvenile Goéttingen Minipig,
following weekly dosing starting on postnatal day (PND) 1 for up to 8 weeks. This was done using
an antisense LNA/PS/LNA gapmer (RTR5001) that had been previously characterized in adult
Gottingen Minipigs and NHPs, in which the kidney and the liver were the primary organs of
distribution/toxicity [31,47]. The ontogeny of nuclease expression and activity was assessed in
blood, kidney, and liver tissues obtained from the study animals and in additional tissues from a
biobank (gestational day (GD) 84—-86, 108; PND 1, 3, 7, 28; and adults). Quantitative polymerase
chain reaction (gPCR) and activity assays were performed using three isosequential ASOs (i.e.,
unmodified, all-PS, LNA/PS/LNA gapmer) to explore the findings of the in vivo study with regard to

the toxicokinetic and pharmacologic effects of ASOs.

3.2 Materials and methods

3.2.1 Antisense oligonucleotides (ASOs)

RNase H-active antisense LNA/PS/LNA gapmer (RTR5001) with the 14-base pair sequence 5'-
TGCtacaaaacCCA-3’ (upper-case, LNA monomers; lower-case, PS DNA monomers) was provided by

Roche Innovation Center (Copenhagen, DK). RTR5001 targets the proprotein convertase
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subtilisin/kexin 9 (PCSK9) mRNA (NCBI reference sequence: NM_174936.3) that is mainly expressed
in the liver (therapeutic target organ) [48]. This model ASO matches the human sequence while
having a single end-standing mismatch to the minipig sequence, which does not ablate its
pharmacology in swine [31]. Two additional isosequential variants (unmodified and all-PS-modified)

in desalted form were procured from Integrated DNA Technologies (Leuven, BE).

3.2.2 Study design

Two experiments were set up: (1) an in vivo 8-week repeat-dose toxicity study in juvenile Goéttingen
Minipigs (from now on referred to as the in vivo study; Figure 3.1A); and (2) an investigation of the
ontogeny of nuclease gene expression and activity in the blood, kidney, and liver of different
juvenile and adult Gottingen Minipigs (from now on referred to as the biobank study; Figure 3.1B).
In-life monitoring, toxicokinetic parameters, clinical and anatomic pathology (including
immunohistochemistry and in situ hybridization) after model ASO (RTR5001) administration were
investigated in the in vivo study. Then, the ontogeny of nucleases was evaluated in blood and tissue

samples from the in vivo study together with additional samples from our biobank.

3.2.3 In vivo study

The in vivo repeat-dose toxicity study of RTR5001 in animals was carried out at Charles River
Laboratories France Safety Assessment SAS. The test facility is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care, and the study was conducted according
to standard operating procedures in accordance with the Organization for Economic Cooperation
and Development Good Laboratory Practice. The welfare and treatment of animals were in
accordance with the following: Guide for the care and use of laboratory animals, 2011; Decree no.
2013-118 relating to the protection of animals used in scientific experiments described in the
Journal Officiel de la République Francaise on 1 February 2013; and Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on the protection of animals used

for scientific purposes.

Four multiparous pregnant Goéttingen Minipig sows aged between 21 and 32 months old were
supplied by Ellegaard Gottingen Minipigs A/S (Dalmose, Denmark). The sows were acclimatized to

the study housing conditions for three weeks before the predicted parturition date. After birth, the
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piglets were given 1 mL of iron intramuscularly within 24 h and were allowed to suckle the dam
until weaning. Sows were identified by ear tags and the piglets by transponder implants. Each sow
and her litter were housed separately in 4 m? pens with anti-crush protection until PND 28

(weaning). After weaning, the litters were grouped by sex in two 6 m? pens.

A

Control group Treatment group
Age -
Female Male N Female Male N
T
o PND 2 2 2 4 1 1 2
23
@
= = PND 9 1 1 2 1 1 2
§ = PND 16 | | 2 1 1 2
e PND 23 I : 1 2 I 3
S £
=2 PND 29 | : I 1 1 2
) PND 37 I I 2 1 I 2
PND 43 2 2 1 - I
PND 51 2 2 1 1 2

Clinical evaluation: hematology, coagulation, clinical
chemistry, urinalysis

,| RTR5001 exposure assessment (LC-MS/MS) in plasma, kidney,
and liver

Anatomic Pathology, immunohistochemistry, and in situ
hybridization

Nuclease gene expression analysis (QPCR)

. 3'-exonucleases in blood, kidney, and liver (ENPP1, PDE1B, TREX1)
. Endonucleases in kidney and liver (DNASE1, DNASE?2)

. Ribonuclease Hs in kidney and liver (RNASEHT, RNASEHZ2A)

\ 4

Nuclease activity assay (towards isosequential ASOs)
. Plasma nuclease activity assay

A 4
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Nuclease gene expression analysis (qQPCR)

o " 3’-exonucleases in blood, kidney, and liver (ENPP1, PDE1B, TREX1)
- Endonucleases in kidney and liver (DNASE1, DNASE2)

. Ribonuclease H in kidney and liver (RNASEH1, RNASEHZ2A)

Nuclease activity assay (towards isosequential ASOs)
. Plasma nuclease activity assay (adult plasma samples only)
- Tissue nuclease activity assay (kidney and liver)

A 4

Figure 3.1. Schematic diagram of the study design illustrating the samples used and main
experimental approaches. (A) In vivo study sample distribution over the different developmental
stages, experimental groups, and sex. (B) Biobank study sample distribution over different juvenile
and adult stages, and sex. Downstream usage of samples for the different assays are represented
by arrows. GD: gestational day; PND: postnatal day; gPCR: quantitative polymerase chain reaction;
ENPP1: ectonucleotide pyrophosphatase/phosphodiesterase 1; PDE1B: Phosphodiesterase 1B;
TREX1: three-prime repair exonuclease 1; DNASE1 and DNASE2: deoxyribonuclease 1 and 2;
RNASEH1 and RNASEH2A: ribonuclease H 1 and 2 subunit A; LC-MS/MS: liquid chromatography
coupled with tandem mass spectrometry.

Thirty-two piglets from the four litters were randomly allocated to a control and an RTR5001
treatment group. RTR5001 was administered subcutaneously caudal to the pinna (left and right
alternated) at a dose of 20 mg/kg and a volume of 2.5 mL/kg on PND 1, followed by seven weekly
doses (i.e., PND 8, 15, 22, 28, 36, 42, and 50). Control animals received the same volume of vehicle
(sterile 0.9% NaCl). A homogenous distribution of the litters across the different groups was
ensured by randomly allocating piglets from the same litter to the different studied time points
(i.e., 24 h after each dosing: PND 2, 9, 16, 23, 29, 37, 43, and 51) (Figure 3.1A). Control and treated
animals were humanely killed at their designated time points by intravenous injection of sodium
pentobarbital followed by exsanguination.
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3.2.3.1 In-life monitoring

The following parameters and endpoints were closely monitored throughout the study period:
mortality, clinical observations, body weight development, food consumption, and physical
development. Body weight was measured daily from PND 1 to 7 and then twice per week until the
end of the study period. All piglets were checked for landmarks of physical development (i.e., pinna
unfolding, incisor eruption, and eye opening) from birth until PND 1-2, by which point all piglets

had attained all three milestones.

3.2.3.2 Tissue sampling

Liver and kidney samples for bioanalytical examination, gene expression, and nuclease activity
assays were harvested, weighed, and immediately snap-frozen in liquid nitrogen before storage at
-80 °C. Blood samples were collected from the unfasted piglets during necropsy from the external
jugular vein. Blood samples for the gene expression experiment were collected with EDTA-K; as
anticoagulant and centrifuged (1000x g) for 15 min at 4 °C. The sediments (buffy coat and RBC)
were mixed with 1 mL lysis buffer DL (Nucleospin® RNA Blood Midi). Blood samples for the nuclease
activity assay were collected with sodium citrate as an anticoagulant and centrifuged (15,000x% g)
for 5 min at 4 °C. The plasma samples were aliquoted and stored at —-80 °C. Blood was collected
with EDTA-K; as anticoagulant and centrifuged (1800x g) for 10 min at 4 °C for plasma exposure

assessment at several time points (0, 1, 3, 6, 24 h) after each dosing and throughout the study.

3.2.3.3 Exposure assessment

Plasma, liver, and kidney cortex tissue were analyzed by liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) using an LC Shimadzu system coupled with an API 6500+ Mass
Spectrometer (AB Sciex, Framingham, MA, USA). Before analysis, tissue samples were homogenized
with water (dilution factor 4), and the aliquot homogenates were diluted 5-fold in minipig blank
plasma before sample preparation. The RTR5001 quantification was performed against a minipig
plasma calibration curve from 1.00 to 1000 nM. The performance of sample analysis was monitored
by analyzing quality control samples in minipig plasma spiked with a known concentration (2.00,
50.0, and 750 nM) of RTR5001. Fifty uL of calibration standards, quality control samples (freshly
prepared in minipig plasma), and tissue homogenate samples diluted in minipig blank plasma were
treated for protein denaturation with 150 pL of 4 M guanidine thiocyanate after the addition of 10
uL of the internal standard (1000 ng/mL or 5000 ng/mL in water RTR78464). After vigorous mixing
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(20 min at 1600 rpm), 200 pL of a water/hexafluoroisopropanol (HFIP)/diisopropylethylamine
(DIPEA) solution (100:4:0.2, v/v/v) were added, followed by mixing (15 min at 1500 rpm). Afterward,
a clean-up step was performed using solid-phase extraction cartridges (Waters, OASIS HLB, 30 um)
after elution and evaporation to dryness (30-45 min at 40 °C under nitrogen). The samples were
reconstituted in 100 pL of water/methanol/HFIP/DIPEA 950/50/5/3.5 (v/v/v/v) mobile phase. After
vortex mixing (10 min at 1500 rpm), an aliquot (20 plL) was injected into the analytical column
(Xbridge Oligonucleotide BRH C18, 2.1 x 50 mm, 2.5 um (Waters Corporation, Milford, MA, USA))
kept at 60 °C. The analyte and internal standard were separated from matrix interferences using
gradient elution from water/methanol/HFIP/DIPEA  950/50/5/3.5 (v/v/viv)  to
water/methanol/HFIP/DIPEA 100/900/5/3.5 (v/v/v/v) within 4 min at a flow rate of 0.4 mL/min.
Mass spectrometric detection was carried out on an AB-Sciex 6500+ mass spectrometer using
selected reaction monitoring (SRM) in the negative ion mode. The selected ion reactions (m/z) were
658.8/134.0 for RTR5001 and 670.8/95.0 for RTR78464 internal standard. Detection was
accomplished utilizing ion spray MS/MS in negative ion SRM mode. As determined from the analysis
of quality control samples, the precision and accuracy of the assay were satisfactory throughout
the study. Plasma exposure data were subjected to noncompartmental pharmacokinetic
evaluation, and maximum plasma concentration (Cma) and area under the curve (0-24 h) (AUCo-
24n) vValues were determined. One animal from PND 16 was excluded from the exposure assessment

analysis due to a sampling error.

3.2.3.4 Clinical pathology

Blood samples were used to assess hematology, coagulation, clinical chemistry parameters, and
total complement activity (CH50). Additionally, urine was also collected at necropsy and used for
urinalysis and urine chemistry assessment. Hematology parameters were determined using an
ADVIA 120/2120 system (Siemens, Erlangen, Germany), coagulation parameters were determined
with a STA R Max system (Stago, Asniéres sur Seine, France), clinical chemistry parameters were
determined with an AU680 system (Beckman Coulter, Brea, CA, USA), and CH50 was measured with
an in vitro liposome immunoassay CH 50 Autokit (Fujiflm WAKO, Neuss, Germany) on a
biochemistry analyzer AU680 system (Beckman Coulter, Brea, CA, USA). For CH50, four treated and
four control animals were sampled before RTR5001 administration, 15 min, and 24 h after dosing
on each treatment day until PND 28. On PND 36 and 42, four control and only three treated animals

were sampled. On PND 50, only two animals per group were sampled. CH50 values were compared
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with the before-administration values above the lower limit of detection on PND 8, as CH50 levels
were not detectable before and after the first dose at PND 1. Urinary chemistry parameters were
measured with an AU680 system (Beckman Coulter, Brea, CA, USA). In the results section, only
significantly altered parameters when compared with control and/or pre-dosing values are

presented.

3.2.3.5 Necropsy, anatomic pathology, immunohistochemistry, in situ hybridization

A complete post-mortem examination was performed, and an extensive list of tissues and organs
was fixed and preserved in 10% neutral buffered formalin, embedded in paraffin, sectioned,
mounted on glass slides, and stained with hematoxylin and eosin (H&E). The kidney histologic
sections were additionally stained with Periodic Acid-Schiff (PAS). Histopathological evaluation was

performed for all slides.

Immunohistochemistry. Immunohistochemistry (IHC) to localize ASOs in the kidney (PND 2, 9, 16,
23,29, 37,43, and 51), liver (PND 51), and mandibular and retropharyngeal lymph node (PND 2, 43,
and 51) samples were performed using a Ventana Discovery Ultra® immunostainer (Ventana
Medical Systems, Tucson, AZ, USA). Formalin-fixed and paraffin-embedded tissue sections (3—4 um
thick) of selected animals were deparaffinized, and an anti-ASO pAb2 rabbit polyclonal antibody
(synthesized ad hoc by Creative Biolabs) diluted 1:100 was used as a primary antibody (32 min) in
a standard protocol using the Ventana Chromo Map DAB® kit (760-159, Ventana). A Discovery
OmniMap anti-Rabbit HRP (760-4311, Ventana) was used as a secondary antibody (8 min). No
pretreatment was performed. A Discovery Inhibitor (760-4840, Ventana) and S-Block (760-4212,

Ventana) (4 min) were selected, and sections were counterstained with hematoxylin.

In situ hybridization. In situ hybridization (ISH) was used to detect and localize RTR5001 in the
kidney (PND 2, 9, 16, 23, 29, 37, 43, and 51), liver (PND 51), and lymph node samples (PND 2, 43,
and 51). Briefly, tissue sections were deparaffinized and pre-treated with ISH-protease 3 (780-4149,
Ventana). Following hybridization with the specific probe, sections were incubated with anti-DIG
HRP enzyme conjugate (760-4822, Ventana) in conjunction with a tyramide-based Amplification BF
Kit (760-226, Ventana) and anti-BF HRP (760-4828, Ventana). The DISCOVERY Purple kit (760-229,
Ventana) was used as chromogen, and specific staining signals were identified as purple punctate

dots or diffuse staining present in the cytoplasm. RNA diluent and LNA DIG-labeled U6 probes
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(provided by Qiagen) were used as negative and positive controls, respectively. Sections were

counterstained with hematoxylin Il (790-2208, Ventana).

3.2.4 Biobank study

Snap-frozen liver and kidney samples from different untreated developing and adult female
minipigs that were previously collected by Van Peer et al. [49] together with the kidney, liver, and
blood samples from four adult males provided by Ellegaard Gottingen Minipig A/S (Dalmose,
Denmark), and four adult females provided by Charles River Laboratories France Safety Assessment
SAS (Saint-Germain-Nuelles, France) were used in the gene expression and nuclease activity assays
for the biobank study. The following age groups were investigated: gestational day (GD) 84—86 and
108; postnatal day (PND) 1, 3, 7, and 28; and adults (aged 14—33 months). GD 84-86 and 108
represent 75 and 95% of gestation length in the minipig, respectively, therefore limiting the fetal
age groups to the third trimester of pregnancy. PND 28, which is usually the weaning age in piglets
in nonclinical settings, is roughly equivalent to the first year of life in children [42]. Both sexes were
equally represented for each tissue and age group except for the kidney samples at PND 3 and 7,

and adult kidney and liver samples (Figure 3.1B).

3.2.5 Gene expression

The gene expression analysis was first conducted on the biobank samples (N = 62), and then, a
second analysis was performed on samples from the in vivo study, including biobank adult samples
(N = 44). The expression profile of seven nuclease genes was assessed and was selected to provide
comprehensive coverage of the key endogenous nucleases implicated in ASO metabolism and
pharmacologic activity (see Table 3.1). This included three exonucleases, as ASOs are reported to
be degraded by 3'-exonucleases while in circulation and after tissue biodistribution [19,20], and
two endonucleases as the digestion of ASOs by these enzymes serve as the initial cleavage event in
tissues for modified ASOs [50]. The gene expression profiles of the two isoforms of RNase H in
mammalian cells were also evaluated, considering that RNases H hydrolyze RNA in the RNA-DNA
hybrids [51]. RNase H1 has been identified as responsible for target RNA degradation in the ASO-
driven cleavage mechanism [52]. However, as the definite role of RNase H2 is still unclear,
depending on its subcellular localization in specific cell type [53], it was also included in our key

nuclease list. Blood samples were evaluated for the relative expression of the exonuclease genes,

96



whereas both exonuclease and endonuclease (both DNase and RNase H isoforms) were evaluated

for liver and kidney samples.

Total RNA was isolated using RNeasy® Plus Mini kit (74134, Qiagen, Hilden, Germany) from all liver
and kidney samples, and a Nucleospin® RNA Blood Midi kit (740210.20, Macherey-Nagel, Diiren,
Germany) was used for the blood samples in EDTA-K; anticoagulant following the manufacturers’
instructions. The concentration and purity (OD260/280) of the isolated total RNA were measured
directly by UV-Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and the
RNA quality was evaluated by running the total RNA in gel electrophoresis, wherein intact rRNA
subunits (28S and 18S) were observed, indicating minimal degradation. After extraction, 1 pg of
total RNA was reverse transcribed using qScript® cDNA Supermix (95048-500, Quantabio, Beverly,
MA, USA) and random hexamers in Q qPCR instrument version 1.0 (Quantabio, Beverly, MA, USA)
in a total volume of 20 uL. The first-strand cDNA synthesized was diluted 1/10 with nuclease-free

water prior to qPCR.

The primers for the target genes were designed using ApE software v2.0.55 (M Wayne, Madera,
CA, USA), ensuring the specificity and inclusion of all transcript variants available on GENBANK
and/or ENSEMBL pig sequences. Primers were designed to span different exons to prevent genomic
DNA amplification. Primer pair specificities were verified with the Primer-BLAST tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 01 October 2018), and PCR
product sizes were confirmed with gel electrophoresis. Primer sequences and details (i.e., amplicon
length, efficiencies) are listed in Table 3.1. Transcript quantification was performed using a PerfeCTa
SYBR Green Fastmix (95072-05K, Quantabio, Beverly, MA, USA) on a Q qPCR instrument version 1.0
(Quantabio, Beverly, MA, USA) in 48-well reaction plates. The qPCR reactions were prepared in a
total volume of 20 pL containing 1 pL of cDNA (1/10 dilution), 10 puL SYBR Green Fastmix, and 400
nM for both forward and reverse primers. No-template controls were used for each batch of mixes.
The thermocycling program followed a fast 2-step cycling protocol wherein an activation step of 95
°C for 1 min was set, which was followed by 50 cycles of 95 °C for 5 s and 60 °C for 30 s when
fluorescence was acquired. A melt curve analysis was generated to check PCR specificity that starts
from 72 until 95 °C at a ramp rate of 0.3 °C/s, and wherein single peaks confirmed the specific

amplification of the genes. All samples were run in triplicates.
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Table 3.1. Primer design for qPCR, gene details, and PCR efficiencies in the three analyzed tissues: blood (B), kidney (K), and liver (L).

. . . Amplicon E% E% E%
Symbol N Acc. Numb Rat le of Incl P 5'-3'
ymbo ame cc. Number ationale of Inclusion rimer ( ) Length B (K (L
Ectonucleotide . -
Pyrophosphate/ humarlw orthologue |dent|f|ec.l as the plasma (f) CAGATCATGGCATGGAACAAGGCA
ENPP1 Phosphodiesterase 1 XM_021087933 3’-exonuclease re§p0n5|b|e for PS (r) TGGTTTGGTTCCTGGCAAGAAAG 135 101 103 97
degradation [20]
PDELB bovine orthologue was reported to show a
. similar 3'-exonuclease activity on PS (f) GACTCGGCACAACCTCATCA
Phosphodiesterase 1B XM_003126207 oligonucleotide to that of the human plasma (r) CAGTGGACCGTCTGGGTAAC 147 94 100 93
[57]
TREX1 ; ; ; . .
Three prime repair XM_021070628 major and most ab.undant 3’-exonuclease in (f) CCTGCCTGCTGTTCGGCTC 175 94 106 98
exonuclease 1 mammalian cells [58,59] (r) GGCTCTCCAGGGCACATCTAT
. well-characterized role in DNA degradation  (f) GGGATCTGGAGGACATCATGCT
DNASE1 D b I 1 NM_213991 177 - 97 88
eoxyribonticiease - [60,61] (r) CGACCACGATCCTGTCATAGGC
. well-characterized role in DNA degradation  (f) GGAGGAGGTAGTCAAGGGCCA
NM_214196 -
DNASE2  Deoxyribonuclease 2 _ 60,61] (r) GCCAGAGTACAGGTCGTCTCC 133 90 97
RNASEH1 ; :
. demonstrated its role for ASO pharmacologic (f) GCCAGGCCATCCTTTAAATGTAGG
Rib I H1 NM_001243681 . 170 - 98 96
loonuciease - activity [52] (r) CCCAGCTAGTGATGCCATTGATGG
RNASEH2A . isoform of ribonuclease H in mammalian
Ribonuclease H2 NM_001244444 cells, capable of degrading target RNA in cell (f) TTTGTGGGCTGGGCATTGGA 158 - 101 89

subunit A (r) ACAAACACCTGGGCCACTTTC

lysates [8,53]

f, forward; r, reverse; E%, primer % efficiency.
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Data were analyzed using the Q-qPCR software v1.0.2 (Quantabio, Beverly, MA, USA). Ct values
were used for the analysis of gene expression. Primer amplification efficiencies (E) were determined
for each gene in each tissue by calculating the slope of a four-point, five-fold dilution standard curve
of a pool of cDNA samples. Gene expression, relative to the most highly expressed sample, was
calculated by the AACt method using reference genes to normalize the expression of target genes.
A panel of six commonly used reference genes of which the primer sequences were previously
described by Nygard et al. [54] was tested with the geNorm software [55] to evaluate their
expression stability among the different age groups, between sexes, and between organs (kidney
and liver). Hypoxanthine phosphoribosyltransferase 1 (HPRT1) and TATA-box binding protein (TBP)
were identified as the most stable genes across the different age and sex groups per organ, and
they were first used to normalize the data separately for the liver and kidney samples. To allow
comparison between kidney and liver data, HPRT1 and TBP were identified to be stable in both the
liver and kidney samples for the postnatal age and sex groups, limiting the comparison to postnatal
stages. On the other hand, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and HPRT1 were

identified as stable and used to normalize the target gene expression for the blood samples.

3.2.6 Plasma nuclease activity

Frozen plasma samples from our biobank and the in vivo study with sodium citrate as anticoagulant
were thawed and diluted 1/5 with phosphate-buffered saline (PBS) (pH 7.2). The three
isosequential model ASOs were incubated with the plasma in parallel at 37 °C and a final
concentration of 20 ng/uL. Five 5 pL-aliquots were taken at time points 0, 15, 30, 60, and 180 min
for the unmodified sequence (RTR5001_PO), and 0, 1, 3, 6, and 24 h for the all-PS (RTR5001_PS)
and LNA/PS/LNA gapmer (RTR5001). The enzymatic reaction was quenched by adding an equal
volume of formamide-containing Gel loading Buffer Il (AM8547, Ambion, Oudeschoot, The
Netherlands) to the aliquots before storage at -80 °C for further polyacrylamide gel electrophoresis
analysis. The samples were thawed and heated at 95 °C for 5 min before the intact and digested
oligonucleotides were separated on a 15% denaturing nucleic acid Mini-PROTEAN polyacrylamide
gel electrophoresis (4566056, Bio-Rad Laboratories, Hercules, CA, USA) for 50 min at 200 V. Similar
to the study of Wahlestedt et al. [56], the gels were subsequently stained with SYBR Gold Nucleic
Acid Gel Stain (S-11494, Molecular Probes, Eugene, OR, USA) to directly visualize the
oligonucleotides. The gels were visualized and photographed in Gel Doc XR+ System (Bio-Rad

Laboratories, Hercules, CA, USA). Densitometric analysis was performed using Image Lab software
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version 5.1 (Bio-Rad Laboratories, Hercules, CA, USA), wherein the volume density of the major
band corresponding to the intact oligonucleotide was calculated in each lane and corrected for
background. The volume density of the sample from 0 min/h time point was set as the reference
value for each incubation. Plasma nuclease activity was obtained as the percentage of degraded
ASO fraction for each incubation time relative to the volume density of the 0 min/h time point. Data
from the 15 min (RTR5001_PO) or 1 h (RTR5001_PS, RTR5001) incubation time point was used to

evaluate age and sex effects.

3.2.7 Tissue nuclease activity

Total protein was extracted from the frozen liver and kidney biobank samples using T-PER Tissue
Protein Extraction Reagent (78510, Thermo-Fischer Scientific, Waltham, MA, USA) supplemented
with Halt Protease Inhibitor Cocktail (87785, Thermo-Fischer Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. Contaminating nucleic acid in the crude tissue extract
was precipitated using 2% streptomycin sulfate (S6501-5G, Sigma-Aldrich, Saint Louis, MO, USA),
and carry-over streptomycin in the protein extract was removed using Bio-Spin 6 columns (732—
6228, Bio-Rad Laboratories, Hercules, CA, USA). The protein content of the tissue extract was
determined using a Pierce BCA Protein Assay kit (23225, Thermo-Fischer Scientific, Waltham, MA,
USA), and the samples were adjusted to a protein concentration of 1 pug/ul using the T-PER reagent
before storage at —80 °C. Incubation of the three isosequential model ASOs with the adjusted tissue
protein extract and nuclease activity analysis were as described for the plasma nuclease activity
assay. Reaction rates for the liver and kidney homogenates were also computed for the 15 min
(RTR5001_PO) or 1 h (RTR5001_PS, RTR5001) incubation time point wherein the relative volume

degraded is divided by incubation time.

3.2.8 Statistical analysis

To evaluate the effect of age and sex on nuclease gene expression and activity, data on the biobank
liver and kidney samples were fitted first to a linear mixed model. The fixed factors of the model
for this analysis consisted of age and sex, together with their interaction. Then, a second analysis
for the in vivo study samples was performed for genes that did not have sex or age—sex interaction
on the initial analysis. Age was the only fixed factor included in the model for the second analysis.

Treatment as an effect was not included, as it is not expected to affect nuclease gene expression.
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To account for the dependence between observation among littermates, sow was set as a random
effect on the model. Run-by-plates (gene expression) or run-by-gel (activity assay) were added as a
random factor to the model to correct for inter-run variability. The starting model was gradually
simplified using stepwise backward modeling, wherein all non-significant effects were removed
step by step. Post hoc analysis with Tukey’s honest significance test was used when comparing the
different age groups. When an age—sex interaction was detected, the effect of age was evaluated
separately for both sexes. To evaluate the difference in gene expression and nuclease activity
reaction rates between the kidney and liver samples per age group, organ, sex, and their interaction
were used as fixed factors in the model. A non-parametric Spearman rank correlation test was
performed to identify the correlation between nuclease gene expressions and activity toward the
isosequential ASOs and between the exposure parameters and mean plasma albumin
concentration for the investigational toxicity study. For the other in vivo parameters, no statistical
analyses were performed due to limited sample size, except for the complement activity. To
evaluate the effect of age, treatment, and their interaction on complement activity, data were fitted
to a linear mixed model with Dunnett’s multiple comparison test using PND 8 control (predose
value) as reference. The model included age, treatment, and their interactions as fixed factors.
Animals nested into the treatment group were set as a random effect to account for repeated
measures for each subject. A p-value smaller than 0.05 was considered statistically significant.
Variables were log- or square-root transformed when needed to meet normality and/or
homoscedasticity assumptions. Statistical analysis and graphs were done using JMP® Pro 15 (SAS

Institute, Cary, NC, USA) and GraphPad Prism 8 (La Jolla, CA, USA).

3.3 Results

3.3.1 Exposure assessment and tissue biodistribution

Based on the limited number of treated animals per group, only descriptive results for the temporal
trends of RTR5001 concentrations in the plasma, kidney, and liver are presented. For the plasma
AUCp-4n and Cmax, comparable values after the first four SC administrations (PND 2, 9, 16, and 23)
were observed (Figures 3.2A and S3.1). A relatively higher AUCo_,4n value at PND 29 was seen after
the fifth dosing. This was followed by a slight decrease that remained relatively unchanged from

the sixth until the eighth dose (PND 37, 43, and 51). In contrast, Cmax increased gradually after the
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fifth dose. The highest Cnax value was reached after the last dose, and it was 2.3-fold higher than
the Cnmax after the initial dose at PND 1. After 24 h post-administration, RTR5001 was rapidly cleared
from the blood circulation, resulting in concentrations two to three orders of magnitude lower than
the Cmax. Plasma trough levels measured directly before RTR5001 administration were relatively low
at PND 1, 8, 22, 28, and 36, whereas slightly higher concentrations were seen at PND 15, 42, and 50
(Figure S3.1).

The RTR5001 concentration in the kidney (Figure 3.2B) was steady following the first three dosing
days (PND 2, 9, and 16). Afterwards, a higher concentration was observed through the fourth to
sixth doses (PND 23, 29, 37), which was followed by a drop in concentration by about half for the
seventh (PND 43) and eighth (PND 51) doses. In contrast, a gradual increase in concentration of
RTR5001 was observed in the liver, reaching a plateau between the sixth and seventh doses (PND
37 and 43) (Figure 3.2C), which was followed by a lower concentration after the final dose (PND
51). Generally, the compound distributed more in the kidney than in the liver except at PND 43.
Spearman’s rank correlation analysis on the three exposure panels showed a high correlation
between plasma AUCo-24n and the liver exposure levels (p < 0.0001, r = 0.8436, n = 15) but failed to
detect a significant correlation between plasma AUCq-,41 and the kidney exposure levels (p = 0.8101,

r=0.0679).

3.3.2 In-life observation and clinical pathology

All animals survived up to the scheduled humane killing, and RTR5001 was clinically well-tolerated
at 20 mg/kg/dose. There were no treatment-related effects on the physical development of piglets
(i.e., pinna unfolding, eye opening, and incisor eruption), body weight, and no injection site

reactions were observed for any RTR5001-treated animals.
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The administration of RTR5001 led to a minimal to mild increase in white blood cells (neutrophils
and lymphocytes) and a minimal to mild increase in fibrinogen. No changes for coagulation
parameters were noted (see Table 3.2). Moreover, a mild increase in aspartate aminotransferase
(AST) was observed, but no effect was seen on urinalysis or urine chemistry parameters (see Table
2). The total complement activity measured by CH50 was not detectable before and after the initial
dosing at PND 1. Activity levels on PND 8 until PND 22 between control and treated animals were
comparable. However, RTR5001 caused a significantly increased CH50 on the pre-dose values from
weaning onwards compared to PND 8 control group (p = 0.0364), and it did not differ statistically
over time (p = 0.9397). On the other hand, there was no significant change in total complement

activity 15 min post-RTR5001 administration within each age group (Figure 3.3).

Table 3.2. Clinical pathology evaluation overview. Comparison with published adult data [31] after
RTR5001 administration.

Age
Adult
Parameters PND 2 PND 23 PND 29 PND 37 PND 43 PND 51 (4-6 mos)
(n=2) (n=3) (n=2) (n=2) (n=1) (n=2)
(n=3)
Minimal to xllgl?xéz Minimal to
Hematology mild 1 WBC, neutrophilsl mild 1 WBC,
lymphocytes lymphocytes neutrophils
Mild 1 AST;
. . minimal | | CHOL, LDL,
Minimal to Minimal to
Clinical . . . . CHOL, LDL, Minimal | trig; 1 crea
chemistry Mild T AST fibnrqilr:: Ten Mild T AST fibr:ilr:i Ten minimalto CHOL,LDL in1of3,
8 & mild 1 BUN
fibrinogen
. . 1 Na/Crea,
Urinalysis Ca/Crea
Total Not
complement detectable 1 CH50 1 CH50 1 CH50 1 CH50 No data
activity

PND 9 (n = 2) and PND 16 (n = 1) are not shown as no significant finding was observed. Abbreviations: AST, aspartate
aminotransferases; BUN, blood urea nitrogen; Ca, calcium; CH50, 50% hemolytic complement activity; CHOL, total
cholesterol; Crea, creatinine; LDL, low-density lipoprotein; Na, sodium; PND, postnatal day; trig, triglycerides; WBC, white
blood cells.
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Figure 3.3. Mean * SD total complement (CH50) activity measured in the serum of control and
RTR5001-treated minipigs in different juvenile age groups: pre-dose (A), 15 min post-dose (B), and
24 h post-dose (C) of RTR5001. The same animals were tested (control: n = 4; RTR5001-treated: n =
4) from PND 1 until PND 28, and reduced at PND 36 and 42 (control: n = 4; RTR5001-treated: n = 3),
and PND 50 (control: n = 2; RTR5001-treated: n = 2) accordingly. Broken line indicates weaning time
(at PND 28) for the piglets. Differences between age, experimental groups, and their interactions
before RTR5001 administration were determined using a mixed model with Dunnett’s multiple
comparison tests. p value < 0.05 when compared to PND 8 control (pre-dose value) was considered
significant (*). CH50 was not significantly reduced 15 min post-RTR5001 administration within each
age group, but it was significantly higher for the pre-dose values of PND 28 until 50 compared to
the PND 8 control group after repeated administration of RTR5001.

The serum total cholesterol and low-density lipoprotein (LDL) cholesterol levels of both control and
treated groups remained stable from PND 2 to PND 9 (Figure 3.4). Both parameters gradually
increased until PND 23 before gradually decreasing back to the basal level again on PND 43 and 51.
In contrast, a peak triglyceride level was observed at PND 2 before an initial drop on PND 9 that
stayed stable until PND 29 (Figure 3.4). Another drop could be observed at PND 37 and remained
stable until PND 51. No overt decrease in the three parameters (total cholesterol, LDL cholesterol,
and triglycerides) was observed in treated groups after the first six weekly doses. In contrast, values
for both LDL- and total cholesterol panels in the treated animals were higher at PND 23, 29, and 37
compared with the controls. However, when the total cholesterol values were compared with
published control data in Gottingen Minipigs [62], only values at PND 23 were above the normal
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range. Afterwards, decreases on PND 43 and PND 51 for total cholesterol (44% and 19% lower,
respectively) and LDL cholesterol (74% and 44% lower, respectively) were seen for the treated

animals when compared with control animals in the study and with previous data [62].
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Figure 3.4. Mean + SD level of serum total cholesterol, LDL cholesterol, and triglycerides in control
and RTR5001-treated minipigs in the different juvenile age groups.

No treatment-related effects were observed in the mean plasma albumin concentration, but an
age-related effect was observed (Figure 3.5). A gradual increase in both control and treated groups
was observed, reaching the highest concentration at PND 37. A slight decrease was observed at
PND 43, which remained unchanged at PND 51. Spearman’s rank correlation analysis showed high
correlations between the mean plasma albumin concentration and AUCo—4n (p < 0.0121, r = 0.6286,
n =15), kidney exposure levels (p < 0.0218, r = 0.5857, n = 15), and liver exposure levels (p < 0.0055,
r=0.6774, n = 15).
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Figure 3.5. Mean + SD plasma albumin concentration in control and RTR5001-treated juvenile
minipigs in the different juvenile age groups.

3.3.3 Anatomic pathology, immunohistochemistry, and in situ hybridization

The repeated SC administration of RTR5001 did not cause any relevant gross lesions except at the
injection sites. After microscopic evaluation, RTR5001-related histopathological findings were

observed in the kidney, lymph nodes, and injection sites.

In the kidneys (Figure 3.6A-B), RTR5001-related minimal tubular degeneration/regeneration was
observed at PND 23 onwards. At PND 43 and 51, the tubular changes were minimal to mild in
severity and were accompanied by mononuclear cell infiltration, glomerulosclerosis, fibrosis,
basophilic granules, and hyaline casts in the renal cortical region. Only scattered and barely visible
basophilic granules considered to reflect the oligonucleotide uptake were observed in the

cytoplasm of the epithelial cells lining the renal tubules at PND 51.

In the lymph nodes (Figure 3.6C), foamy/granular macrophages were observed in the
retropharyngeal lymph node at PND 37, and in the mandibular, mesenteric, and superficial cervical
lymph nodes at PND 43 and 51. There were no changes in the lymphoid tissue of these lymph nodes.

Brown pigment consistent with iron deposits was observed in the examined lymph nodes.
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Figure 3.6. Histopathology findings. (A) Kidney, PND 43, H&E; Necrosis of tubular cells (arrow),
tubular degeneration (asterisk). (B) Kidney, PND 51, H&E; Interstitial fibrosis and inflammatory cell
infiltration, and glomerulosclerosis (arrow), (C) Lymph node, PND 51, H&E; Foamy macrophages
(arrow) and brown pigment in the sinus macrophages due to intramuscular iron injection. (D)
Injection site, PND 37 (control), H&E; Hemorrhage (asterisk) in the subcutaneous adipose tissue. (E)
Injection site, PND 43 (treated), H&E; Inflammation (arrow) and fibrosis (asterisk) of the panniculus
muscle. (Scale bar: (A—C) = 100 uM; (D,E) = 200 uM).

At the injection sites, gross and microscopic findings were at a higher incidence in the treated
groups (69%) than in the control (21%) animals. Dark foci were observed in control and treated
animals, and they were correlated microscopically with dermal and/or subcutaneous inflammation
and hemorrhages, which were accompanied by inflammation and/or degeneration of the
panniculus muscle (Figure 3.6D-E). The severity of the inflammatory changes was slightly higher
(minimal to mild) in treated piglets at PND 43 and 51 compared to the other sacrifice time points

where the severity was generally minimal. In control animals, the inflammation was acute, and no
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fibrosis was observed. No basophilic granules or foamy/granular macrophages were observed at

injection sites.

Immunohistochemistry and in situ hybridization revealed the presence of RTR5001 in the renal
tubular cells, Kupffer cells, and lymph node macrophages of juvenile minipigs treated with RTR5001

(Figure 3.7).

Immunohistochemistry for RTR5001 demonstrated pronounced positive cytoplasmic staining in the
renal cortical tubular cells already after the first administration of RTR5001, and there was no
apparent increase over time. In the youngest minipigs (PND 2, 9, and 16), the renal tubules in the
outer cortex below the capsule were not stained (Figure 3.7A-B). This area contains smaller and
immature nephrons that lack differentiation, and therefore may not yet be functional at that age
[63]. In the animals with the highest degree of tubular degeneration/regeneration at
histopathological evaluation of the H&E sections (PND 23, 43, and 51), fewer tubules were stained,
and the staining was irregularly distributed compared to the non-affected kidneys (Figure S3.2).
Positive staining was characterized by brown granules in the cytoplasm of tubular cells. In situ
hybridization for RTR5001 demonstrated positive cytoplasmic reaction in the renal tubular cells.
Positive staining was characterized by purple, punctate dots and diffuse staining in the cytoplasm

of tubular cells.

In the liver, positive staining in Kupffer cells was observed by ISH (Figure 3.7C) and IHC (Figure 3.7D),
as evident by purple and brown pigments, respectively. However, the brown positive stain was
partially due to intramuscular administration of iron, which is routinely done in newborn minipigs

to prevent iron-deficiency anemia [64].

In the lymph nodes (mandibular and retropharyngeal), positively stained macrophages in the sinus
were observed in both IHC- and ISH-stained slides (Figure 3.7E-F). This corresponded to the
presence of foamy/granular macrophages observed in the lymph node sinus at histopathological
evaluation of the H&E sections. Similar to the liver, brown pigments consistent with iron-containing
hemosiderin deposits were observed in the sinus macrophages of lymph nodes stained by ISH. In

IHC, this pigment could not be distinguished from the brown DAB staining.
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Figure 3.7. Immunohistochemistry and in situ hybridization. (A) Kidney, PND 2;
immunohistochemistry for RTR5001. Accumulation of RTR5001 into the proximal tubular cells
(brown staining). Renal tubular cells of the outer cortex below the capsule are not stained. (B)
Kidney, PND 37; immunohistochemistry for RTR5001. Accumulation of RTR5001 in the tubular cells
including the outer cortex. (C) Liver, PND 51; in situ hybridization for RTR5001. Accumulation of LNA
into the Kupffer cells (purple staining) and brown pigment (iron deposits). (D) Liver, PND 51;
Immunohistochemistry for RTR5001. Presence of brown staining due to accumulation of LNA in
Kupffer cells and presence of iron pigment deposits cannot be differentiated, unlike with ISH-
stained sections (image C). (E) Lymph node, PND 43; in situ hybridization for RTR5001. Accumulation
of RTR5001 into the vacuolated macrophages (purple staining) and brown pigment (iron deposits)
in sinus macrophages. (F) Lymph node, PND 43; immunohistochemistry for RTR5001 Accumulation
of RTR5001 and presence of iron pigment deposits. (Scale bar: (A,B) = 100 uM; (C—F) = 50 uM).
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3.3.4 Ontogeny of nuclease gene expression and activity in the blood

Low expression of the three 3'-exonuclease genes was observed in the blood derived from the
youngest age groups from the in vivo study (Figure 3.8). ENNP1 expression level showed a transient
mild increase at PND 29, and the highest level was reached at PND 51 (p = 0.0002). Afterwards,
ENNP1 expression dropped to the same level as the youngest groups. This is in contrast to the
PDE1B expression, which continued to increase and reached the highest level in adulthood (p =
0.0176). The highest TREX1 expression level was also observed at the adult group (p = 0.0001), but

no clear maturation profile was observed for the older juvenile stages.
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Figure 3.8. Relative gene expression of 3'-exonucleases: ENPP1, PDE1B, and TREX1 in the blood over
time in the developing and adult Goéttingen Minipig. Age groups not sharing the same letter within
each gene panel show significantly different gene expression (p < 0.05).
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Regarding nuclease activity, the unmodified (PO) ASO was almost completely metabolized in the
assay within three hours (Figure 3.9A, left panel), whereas the two modified ASOs exhibited stability
against the endogenous nucleases in the plasma. This was markedly observed with the LNA/PS/LNA
gapmer and, to a lesser degree, with the all-PS after 24 h of incubation. When looking at the
degradation of the different ASOs after 15 min (PO) or 1 h (PS, LNA/PS/LNA) incubation with plasma,
no statistically significant difference between the age groups was detected (PO: p =0.6323; PS: p =
0.0507; LNA/PS/LNA: p = 0.8182) (Figure 3.9A, right panel).

3.3.5 Ontogeny of nuclease gene expression and activity in the kidney and

liver

In general, higher expression of the endonuclease and exonuclease candidate genes were observed
in kidney than in liver samples from our biobank (Figure S3.3). A similar ontogeny profile was
observed for both members of the DNase endonuclease family in the kidney, in which they
exhibited a significantly lower expression at PND 3 than in the adult group (DNASE1: p = 0.0046;
DNASE2: p = 0.0387; Figure 3.10A, left panel). A gradual increase was observed after PND 3 and
eventually reached the highest levels at the adult stage. In contrast, liver DNASE1 exhibited a
significantly higher expression at GD 108 than the postnatal age groups, with GD 84—86 and adults
showing intermediate values (p = 0.0112). A downregulation after birth was observed for liver
DNASE1 expression, and it remained the same until PND 28. Moreover, a sex—age interaction was
detected in liver DNASE2 expression (p = 0.0001); i.e., males exhibited a gradual decrease from PND
1, reaching the lowest level at the adult stage (p = 0.0001). In contrast, expression in females

reached the lowest level at PND 28, before increasing again in adulthood (p = 0.0001).
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Figure 3.9. Degradation of isosequential ASOs: unmodified (PO), all-PS (PS), and LNA/PS/LNA
gapmer (RTR5001) in (A) plasma, (B) kidney, and (C) liver over time in the developing and adult
Gottingen Minipig. Nuclease activity is represented by the percentage of degraded ASO fraction for
each incubation time on the left panel: PO (0, 115, 30, 60, 180 min), PS and LNA/PS/LNA (0, 1, 3, 6,
24 h). The rate of ASO degradation for the two modified sequences slowed down between 6 and
24h of incubation. The degraded ASO fraction percentages at the 15 min (PO) and 1 h (PS,
LNA/PS/LNA) time points between different age groups are presented in the right panels. Age
groups not sharing the same letter are significantly different (p < 0.05).

The 3'-exonucleases in the kidney and liver presented ontogeny profiles that were different from
the ones of the endonucleases (Figure 3.10B). Kidney ENPP1 showed its lowest expression at PND
3, which was followed by an increase to its highest level at PND 7, while the other age groups
showed intermediate values (p = 0.0142). Liver ENPP1 remained lowly expressed from PND 3 until
PND 28 before increasing to a higher level in adulthood that was comparable to the expression at
the fetal stages until PND 1 (p = 0.0001). On the other hand, PDE1B expression remained unchanged
throughout development in both kidney and liver (p = 0.0581; p = 0.0720, respectively). A sex—age
interaction in TREX1 expression was detected in both organs (kidney: p = 0.0299; liver: p = 0.0001,
respectively). Kidney TREX1 expression in males exhibited a higher level at PND 28 than in the
perinatal stages, with other age groups showing intermediate values (p = 0.0117). Kidney TREX1
expression remained low for the first week of life in females, before gradually increasing until
adulthood (p = 0.0001). Similarly, a higher expression of TREX1 was seen in the adult female liver
samples (p = 0.0001). Meanwhile, a lower liver TREX1 expression in adult males was observed
compared to GD 108, with the other age groups showing values in between (p = 0.0295). These
observed ontogeny profiles in the biobank samples are mostly in congruence with the expression

patterns seen in the samples from the in vivo study (Figure S3.4A-B).
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Figure 3.10. Relative gene expression of nucleases for ASO metabolism and pharmacologic activity
over time in the developing and adult Géttingen Minipig. Endonucleases: DNASE1 and DNASE2 (A);
3'-exonucleases: ENPP1, PDE1B, and TREX1 (B); and RNASEH1 and RNASEH2A (C) were evaluated in
kidney and liver. Age groups not connected by same letter are significantly different (p < 0.05).
When sex—age interaction was detected, the gene expression differences between age groups were
evaluated separately for females and males. Same colored letters belong to the same sex, and age
groups not sharing the same letters are significantly different (p < 0.05).

The stability of the two modified isosequential ASOs and marked susceptibility of PO ASO to
nuclease activity in the kidney and liver homogenates were similar to what was observed in the
plasma (Figure 3.9B-C, left panels). However, reaction rates toward the PO ASO in the kidney
homogenates were significantly higher than in the liver except in the adult group (Figure S3.5). The
rate of PS ASO degradation was observed to be higher in the liver at GD 84—-86, whereas it was seen
higher in the kidney for the adult group. The opposite observations for PO ASO were seen in the
LNA/PS/LNA gapmer, wherein degradation generally proceeded faster in the liver of the fetal and
juvenile age groups. A relatively higher activity toward PO ASO was observed at GD 108 and PND
3-7 in the kidney (p = 0.0001), while higher activity was seen at GD 108 and PND 28 in the liver (p
=0.0156) (Figure 3.9B-C, right panels). On the other hand, lower activity in the kidney was observed
in the adult group, whereas it was detected immediately after birth in the liver homogenates. No
statistically significant difference was observed among the different age groups in terms of activity
toward the isosequential all-PS ASO (kidney: p = 0.4758; liver: p = 0.3568). Degradation of the
LNA/PS/LNA gapmer in the kidney was slower at PND 1-3, but it gradually accelerated until
adulthood (p = 0.0001). In contrast, higher activity in the liver was seen at GD 108, and a lower
activity was seen at PND 28 and in the adult group (p =0.0033). Spearman’s rank correlation analysis
on all age groups together showed a moderate correlation between liver DNASE1 expression and

the activity toward the LNA/PS/LNA gapmer in the liver (p < 0.00026, r = 0.4175).

3.3.6 Ontogeny of ribonuclease H expression in the kidney and liver

Kidney RNASEH1 expression showed a postnatal maturation profile reaching the highest level in
adulthood (p = 0.0001). No maturation profile was noted for kidney RNASEH2A (p = 0.1458). In
contrast, the liver expression of the two ribonuclease Hs displayed a gradual decrease postnatally
(Figure 3.10C). A sex—age interaction was detected in the expression of RNASEH1 in the liver (p =
0.0011). Although both males and females showed lower expression at PND 3 than in the
gestational period, this lower expression was detected until PND 28 (p = 0.0001) and then increased
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in adulthood in females, reaching similar values to those in the youngest age groups. In contrast,
the lower transcription at PND 3 than during gestation in males remained unchanged until
adulthood (p = 0.0001). For both male and females, liver RNASEH2A expression showed the highest
expression values on GD 8486, an initial drop in expression on GD 108, and a second one on PND
28 (p = 0.0001). In general, these ontogeny profiles in the biobank samples are in accordance with

the expression patterns seen in the in vivo study samples (Figure S3.4C).

3.4 Discussion

In the present study, the safety, exposure, and pharmacological effect of a model LNA gapmer,
RTR5001, were assessed in a limited number of juvenile Gottingen Minipigs after repeated SC
dosing. The rapid growth and development of the pediatric population can influence the
pharmacokinetics and pharmacodynamics of therapeutic agents, leading to potential adverse
effects [65—67]. RTR5001 was previously tested in adult minipigs, in which the liver and kidney were
the main target organs of distribution/toxicity, and its pharmacologic effect (i.e., reduced total and
LDL cholesterol) was demonstrated [31]. Similar clinical chemistry and toxicity findings were
observed in the juvenile minipigs in our study. However, differences in plasma and tissue exposure,
as well as pharmacologic activity, were seen compared with the adult data. To elucidate these
findings, the expression and activity of nucleases involved in ASO metabolism and pharmacologic
activity were assessed in the blood, kidney, and liver of juvenile Gottingen Minipigs. For clarity, we
will discuss our results following the order in which ASOs interact in the animal. First, we will discuss
the metabolism and exposure in the blood compartment, followed by distribution, metabolism, and
finally toxicities in the tissue compartments. The remainder of the discussion will be devoted to

other relevant toxicities and the pharmacologic effect of the model LNA gapmer.

The nuclease activity profiles in the blood and tissue compartments were assessed using
isosequential PO, all-PS, and RTR5001 (LNA/PS/LNA gapmer) ASOs. Our findings for the three
isosequential ASOs were similar in the blood and tissue compartments, with RTR5001 showing
excellent stability for nucleases, followed by all-PS, and with the PO sequence being very
susceptible to degradation. This is in accordance with previous results in adult rodents, NHPs, and
humans for the blood compartment [56,68], liver [69—71], and kidney [72]. PO ASOs are degraded

within minutes in the blood and tissue compartments by endogenous nucleases, and thus,
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chemistry modifications of the phosphate bonds and sugar moiety of the oligonucleotide sequence
are warranted to improve nuclease stability [6,22,73-75]. In addition to ASO chemistry
modifications, sequence length also influences the rate of metabolism, as shorter sequences are
digested more slowly [71]. Therefore, initial degradation products from nuclease digestion compete
with full-length sequences and contribute to their stability [76]. This can influence the rate of
nucleolytic metabolism in vitro, as shown by the plateau in our activity assay between 6 and 24h

incubation.

For the blood compartment, no age-related differences in nuclease activity were observed for any
of the investigated ASOs. 3'-Exonuclease is the main nuclease that acts on PS-modified ASOs in the
blood compartment similar to PO [77], with the former having more significant enzymatic stability
due to its backbone modification [77-80]. Differences in the ontogeny profile of the three 3'-
exonucleases regarding their gene expression were observed. Among those three nucleases, ENPP1
is secreted in the plasma [81] and has been implicated in the degradation of ASOs in adult human
plasma [20]. In contrast, PDE1B and TREX1 are localized mainly intracellularly [58,82], which
suggests that they generally play a role in ASO metabolism in white blood cells and tissues. Although
we have seen differences in ENPP1 expression among different age groups, this did not translate to
differences in activity in plasma. As discrepancies between RNA and protein abundance have been
described before [83,84], mRNA is not always a good indicator of activity [85,86]. On the other
hand, the additional flank modifications using other generations of chemistry modification, such as
LNA leading to a gapmer design, provide additional/sufficient protection against exonucleases.
Endonucleases can degrade LNA gapmers but do this over a more extended incubation period
[56,68] in the plasma. However, due to increased plasma protein binding and excellent
biodistribution properties of gapmer ASOs [87—89], they are quickly distributed to target organs. In
the case of RTR5001, these are the kidneys and the liver. Thus, the main factor for plasma clearance

is the initial rapid tissue distribution [87,90] instead of ASO metabolism.

The rapid elimination of RTR5001 from the circulation, i.e., within 24 h post-administration, was
similar to the data in adult minipigs [31]. The short distribution half-life in the plasma of around 2—
5 h for the various juvenile age groups complied with data on second-generation ASOs [91,92]. The
biodistribution of ASOs from the plasma to other tissue compartments is related to plasma protein

binding as well as to cell-surface proteins in the target organs [87,93-96], with plasma albumin
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being the main plasma protein responsible for protein binding in the blood compartment [87,97—
100], preventing renal clearance [76,101]. In our study, plasma albumin concentrations in the
juvenile age groups were in accordance with already published reference values, and they were 10
to 60% lower than in 6-month-old minipigs [62]. Therefore, the lower plasma albumin
concentration observed in the younger age groups could partly explain the lower Cmax and AUCo-24n
values seen at PND 2 to 23 compared to the adult minipig (Figure S3.6A-B) [31]. Of note, the juvenile
minipigs were dosed up to eight times at a weekly interval, whereas all the adult minipigs were
dosed only four times with a 5-day interval. After the first administration, the Cmax of RTR5001 was
43% lower in juvenile (at PND 2) minipigs than in adult minipigs, whereas the AUCo—24n Was 78%
lower. After four doses, these values were still lower in juvenile compared to the adult minipigs. As the
peak levels of ASOs do not tend to increase with repeated administration due to their wide tissue
distribution [88,102,103], no differences were observed between the first and fourth dose.
However, after the eighth and final dose in the juvenile minipigs, both parameters gradually
increased, with Cnax being 29% higher than the adult values (after four doses), whereas the AUCo-
2an Was still 50% lower than the adult values. This lower AUCo,4n could be due to a faster renal
clearance of RTR5001 in the juvenile age groups than in the adult. On the other hand, the plasma
trough levels after each weekly dose remained relatively very low, which is in contrast to the
behavior in older juvenile age groups where at the end of the experimental period, trough levels
were slightly higher and indicative of tissue saturation, as has been described before for ASOs after

repeated administration [16,21,50,101,104,105].

The highest concentrations of RTR5001 were seen in the kidney and liver and were similar in the
various juvenile age groups, with the kidney showing higher exposure than the liver. This has been
demonstrated for the biodistribution of LNA gapmers [12,106,107]. However, the relative kidney
exposure in the juvenile minipigs was less than the 5-fold difference observed in the adult minipig
after the fourth dose (Figure S3.6C) [31]. This could be explained by the use of different bioanalytical
methods. While in our study, LC-MS/MS was used, for the published adult minipig exposure data,
a hybridization enzyme-linked immunosorbent assay (hELISA) was used to measure the tissue
concentrations of RTR5001. Although this method has good sensitivity to the parent compound, it
can cross-react with 3’- and 5’-end putative metabolites [108—110]. As we noted that RTR5001 was

metabolized at a higher rate in the adult kidney homogenate than in the younger age groups, the
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higher concentration in the adult kidney could be a cumulative concentration of the parent

RTR5001 and its metabolites resulting from the relatively unspecific hELISA.

After repeated dosing, there was no apparent accumulation of the ASO [16,104] in the kidney. The
presence of RTR5001 was confirmed in the cytoplasm of renal tubular cells by ISH and IHC
immediately after the first dose, and it was similar with successive dosing. This stable exposure
observed in the youngest age groups (PND 2, 9, and 16) might be due to the immaturity of the renal
cortex [63] resulting in reduced uptake of ASOs. This finding is in line with current knowledge that
completion of nephrogenesis occurs at PND 21 in pigs [111]. In contrast, the lower exposure values
observed at PND 43 and PND 51 could be due to the high degree of tubular
degeneration/regeneration and minimal to moderate renal fibrosis and glomerulosclerosis
observed in these age groups. Hence, these injured tubules might have limited capacity to take up
LNA ASOs further. Moreover, the distinct basophilic cytoplasmic granules in renal tubular cells
previously seen in the adult minipig [31] and other species [13,112,113] were observed only at PND
51. The administration of RTR5001 resulted in degenerative/regenerative changes in the kidneys,
similar to what was observed in adult minipigs [31]. However, the glomerulosclerosis seen in
minipigs at PND 43 and 51, which received seven and eight doses respectively, was not previously
observed in the adult minipigs that were dosed only four times. Despite these histological findings,
clinical chemistry did not suggest a decrease in kidney function in the juvenile minipigs as opposed

to what was observed in the adult minipig.

For the liver, an increasing exposure was observed after repeated dosing, suggesting accumulation.
This coincided with the highest plasma trough level in the two oldest age groups, suggesting higher
tissue accumulation than in the younger age groups. ISH and IHC confirmed the accumulation of
RTR5001 in the liver, i.e., in the Kupffer cells. However, no distinct basophilic cytoplasmic granules
were seen, unlike in the adult minipig and in other species [13,31,112,113]. Furthermore, in
contrast to the adult minipig, no hepatocellular single-cell necrosis/apoptosis was seen, although a
minimal to mild increase in serum transaminase was observed in some age groups, indicating liver

insult.

In both kidney and liver homogenates, differences in activity among the different age groups were

observed toward each isosequential ASO. In the kidney, PO degradation appeared quicker in the
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youngest age groups than in the adult, whereas for the liver, slower degradation was observed at
PND 1. Although PO are metabolized mainly by 3'-exonucleases in tissues [71,72,114,115], the
activity profile for both tissues does not correlate with any of the three 3'-exonuclease expression
patterns. Furthermore, no difference was seen in the degradation of the all-PS sequence across all
the age groups. PS degradation appears to be more variable and cell-type specific, with either
having 3’- or 5'-degradation profiles, with endonuclease-mediated degradation not generally
observed [69,71,77,78]. Regarding RTR5001 degradation, the highest metabolism in the kidney was
seen in the adult group, and the lowest was seen after birth until PND 3. This observation fits the
expression profile of both endonucleases (DNASE1 and DNASE2) and one of the 3'-exonucleases

(TREX1).

Similarly, the nuclease activity in the liver fits the liver endonuclease (DNASE1 and DNASE2)
expression pattern, for which the highest activity was seen in the GD 108 group and the lowest
activity was seen in the weaning and adult groups. However, this does not fit with any of the 3’-
exonucleases’ expression patterns. As ASO gapmers are protected at the 3'- and 5’-end from
exonuclease degradation by the additional flank modifications, they are known to be initially
cleaved by endonucleases in the tissue [69,70,116] of different species [16,50], leading to short
fragments that exonucleases may degrade further. As such, this supports the correlation between
liver nuclease activity and endonuclease expression pattern, indicating that the nuclease activity in
the liver of minipigs initially proceeds through endonucleases. As this correlation was not observed
for the kidney, the nuclease activity seen in the kidney seems to be mainly due to 3'-exonucleolytic
degradation and not by initial cleavage by endonucleases. Accordingly, it was observed after LNA
gapmer administration in rats that only the parent compound and a metabolite with one nucleotide
cleaved at the 3'-end were detected in the kidney [117]. In contrast, further degradation from the
3’-end to shorter metabolites was observed in the liver. These findings support our hypothesis
regarding the metabolism of LNA gapmer in the kidney discussed above and the higher kidney-liver
exposure ratio seen previously in adult minipigs [31], as metabolites with only one cleaved
nucleotide cross-react more than shorter metabolites in an hELISA [108]. Hence, the differential
abundance and activity of endo- and exonucleases in different organs and species can affect the
metabolic pathway of LNA gapmers. Moreover, as a disparity between in vitro incubation and
animal models can be observed [69,118], careful interpretation of these data, together with

metabolite profiling, is warranted.
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ASO degradation differed between the two organs in juvenile minipigs; i.e., unmodified ASOs were
degraded faster in the kidney, whereas the LNA gapmer was degraded faster in the liver. As ASO
metabolism serves to be the critical driver for its tissue elimination [101,119], the different nuclease
activity in both organs and juvenile age groups relative to the adult poses a concern of potential
toxicity and underdosing. However, our observation regarding the nuclease gene expression and
activity is not enough to explain the exposure profile seen in the different age groups of minipigs.
Other factors, such as plasma and cell-surface protein binding, extracellular matrix binding, tissue
saturation, and organ maturity, should be considered and further investigated [76,101,104,120—
122].

In general, the juvenile minipigs showed a similar toxicity profile after RTR5001 administration as
in the adult minipig [31]. Clinical observations, clinical pathology, gross, and histopathological
findings were similar to those observed in adult minipigs. In addition to renal tubular
degeneration/regeneration, glomerulosclerosis was observed in the piglets at PND 43 and 51,
which was considered to be due to repeated dosing of the test compound. Accumulation of LNA
ASO in the lymph nodes as evidenced by IHC and ISH was observed, which was similar to that seen
in the adult minipig and other species [13,31,112]. Likewise, no clinical or gross post-mortem
observations were noted aside from the expected inflammatory reaction regarding the injection

site, as in adult minipigs [31].

There was no apparent decrease in the total complement after each RTR5001 administration
compared to the pre-dose levels, which corresponds to previous findings in adults of other species
and humans [123,124]. This is also in accordance with the findings in the adult minipig, suggesting
a lower sensitivity of minipigs for this parameter than NHPs, which are known to be over-predictive
for man [31,125,126]. The total complement level was not detectable at PND 1, but the adult
(control) level [31] was approximately reached from PND 8 onwards. This observation is in line with
what has been seen in newborn humans [127]. On the other hand, the increase in total complement
level measured pre-dose at PND 29 until 51 after repeated administration of LNA ASO could be due
to chronic inflammation [127]. ASOs exhibit proinflammatory characteristics [13,29,128], which are
seen in the juvenile minipigs as inflammatory changes in the kidneys, the accumulation of

mononuclear cells in the lymph nodes, and chronic inflammation with fibrosis at the injection sites.
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Regarding pharmacologic action, binding to the RNA target is critical for the activity of ASOs [129].
Moreover, the nonclinical safety package of ASOs should include a pharmacologically cross-reactive
species. Therefore, the selected species should express a homologous RNA target. In this respect,
the Gottingen Minipig is a potential alternative non-rodent model due to its phylogenetic proximity
with humans, and this is made possible by its recent genome annotation. Despite the fact that
RTR5001 has a single-end mismatch to the minipig RNA target, its location in the sequence does
not ablate its pharmacologic activity [31]. The pharmacologic activity of RTR5001, i.e., decreasing
total cholesterol and LDL cholesterol, was similar in the juvenile and adult minipig, but only from
PND 43 onwards when compared to the controls and previous published data [62]. The higher total
cholesterol values observed for the treated groups at PND 29 and 37 are within the range of
historical control data for minipigs [62]. However, the total cholesterol values seen for the treated
PND 23 piglets are higher than the available PND 28 data in minipigs. As these published cholesterol
values were observed to increase gradually from PND 2 and peak at PND 28, we hypothesize that
the actual peak is somewhere in between PND 21 and 28, requiring further investigation to address

this observation.

The late onset of pharmacologic effect in the juvenile minipig could be due to several factors.
Particular cell-type-specific nucleic acid-binding surface proteins [93,94,121] have been identified
and were noted to be essential for cellular uptake. The presence and abundance of these proteins
can affect the tissue disposition of ASOs [76,130,131]. Moreover, once inside the cell, ASOs could
bind to specific proteins and get sequestered away from the target RNA and RNase H [121,132-
135]. More broadly, aside from binding to ASOs inside the cell, some proteins also contribute to
their activity [22,136]. Therefore, we hypothesize that the specific proteins involved in the uptake
and trafficking [137] of ASO are also under-expressed in the neonate. Thus, further investigation is
needed on the ontogeny of these proteins. Moreover, other factors such as the turn-over kinetics
of protein translation [101,138,139] and rate of ASO-directed RNase H activity (usually minutes to
hours) [121] can have an impact on the degradation of the target RNA. As such, these factors could

influence the dose to be used.

In addition, the abundance of RNase H1 is another critical component that can affect the ASO-
driven cleavage mechanism [121]. Both RNASEH1 and RNASEH2 were included in our panel of genes

for expression analysis, even though RNase H1 is considered responsible for RNA degradation in
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the RNA-DNA heteroduplex [52] in both the cytoplasm and nucleus [140]. On the other hand,
RNase H2 has been reported to be mainly localized in the nucleus and associated with chromatin,
which would impede its participation in the antisense effects of ASOs [8]. However, the 15PC3 cell
line presents RNase H2 in both the cytoplasm and nucleus instead of the strict nuclear localization
in other cell lines [53]. This suggests that depending on cell type, the subcellular localization of
RNase H2 can have catalytic activity toward the RNA in duplex. As we were supposed to do an in
vitro RNase H assay using tissue homogenates, seeing the link between RNase H1 and H2 expression
with degradation of ASO substrate would be necessary, since RNase H2 is fully capable of degrading
ASO in cell lysates [8,53]. However, no activity was seen in vitro (data not shown) with our biobank
samples. This could be due to the low abundance of both enzymes or unspecific reaction binding in

the homogenate itself from other proteins [121,132-135].

The expression of RNASEH1 showed a different ontogeny profile for kidney and liver, with its
expression level gradually increasing in the kidney and decreasing until weaning in the liver followed
by an increased again toward adulthood for females. The PCSK9, the RNA targeted by RTR5001, is
found abundantly in the liver and was successfully knocked down previously by LNA ASOs in the
adult minipig, human, and several other species [26,31,47,141,142]. The higher expression level of
RNASEH1 observed in the liver of adult females than the other juvenile age—sex groups suggests
that the RNase H1 level may play a role in the delayed pharmacologic effect seen in the juvenile

minipigs, since the data on adults were only from females.

3.4.1 Study limitations

In our in vivo study, we were limited in sample size for the treated and the control animals, which
could cause sample bias and reduced power. Therefore, we recommend cautious interpretation
and extrapolation of these results. Despite the small group size, we still observed differencesin ASO
exposure and pharmacodynamic activity in the different age groups of Gottingen Minipigs, which
was one of the goals of our study. For the ontogeny analysis, the inclusion of biobank samples was
needed to increase the power of our study. This clearly shows that the correct sample size in a study

is dependent on the (variability of the) endpoints that are investigated.

128



3.5 Conclusions

In conclusion, a similar toxicity profile was noted in juvenile minipigs as previously reported in adult
minipigs following repeated ASO administration. Lower plasma and tissue exposure to RTR5001
were noted in younger minipigs up to weaning than in older or adult minipigs. Differences in the
pharmacodynamic profile were also noted between minipigs of various ages. These differences in
exposure and pharmacologic activity were partly explained by our nuclease ontogeny data,
indicating that the juvenile Gottingen Minipig is a promising nonclinical model for the pediatric
safety assessment of ASOs. Although we have to acknowledge the limited number of animals used
in the in vivo study, our results highlight the importance of considering maturational factors in ASO

dose setting in the pediatric population.
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Figure S3.2. Immunohistochemistry and Kidney, PND 30;
Immunohistochemistry for RTR5001. Accumulation of RTR5001 into the proximal tubular cells
(brown staining). (B) Kidney, PND 51, accumulation of RTR5001 in proximal tubular cells, fewer
tubules and irregularly stained renal tubuli (brown staining). (C) Kidney, PND 51; in situ
hybridization for RTR5001. Accumulation of RTR5001 into the proximal tubular cells (purple
staining). (D) Kidney, PND 51, accumulation of RTR5001 in proximal tubular cells, fewer tubules and
irregularly stained renal tubuli (purple staining). (Scale bar: A, B, C, and D = 200 uM).
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Figure S3.3. Relative gene expression of nucleases for ASO metabolism and pharmacologic activity
between kidney and liver over time in post-natal and adult Gottingen Minipig. Endonucleases:
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Figure S3.4. Relative gene expression of nucleases for ASO metabolism and pharmacologic activity
over time in the developing and adult Gottingen Minipig samples from the investigational toxicity
study. Endonucleases: DNASE1, and DNASE2 (A); 3’-exonucleases: ENPP1, PDE1B, and TREX1 (B);
and RNASEH1 and RNASEH2A (C) were evaluated in the kidney and liver samples from the
investigational toxicity study. Different letters indicate significantly different expression in the age
groups. Gene expression difference was considered significant if p < 0.05. Statistical analysis on liver
DNASE2, TREX1, and RNASEH1, and kidney TREX1 was not performed as sex-age interaction was
detected on previous analysis of the biobank samples.
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Figure S3.5. Estimated reaction rate towards the isosequential ASOs: unmodified (PO), all-PS (PS),
and LNA/PS/LNA gapmer in the kidney and liver homogenates from the developing and adult
Gottingen Minipig. Difference between the kidney and liver was considered significant (*) if p <
0.05.
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Figure S3.6. Published mean + SD exposure levels in the plasma (A); mean + SD maximum plasma
concentration (Cmax) (B); and mean exposure levels in the kidney and liver (C) data of adult
Gottingen Minipig after RTR5001 administration [31]. Cmax: Maximum concentration; AUC: Area
under the curve.
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Platelet Activation by Antisense
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Abstract: Antisense oligonucleotide (ASO) is a therapeutic modality that enables selective
modulation of undruggable protein targets. However, dose- and sequence-dependent platelet
count reductions have been reported in nonclinical studies and clinical trials. The adult Géttingen
Minipig is an acknowledged nonclinical model for ASO safety testing, and the juvenile Gottingen
Minipig has been recently proposed for the safety testing of pediatric medicines. This study
assessed the effects of various ASO sequences and modifications on Gottingen Minipig platelets
using in vitro platelet activation and aggregometry assays. The underlying mechanism was
investigated further to characterize this animal model for ASO safety testing. In addition, the
protein abundance of glycoprotein VI (GPVI) and platelet factor 4 (PF4) was investigated in the adult
and juvenile minipigs. Our data on direct platelet activation and aggregation by ASOs in adult
minipigs are remarkably comparable to human data. Additionally, PS ASOs bind to platelet collagen
receptor GPVI and directly activate minipig platelets in vitro, mirroring the findings in human blood
samples. This further corroborates the use of the Géttingen Minipig for ASO safety testing.
Moreover, the differential abundance of GPVI and PF4 in minipigs provides insight into the

influence of ontogeny in potential ASO-induced thrombocytopenia in pediatric patients.
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4.1 Introduction

Antisense oligonucleotides (ASOs) are an acknowledged drug modality for treating specific diseases
by selectively modulating the gene expression of disease-associated proteins. Currently, over a
dozen RNA-targeting therapeutics have marketing approval, and many are in development for
various conditions with limited or unavailable treatment options [1-3]. Recent rapid advancements
in the medicinal chemistry of ASOs have led to a steep increase in RNA-targeted therapeutics
entering clinical trials for a wide variety of diseases [4,5]. Backbone modification of the
oligonucleotide sequence improves stability and increases resistance to endogenous nucleases,
resulting in better bioavailability and potency [5-9]. ASOs that contain a phosphorothioated (PS)
backbone together with additional sugar moiety modifications, e.g., 2'-O-methoxyethyl (2'-MOE) or
locked nucleic acid (LNA), have further reduced ASO metabolism and enhanced affinity toward their
target mRNA [10-13]. In addition, these sugar moiety modifications reduce some class-related
toxicities [10,12—-14]. The adverse effects caused by ASOs are categorized either as hybridization-
dependent (i.e., exaggerated pharmacology and off-target effects) or as hybridization-independent
toxicities (i.e., class-related effects due to interactions between ASOs and proteins) [15]. Such ASO
class-related toxicities are usually the result of uptake and accumulation-induced changes in
parenchymatous tissues [16]. Blood-born adverse effects have also been described, including dose-

dependent thrombocytopenia [17-21].

Thrombocytopenia induced by ASOs can be caused by several mechanisms [19,22,23]. Due to the
polyanionic nature of ASOs with PS backbone linkages, their nonspecific affinity to plasma and
cellular surface proteins is enhanced [24-26]. Therefore, one mechanism by which platelets can be
activated directly by ASOs is through nonspecific binding to platelet collagen receptor glycoprotein
VI (GPVI), which then leads to platelet aggregation [22,27,28]. Moreover, ASOs can bind to platelet
factor 4 (PF4), inducing a humoral response to the ASO-PF4 complex, similar to heparin-induced
thrombocytopenia (HIT) [23,28]. Incubation of human platelets with ODN2395, a proinflammatory
oligonucleotide with PS backbone modification without sugar moiety modification, causes direct
platelet activation (P-selectin surface expression and alpha granule content release) and
subsequent platelet aggregation [22,27,28]. The PS backbone modification of ODN2395 is the
central mediator of its platelet-activating effects through GPVI receptor activation and enhances its

responsiveness via GPVI clustering/dimerization [22]. Concentration-dependent platelet activation
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by PS ASOs is related to length and PS load in the ASO sequence [28]. Furthermore, sugar
modifications such as LNA are also shown to reduce binding to GPVI protein and dampen platelet
activation [28]. Dose-dependent and sequence-specific alterations in platelet count have also been
observed after ASO treatment in humans [21] and nonhuman primates (NHPs) [18]. However, the
reduced platelet count in the peripheral blood of cynomolgus monkeys treated with 1515104838, a
2’-MOE-modified ASO, was suggested to be due to the overall increase in natural IgM and monocyte
activation, leading to an increased platelet sequestration in the spleen and liver [19]. Accordingly,
no increase in P-selectin surface expression was observed in vitro, and no specific PF4-ASO
antibodies were detected in this study, suggesting that no direct platelet activation occurred and
no induction of the HIT-like humoral response developed in the study animals. On the other hand,
the same sequence (I1SIS104838) and other 2'MOE-modified and PS ASOs activated human platelets
in vitro (release of alpha granule markers and P-selectin surface expression) through the GPVI
binding mechanism [27]. On the other hand, a previous study in adult Gottingen Minipigs treated
with various LNA-based PS ASOs did not show a fall in platelet count following four weeks of
treatment [29]. This is also in line with the repeat-dose toxicity study conducted in juvenile
Gottingen minipigs treated with RTR5001, an LNA-modified PS ASO, in which no fall in platelet count
was seen after a drug exposure of up to eight weeks [30]. However, the effect of different types of
ASOs on Gottingen minipig platelets, including their potential activation mechanism, has not yet

been characterized.

The adult Goéttingen Minipig is an acceptable nonclinical model for the safety testing of ASOs [29].
The present study aims to further characterize the Goéttingen Minipig as a safety testing model for
ASO therapeutics with particular attention to the platelet count alteration by ASOs. For that
purpose, we investigated the effect of a panel of ASOs (with known and unknown platelet-related
effects in humans and NHPs) on adult minipig platelets in vitro and compared it with previous data
in humans and NHPs. Accordingly, an enzyme-linked immunosorbent assay (ELISA) was used to
determine the in vitro fold-change increase of the activation marker, Thrombospondin 1 (TSP-1).
TSP-1 is a highly abundant (up to 25%) protein contained in platelet alpha-granules that are
secreted upon platelet activation [31,32]. It is a sensitive and stable marker in detecting in vitro
platelet activation in humans and could also be used in future in vivo studies to differentiate in vivo

platelet activation from in vitro artifacts during blood processing [33]. Furthermore, as platelet
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aggregation usually follows platelet activation [34], we also measured the degree of aggregation of

the different ASOs induced.

Recently, the juvenile minipig has also been evaluated as a pediatric safety testing model, and
similar clinical chemistry and toxicity findings were observed in juveniles as in adult animals.
However, differences in plasma and tissue exposures, as well as pharmacologic activity, were
observed in the juvenile animals compared with the adult data, which could also potentially be
present in the pediatric population and have an impact on the dose setting. For instance, the
differential nuclease expression and activity across various ages of Gottingen Minipigs affect the
metabolic pathway and pharmacologic effect of ASOs in different tissues and age groups [30]. As
such, the ontogeny pattern of the platelet proteins implicated in ASO-induced thrombocytopenia
could be different between various age groups and between minipigs and humans. Moreover, as
there are concerns that treatment with ASOs could precipitate the already low platelet count in
human neonates and juvenile animals [35,36], an investigation of potential platelet-related effects
by ASOs is crucial. To help better understand and support the use of minipigs as an alternative
model to NHPs for the safety testing of ASOs, we also aimed to characterize the same mechanism
of direct platelet activation by ASOs in the Gottingen minipig through platelet GPVI binding and
downstream signaling and activation as seen in human samples. Furthermore, ontogeny data for
proteins implicated in ASO-induced thrombocytopenia mechanisms, such as GPVI and PF4, are
pivotal to extending the work to juvenile minipigs as a nonclinical safety model for pediatric drug
development. The GPVI level affected the intensity of platelet activation and was proposed as a
screening biomarker to identify patients at a higher risk of ASO-induced thrombocytopenia [27]. On
the other hand, PF4 in the plasma serves as a binding partner to ASOs, inducing a humoral response
that leads to platelet clearance and thus could either be a precipitating or limiting factor in the
mechanism. Therefore, this study also aimed to evaluate the changes in abundance of GPVI and
PF4 in juvenile minipigs throughout postnatal development, and this could help explain and predict

potential pediatric safety issues of ASOs.
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4.2 Materials and Methods

4.2.1 Antisense Oligonucleotides (ASOs)

Seven tool ASOs were assessed to investigate their effects on adult Gottingen minipig platelets
(Table 4.1). Accordingly, ODN2395 (PS oligonucleotide known to cause platelet activation and
aggregation) and its unmodified isosequential variant [22,27,28]; I1SIS104838 (2'MOE/PS/2'MOE
gapmer that causes thrombocytopenia in NHPs and humans) [18,19,21,27] and its all-PS variant;
and RTR5001 (LNA/PS/LNA gapmer that does not cause platelet count alteration) [29,30,37,38]
together with its all-PS and unmodified variant were included and described in Table 4.1. In
particular, RTR5001 targets the human PCSK9 transcript (NCBI reference sequence: NM_174936.3)
and has a single end-standing mismatch to the minipig sequence, which did not ablate its
pharmacologic effects in the minipigs [29,30]. On the other hand, 1SIS104838 targets the human
TNF-a transcript (NCBI reference sequence: NM_000594.4) and does not align with the porcine
transcript [39], whereas ODN2395 is an immunostimulatory (Toll-like receptor 9 agonist) CpG
oligonucleotide containing only phosphorothioated bonds and DNA nucleotides [40]. All ASOs were
synthesized and purchased in desalted form from Integrated DNA Technologies (Leuven, Belgium),
except RTR5001, which was provided by the Roche Innovation Center, Copenhagen (Denmark). The
oligonucleotides were purified by high-performance liquid chromatography and reconstituted in
DPBS (14190-094, Gibco™, Thermo-Fischer, Waltham, MA, USA) to a stock of 100 uM. Four of these
ASOs: ODN2395, ODN2395-P0, ISIS104838, and ISIS104838-PS, were synthesized and conjugated

with biotin, and procured from Integrated DNA Technologies (Leuven, Belgium).
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Table 4.1. Tool ASOs. Three ASO sequences with varying modifications were included in this study
to investigate their effects in minipig platelets.

ASO Modifications Sequence (5’-3’) Length PS Load Platelet Effect
ODNZ2395 PS t¥crg*t¥crgrt*t*t*trcrgrgrcrgrcrgtcrgrcrcrgr 22 21 pI.atel.et
activation
ODN2395-PO unmodified tegtegtttteggegegegeeg 22 0 no effect
, , platelet
ISIS104838  2-MOE/PS/2’-MOE G*C*T*G*A*t*t*a*g*a*g*a*g*a*g*G*T*C*C*C* 20 19 o=
activation
I1SIS104838-PS PS g*c*t*g*a*t*t*a*grargrargratrgrgrtrcrcrc* 20 19 unknown
RTR5001 LNA/PS/LNA T*G*C*t*a*c*a*a*a*a*c*C*C*A* 14 13 no effect
RTR5001-PS PS t¥g*c*t*a*c*a*a*a*a*c*c*c*a* 14 13 unknown
RTR5001-PO unmodified tgctacaaaaccca 14 0 unknown

Phosphorothioate (PS) backbone modification position is indicated with *. Upper-case letters indicate the location of the
2'-0-methoxyethyl (2'-MOE)-modified sugar residues. Uppercase underlined letters indicate the location of the locked-
nucleic-acid oligonucleotide in the sequence. ODN2395 isosequences contain unmethylated CpG dinucleotide-rich motifs
(bold).

4.2.2 Study design

To assess platelet activation and aggregation, blood samples from five control adult female
Gottingen Minipigs were provided by Janssen (Beerse, Belgium). Additional blood samples from
juvenile minipigs (vehicle control and treated) that participated in an in vivo eight-week repeat-
dose toxicity study of a model ASO (RTR5001) that is known not to cause platelet count alteration
[30] were included to assess the ontogeny of GPVI and PF4 protein abundance (Supplementary
Table S4.1). Furthermore, additional samples from four adult males provided by Ellegaard
Gottingen minipig A/S (Dalmose, Denmark) and four adult females provided by Charles River
Laboratories France Safety Assessment SAS (Saint Germain-Nuelles, France) were also included in
the ontogeny investigation to increase statistical power. Blood sampling was approved by the ethics
committees of Janssen (Beerse, Belgium), Charles River Laboratories France Safety Assessment SAS
(Saint Germain-Nuelles, France), and Ellegaard Gottingen Minipig A/S (Dalmose, Denmark). We
analyzed the animals (control and treated, male and female) per age group in our investigation of
platelet count and the ontogeny of the two platelet-related proteins. Therefore, the following age
groups were investigated for the ontogeny study: post-natal day (PND) 2 (n=4),9(n=4), 16 (n =
4),23 (n=4),29-30(n=3),37 (n=4),43 (n=3), 51 (n = 4), and adults ranging from 1.5 to 3 years

old (female (n = 9); male (n = 4)).
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4.2.3 Blood collection and sample preparation

Blood was collected by venipuncture into citrated tubes (363080, BD Vacutainer®, Franklin Lakes,
NJ, USA) and tubes without anticoagulant (20.1290, Sarstedt-Microvette® 200, Niimbrecht,
Germany). Citrated blood samples were centrifuged at 200x g for 10 min at room temperature (RT)
to isolate the platelet-rich plasma (PRP). The PRP was taken from the upper 2/3 of the supernatant
to avoid contamination from the buffy coat layer. Platelet concentration in respective PRP was
counted using KOVA® Glasstic 10 (22-270141, Thermo-Fischer, Waltham, MA, USA). Platelet-poor
plasma (PPP) (either citrated or without anticoagulant) was prepared by centrifugation at 4000x g
for 5 min at RT. Whole blood (WB) and plasma samples for the platelet activation and aggregation
experiment were processed and assayed within 3 h after collection. Samples for the ontogeny study
were snap-frozen and stored at -80 °C until processing. Washed platelet samples for the pull-down
assay were subsequently prepared by two additional washing steps at 500x g for 10 min at RT using
acid-citrate-dextrose (ACD) buffer (C3821-50ML, Sigma Aldrich, Tokyo, Japan) with 0.01 U/mL
apyrase (A6237-100UN, Sigma-Aldrich).

4.2.4 Platelet activation assay in platelet-rich plasma and whole blood

PRP and WB were stimulated with either 20 uM adenosine diphosphate (ADP) (A2754-100MG,
Sigma-Aldrich) as the positive control [22,28] or with the seven tool ASOs (Table 4.1) at two final
concentrations (1 and 5 uM) to investigate platelet activation. ADP, as a positive control, allows
comparison with the results of the aggregometry experiment (described below). DPBS was used as
vehicle control. Accordingly, an aliquot of 90 uL PRP or WB was incubated with 10 uL of ADP, and
tool ASOs for 30 min [27] in a cell culture incubator at 37 °C, with 5% CO, without agitation. After
incubation, the PRP and WB samples were centrifuged at 1000x g for 15 min, and the supernatant
per sample was aliquoted and stored at —-80 °C until performing the thrombospondin 1 (TSP-1)
immunoassay. To evaluate the role of GPVI protein in platelet activation, WB was pretreated with
10 uM spleen tyrosine kinase (SYK) inhibitor (PRT-060318, Abmole M5252) to prevent the
downstream signaling of GPVI [27] or vehicle (0.1% DMSO) for 10 min at 37°C, followed by
treatment with vehicle DPBS, or 5 uM ASOs (ODN2395 and 1S1S104838) for 30 min at 37 °C. After
incubation, the samples were centrifuged, aliquoted, and stored until processing as described

above.
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4.2.5 Thrombospondin 1 (TSP-1) immunoassay

Platelet activation was determined by an increase in TSP-1 level upon stimulation, as it is considered
a validated marker to monitor in vitro platelet activation in humans [33]. TSP-1 level in the
supernatant after the platelet activation assay was measured using an ELISA kit that is reactive to
the full-length TSP-1 (MBS2511835, MyBioSource, San Diego, CA, USA) following the
manufacturer’s instructions. Plates were read using a Tecan Infinite M200 Pro (Tecan Group Ltd.,
Mannedorf, Switzerland). Results were analyzed using a four-parameter logistic curve to determine

TSP-1 levels and are presented as fold-change from the vehicle control.

4.2.6 96-well plate platelet aggregometry in platelet-rich plasma

This method was adapted from a previous study by Flierl et al. [22] with some modifications.
Citrated PRP and PPP were collected as described above. After 30 min of resting at 37 °C in 5% CO,
without agitation, 90 uL PRP was added to the wells of a 96-well plate, prepared with the different
agonists; 5 uM ADP (positive control) and 5 puM of the different tool ASOs (Table 4.1). DPBS was
used as vehicle control, whereas 0.01 U/mL apyrase was used as a negative control to inhibit
platelet aggregation. The plate was then immediately placed in an absorbance monochromator
(EnVision, Waltham, MA, USA), and optical density (OD) was determined at 595 nm every minute
for 30 min (as no further aggregation was observed thereafter) between vortex shaking (1200 rpm)
of the plates at 37 °C [41]. As a reference for maximal and minimal aggregation concerning the OD,
PPP (100%) and PRP (0%) were used [42]. Data are presented as % change in OD through time which

was established based on the change in OD values from the start of the experiment.

4.2.7 GPVI pull-down with ASO-coated streptavidin beads

The assay was run according to the protocol of Flierl et al. [22]. Accordingly, washed platelets were
lysed in RIPA lysis buffer (50 mM Tris, 150 mM NacCl, 0.1% SDS, 1% Nonidet™ P-40 (21-3277, Sigma-
Aldrich, Darmstadt, Germany), 1x Halt™ Protease Inhibitor (78430, Thermo Scientific, Waltham,
MA, USA), pH 7.5), and total protein concentration was estimated using a Pierce BCA protein assay
kit (23225, Thermo-Fischer). The lysate was precleared by incubation with Dynabeads™
Streptavidin T1 beads (65801D, MyOne™, Thermo-Fischer) for 20 min at RT to remove biotinylated

proteins that might interact with the streptavidin beads to be used after. Fresh streptavidin beads
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(100 pL) coated with 400 pmol ODN2395, ODN2395-PO, 1SI1S104838, and ISIS104838-PS were
incubated with the cleared platelet lysates (devoid of biotinylated proteins) for 30 min at RT. Beads
were then pelleted and washed three times with DPBS. Proteins pulled down by the beads coated
with tool ASOs were eluted into a 5x SDS-PAGE loading buffer (MBS176755, MyBioSource, San
Diego, CA, USA) and heated for 10 min at 96 °C before the downstream qualitative Western blot.
The eluents were then separated by 12% SDS-PAGE and electrotransferred to a polyvinylidene
difluoride membrane (1620174, Immun-Blot®, Bio-Rad Laboratories, Hercules, CA, USA). Ponceau
staining of the membrane was performed to confirm protein transfer from the gel. As the nature
of the PS backbone modification includes nonspecific interaction with different proteins [26], and
this assay may pull down other proteins, the blots were incubated with an anti-GPVI (1/2000, PA5-
20582, Thermo Scientific) primary antibody (reactive to human, mouse, rat, and pig) overnight at 4
°C to demonstrate GPVI protein binding with the tool ASOs. Immunoreactivity was revealed by
incubating with HRP-conjugated anti-rabbit secondary antibody (1/5000, P0448, Dako, Denmark)
for 60 min at RT and was detected by chemiluminescence. The size of the identified protein was
compared to the Reference Sequence (https://www.ncbi.nlm.nih.gov/protein/XP_005656014.2,
accessed on 23 September 2021) of predicted swine GPVI protein calculated on a protein MW
calculator (https://www.genecorner.ugent.be/protein_mw.html, accessed on 23 September

2021).

4.2.8 GPVI and PF4 quantification by ELISA

The level of GPVI and PF4 proteins were measured in the different juvenile and adult age groups to
characterize their ontogeny. GPVI was measured in citrated PRP samples, whereas PF4 was
measured in PPP samples (without anticoagulant) as we are interested in free PF4 in the plasma,
where it could serve as a binding partner for ASOs and result in the HIT-like mechanism of
thrombocytopenia. Samples that were hemolyzed (PND 2) were excluded from our investigation.
GPVI protein abundance was quantified using an ELISA kit (MBS743059, MyBioSource) following
the manufacturer’s instructions. The GPVI level was adjusted to a 1 x 108 platelets/mL final platelet
count to allow a relative comparison between samples. Afterward, to assess the relative amount of
GPVI protein per ml of blood in the juvenile minipigs, the GPVI level was adjusted using the platelet
concentration in WB, as differential platelet concentration was expected in the developing animals.
The corresponding platelet count for the juvenile minipig samples was determined previously [30]

on an ADVIA 120/2120 system (Siemens, Erlangen, Germany) is and provided as supplementary
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data (Supplementary Table S4.1). The abundance of PF4 was measured from plasma using an ELISA

kit (MBS2701434, MyBioSource) as per manufacturer’s protocol.

4.2.9 Statistical analysis

The TSP-1 fold change data were fitted first to a linear mixed model. ASO treatment was used as a
fixed factor in this model to evaluate the treatment effect on platelet activation. The animal was
set as a random effect to account for the dependence between observations among each treatment
per animal. The role of SYK in the downstream signaling of GPVI was also evaluated using a linear
mixed model with SYK inhibitor treatment, ASO treatment, and their interaction as fixed factors.
Animal nested with SYK inhibitor treatment groups was included as a random effect. The Student’s
t-test for pairwise comparison was used as a post hoc analysis. On the other hand, to evaluate the
treatment effect on platelet aggregation, the data on aggregation through time were fitted to a
mixed model for repeated measures. The fixed factors for the model for this analysis consisted ASO
treatment and time, together with their interaction. The animal was also set as a random effect,
and the residual was used as a repeated structure to represent the compound symmetry
covariance. The analysis was limited to only include the % change in OD data from the last 10 min
of the assay in this model to satisfy the sphericity assumption based on Mauchly’s test for
sphericity. Post hoc analysis with Dunnett’s test for multiple comparisons was used when
comparing with the vehicle control group. Nevertheless, to determine if the sample size included
in the ontogeny study comprising vehicle control and RTR5001-treated animal samples was
sufficient, and whether we could remove the effect of treatment and sex in our analysis as no
treatment-related and sex-related differences that were previously seen [30,43-45], we adopted
two approaches. First, we conducted a principal component analysis to see if treatment and sex are
significant contributors to variability in the principal components of the data. Second, we
performed a linear regression with fixed effects of age, treatment or sex, and their interactions. The
starting models were gradually simplified using stepwise backward modeling, wherein all non-
significant effects were removed step by step. No significant effect of treatment, sex, and their
interactions was detected in either approach. A simplified linear regression model with age as a
fixed effect and laboratory source of blood as a random effect was used to examine age-related
differences in GPVI and PF4 protein abundance and the platelet count. Tukey’s honest significance
difference was used post hoc to identify differences between groups for the protein abundance,

and Student’s t-test for a pairwise comparison was used for the platelet concentration data. A non-
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parametric Spearman rank correlation test was performed to identify the correlation between
platelet activation in PRP and WB; platelet activation and aggregation in PRP; GPVI and PF4
abundance with platelet concentration; and GPVI abundance with platelet activation and
aggregation data. A p-value smaller than 0.05 was considered statistically significant. Variables
were log- or square-root-transformed when needed to meet normality and homoscedasticity
assumptions. Statistical analysis and graphs were performed using JMP® Pro 16 (SAS Institute, Cary,

NC, USA).

4.3 Results

4.3.1 ASO-induced platelet activation in platelet-rich plasma and whole blood

To establish whether ASOs activate minipig platelets directly, we investigated the effects on the
platelet activation marker, TSP-1 level, after incubating the PRP samples with ASOs (Figure 4.1A).
Compared to the vehicle control, PRP treated with ADP as positive control showed a significant
increase in TSP-1 (p = 0.0095). In general, none of the PRP samples treated with 1 uM ASOs showed
a significant increase in TSP-1. Samples treated with 5 uM ODN2395 (p < 0.0001), I1SIS104838 (p =
0.0002), RTR5001-PS (p = 0.0053), and 1SIS104838-PS (p = 0.0056) triggered a robust release of TSP-
1. On the other hand, no significant TSP-1 release was observed for ODN2395-P0O, RTR5001, and
RTR5001-PO, even at a 5 uM concentration.

We also studied the platelet activation in WB (Figure 4.1B), in which treatment with the platelet
agonist ADP also showed a significant increase in TSP-1 level (p = 0.0110). Again, no considerable
stimulation was detected for the WB samples treated with 1 uM ASOs. Consistent with the robust
increase in TSP-1 level in PRP, 5 uM ODN2395 also stimulated the highest release (p < 0.0001) of
TSP-1 in the WB, followed by 1SIS104838 (p = 0.0048) and RTR5001-PS (p = 0.0210), respectively.
Interestingly, 5 WM ODN2395-PO also triggered a significant increase in TSP-1 level (p = 0.0323),
while we failed to detect a significant increase in TSP-1 for the WB samples treated with 5 uM
ISIS104818-PS (p = 0.0630). On the other hand, Spearman’s rank correlation analysis on all
treatment groups showed a moderate correlation between TSP-1 activity levels in the WB and PRP

(p < 0.0001, r = 0.5633).
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Figure 4.1. Effects of 1 and 5 uM antisense oligonucleotides (ASOs) on the platelet activation
marker, thrombospondin 1 (TSP-1) in Gottingen minipig (A) platelet-rich plasma and (B) whole
blood. An amount of 20 uM ADP as positive control (PC) in parallel with the panel of ASOs was
incubated for 30 min with either platelet-rich plasma or whole blood from adult minipigs. Change
in TSP-1 level in each treatment group is expressed as fold change (FC) with respect to the vehicle
control (DPBS). * p < 0.05 compared with the vehicle by linear mixed model, with Dunnett post hoc
test.

4.3.2 ASO-induced platelet aggregation in platelet-rich plasma

To investigate whether the observed platelet activation (see Figure 4.1) would translate into
platelet aggregation, we performed a 96-well plate aggregometry assay wherein a reduction in OD
values reflects platelet aggregation in the samples (Figure 4.2). The OD of the vehicle- (Figure 4.2A)
and 0.01 U/mL apyrase-treated (Figure 4.2C) PRP samples remained unchanged throughout the
assay. The positive control, ADP, triggered a significant decrease in OD (p < 0.0001), which was
already observed in the initial five minutes of the experiment (Figure 4.2B). Samples treated with
ODN2395 triggered the highest reduction in OD throughout time (p < 0.0001) (Figure 4.2D). Two
samples showed a maximum reduction of around 80% in OD values. This is followed by RTR5001-
PS, for which a significant decline in OD values was observed (p < 0.0001) (Figure 4.21). Two samples
in this group decreased by around 60—-80% in their OD values. A minimal decrease in OD was
observed for ISIS104838 (p = 0.0392) (Figure 4.2F) and its all-PS variant, ISIS104838-PS (p = 0.0387)
(Figure 4.2G), after an erratic increase in the OD of some samples observed at different time points.
No significant change in OD was observed for samples treated with ODN2395-PO, RTR5001, and its
unmodified variant (Figure 4.2E,H,J). There was no significant correlation between the

aggregometry results (% OD change after 30 min) and TSP-1 activity marker level in PRP.
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Figure 4.2. Platelet aggregation in platelet-rich plasma (PRP) after ASO stimulation. The mean trend
line of % change in OD for the (A) vehicle control (DPBS), (B) 5 uM ADP (positive control), and (C)
0.01 U/mL apyrase (negative control) incubated in parallel with the seven tool ASOs (D-J) are
presented together with the interquartile range highlighted as bands. Time is presented in minutes
(min). Detailed representation of the % change in OD values across time for each 5 pM ASO
treatment: (D) ODN2395 and (E) ODN2395-PO; (F) I1SIS104838 and (G) I1SIS104838-PS; and (H)
RTR5001, (1) RTR5001-PS, and (J) RTR5001-PO are shown in different panels. * p < 0.05 compared
with the vehicle by a linear mixed model for repeated measures during the last 10 min of the assay
(between 21 and 30 min), with the Dunnett post hoc test.

4.3.3 GPVI protein binding and signaling in Géttingen Minipig platelets

The pull-down experiment using streptavidin beads coated with ASOs confirmed GPVI as a binding
partner for the three ASOs (ODN2395, 1SIS104838, and ISIS104838-PS) that caused activation and
aggregation in the minipig platelets (Figure 4.3A). Accordingly, these three ASOs containing PS-
backbone modifications successfully pulled down an approximately 75-kDa protein identified as
GPVI using Western blot. Nonetheless, other nonspecific proteins were detected (using Ponceau
stain) to be pulled down as well. Conversely, no binding was observed with the ODN2395-PO that
lacks the PS-modification in its backbone, even with the eluent volume increased by two-fold.
Subsequently, to further define the role of GPVI as a receptor that mediates platelet activation by
PS-modified ASOs, we investigated the role of SYK in the downstream signaling of GPVI. Pre-
treatment with SYK inhibitor abolished the increase in platelet activation marker, TSP-1, in

ODN2395- and 1SIS104838-treated samples (Figure 4.3B).
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Figure 4.3. (A) Pull-down assay identified GPVI protein as a binding partner for PS-modified ASOs
(contained in the red box with the positive control, platelet lysate); representative of Western blot
detecting GPVI (n = 3). (B) Whole blood (n = 5) pretreated or not with the spleen tyrosine kinase
(SYK) inhibitor PRT-060318 (10 uM) before the addition of vehicle (DPBS), or 5 uM ASOs (ODN2395
and ISIS104838). Change in TSP-1 level in the different treatment groups is expressed as fold change
(FC) with respect to the vehicle control. * p < 0.05 by linear mixed model with paired Student’s t-
test as post hoc for the effect of the SYK inhibitor.

4.3.4 Platelet count and protein abundance of GPVI and PF4

To permit a comparison between platelet count ontogeny with platelet GPVI and PF4 protein
abundance, we show in Figure 4.4 the previous platelet concentration data from the in vivo eight-
week repeat-dose toxicity study in juvenile Géttingen minipigs (PND 2, 9, 16, 23, 29-30, 37, 43, and
51) [30] (Supplementary Table S4.1), together with the normal platelet count range in the juvenile
Gottingen minipigs (Figure 4.4A) [43,46-48]. Accordingly, a sinusoidal pattern of ontogeny was
observed for the platelet concentration in the different juvenile age groups (p < 0.0001), wherein
the lowest mean platelet concentration was observed at PND 2. Two peaks of higher platelet
concentration were observed at PND 9 and PND 43-51, whereas intermediate platelet
concentrations were observed from PND 16 to PND 37. The ontogeny profiles of the two platelet-

related proteins involved in platelet activation in humans showed two different patterns in the
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juvenile (PND 9, 16, 23, 29-0, 37, 43, and 51) and adult minipigs (Figure 4.4B-C). GPVI presented a
stable protein abundance with no statistically significant differences among various age groups
(Figure 4.4B). Likewise, no difference was observed among the different age groups when GPVI
abundance was adjusted according to the differential platelet concentration in the WB
(Supplementary Table S4.1). On the other hand, a significantly higher PF4 abundance was detected
for PND 9, 43, and 51 compared to adult samples, while PND 16 to 37 showed intermediate values
(p = 0.0124) (Figure 4.4C). The Spearman’s rank correlation analysis on all age groups (except PND
2 as it was not included to determine protein abundance due to hemolysis in the sample) showed
a moderate correlation between platelet concentration and PF4 abundance in plasma (p = 0.0010,
r = 0.6075). In contrast, no correlation was seen between platelet concentration and GPVI
abundance. A strong correlation was seen between platelet activation in the WB treated with
ODN2395 and GPVI abundance in PRP (p = 0.0374, r = 0.9); and between the platelet aggregation
data on 1SI1S104838-PS and GPVI abundance in PRP (p = 0.0374, r = 0.9).
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Figure 4.4. (A) Platelet concentration. The full trend line represents the platelet count from the
juvenile minipig samples [30], whereas the broken trend line (mean) represents the normal platelet
concentration range (yellow band) previously reported in the Goéttingen minipig [43,46—-48]. (B)
GPVI, and (C) PF4 protein abundance over time in the juvenile and adult Géttingen minipigs. Age
groups not sharing the same letter are significantly different by a linear mixed model, with Tukey’s
honest significance difference post hoc (p < 0.05).

4.4 Discussion

The present study aimed to assess the effects of a panel of ASOs on minipig platelets and investigate
the underlying mechanisms for the observed platelet activation and aggregation. An overview of

the complete platelet response pattern is presented for both non-rodent species (minipig and NHP)
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and humans for all seven different ASOs in Table 4.2. As rapid growth and development in the
pediatric population can influence the pharmacodynamics of a therapeutic agent [49], the
ontogeny of GPVI and PF4 protein abundance was also assessed together with the platelet counts.
Both proteins were previously seen to interact with ASOs, and either directly activate platelets
[22,27,28] or cause an immune-mediated effect [23,28], potentially leading to late-onset
thrombocytopenia. The main findings of our study are: (i) adult minipig platelets are activated and
aggregated by PS- and/or 2’-MOE-modified ASOs (Table 4.2); (ii) GPVI plays a role in the direct
activation of Géttingen Minipig platelets by ASOs; and (iii) GPVI and PF4 show a differential pattern

in their protein abundance during the postnatal development of the Gottingen Minipig.

Direct activation of platelets by ASOs was previously investigated in vitro in human PRP and WB
samples and shown to be concentration-dependent [22,27,28]. Dose-dependent changes in
platelet counts have also been observed in vivo after ASO treatment in humans and NHPs
[18,19,21]. Our results align with these data, as the platelet activation marker (TSP-1) increased
after ASO incubation was seen at 5 pM. The therapeutically relevant dose of ASOs given
subcutaneously in humans produces a plasma maximum concentration (Cmax) of around 1-2 uM

[50], which falls within the concentration range used in the current study.

In general, incubating human platelets with PS-modified ASOs led to platelet activation and
aggregation [22,27,28,51], with a greater activation seen in sequences containing CpG motifs
[27,28]. The tool ASOs with PS-modified backbone in this study also induced the activation and
aggregation of minipig platelets (Table 4.2). Accordingly, ODN2395 (CpG-rich PS-ASO) produced the
biggest release of the TSP-1 marker, also compared to the samples treated with ADP [22,27,28].
Moreover, subsequent platelet activation also correlates with ON length and the number of PS
bonds in the sequence [28]. However, RTR5001-PS induced a slightly higher activation than
ISIS104838-PS, even though the latter has a longer sequence and more PS bonds. Hence, the
platelet activation observed in this regard appears to be sequence-specific. In contrast, RTR5001
did not cause platelet activation in our study, and this agrees with the in vivo findings in Goéttingen
minipigs [29,30], NHPs [38], or humans [37], in spite of the context of relatively short-term
treatments (13 weeks in NHPs, 4—8 weeks in minipigs, and 2 weeks in humans). Therefore, our
minipig data confirm the observation in human samples [28] that sugar modification, such as LNA,

reduces the risk of platelet activation. Although it is difficult to argue based on this data that LNA is
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less platelet activating than 2'-MOE, the lower doses afforded by the greater potency of LNA-
modified ASOs [10] are likely to reduce the thrombocytopenic risk. Overall, it seemed that the tool
ASOs were weak agonists in terms of platelet activation in the minipig samples, as evidenced by the
mean maximum of about 1.3 fold change in the TSP-1 marker. Nevertheless, this marker was
sensitive enough to detect platelet activation, and this was in line with previous papers in human
samples; thus, further evaluation using other markers of platelet activation (i.e., P-selectin
expression by flow cytometry) and an in vivo study would be useful to confirm these findings in the

Gottingen Minipigs.

Our study noted a discrepancy in the activity marker results between the PRP and WB samples
concerning 1S1S104838-PS and ODN2395-PO. The non-activation of the platelets in the WB by
ISIS104838-PS could be due to the higher variability in WB samples. The slightly higher activation
level seen with ISIS104838 compared to its all-PS variant could be due to the added negative charge
brought about by the additional 2’-MOE modifications [52] that could result in a higher binding
affinity to some proteins [53]. Further investigation is needed to understand the detailed
mechanism of 2’-MOE-ASO—protein interaction leading to platelet activation and if ISIS104838-PS
could interact less with GPVI, leading to weaker platelet activation. On the other hand, we noted
anincrease in the platelet activation marker when co-incubating ODN2395-PO with WB. This might
be due to the unmethylated CpG motifs in its sequence that could have either induced immune
activation through the activation of Toll-like receptor 9 (TLR 9) [54], which is predominant in
immune cells [55], or through the activation of the complement cascade [56]. Systemic effects such
as these have been considered factors for thrombocytopenia, either through platelet activation,
sequestration, or secondary effects on platelet production [19,28,57]. Further investigation is
needed to differentiate the inflammatory state and the role of the complement cascade in platelet
activation by ASOs, and whether both mechanisms interact to have a synergistic effect [58].
Moreover, since ODN2395-PO has not been evaluated in terms of platelet activation in the WB of
humans or NHPs, questions remain about how this observation in the minipig model could be
translated to humans. Differences in the innate immune response of juveniles and adults [59]
should also be considered during juvenile animal studies of ASOs with compound-specific effects.
As such, the stringent screening of specific sequence motifs and strategic modifications in the
sequence proves to be beneficial [60] for mitigating proinflammatory effects and improving the

overall tolerability of ASOs.
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Table 4.2. Overview of in vivo and in vitro platelet response in Gottingen minipig, NHP, and humans for all the seven different tool ASOs, including
the modifications used for each sequence, its length, and PS load [18,19,21,22,27,28,30,37,38].

Platelet Effect

Human, NHP, Gottingen minipig

Gottingen minipig

ASO Modifications Length PS Load In Vitro ¥ In Vitro
In Vivo A
Activation Assay, L
Aggregometry Activation Assay Aggregometry
tivation, L .
ODN2395 PS 22 21 unknown activa Io.n activation aggregation
aggregation
ODN2395-PO unmodified 22 0 unknown no effect PRP: no. efft'ect no effect
WB: activation
1SIS104838 2'-MOE/PS/2’-MOE 20 19 thrombocytopenia "N activation activation aggregation
1SIS104838-PS PS 20 19 unknown unknown PRP: no. effc'act aggregation
WB: activation
RTR5001 LNA/PS/LNA 14 13 no effect WN.M unknown no effect no effect
RTR5001-PS PS 14 13 unknown unknown activation aggregation
RTR5001-PO unmodified 14 0 unknown unknown no effect no effect

Abbreviations: PS, phosphorothioate; 2'-MOE, 2'-O-methoxyethyl; LNA, locked nucleic acid; H, humans; NHP/N, nonhuman primates; M, Géttingen Minipigs; PRP, platelet-rich
plasma; WB, whole blood.
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In terms of platelet aggregation, ASOs also seem to be very weak agonists, with the effects of some
ASOs in the tested panel appearing to be negligible. ODN2395, which had the highest release of
TSP-1, seemed only to have a weak impact on platelet aggregation. This observation toward
ODN2395 and its unmodified variant, relative to ADP, is in accordance with previous findings in
human PRP [22]. In a general sense, the results of the aggregometry experiment are in line with the
platelet activity data discussed above (Table 4.2), as platelet activation is usually followed by
subsequent platelet aggregation [34]. However, we have not seen a correlation between the TSP-1
level and aggregation intensity in the Gottingen Minipig PRP samples treated with the different
ASOs. This could be related to the response variability in aggregation among the different ASO tools
and between samples [61]. On the other hand, the initial increase in OD after stimulation with
ISIS104838 and its all-PS variant was due to the change in the shape of platelets when activated
and their subsequent binding with fibrinogen providing “bridges” with other platelets [62].
Furthermore, interindividual platelet responsiveness to different agonists is highly variable [63—66]
due to genetic and environmental factors [67]. Therefore, it is recommended to have a larger
sample size to catch the anticipated effects. Although we saw a disparate level of variability
between samples per treatment group, we still observed differences in responses between the

different tool ASOs, as shown in the activity assay results.

Several mechanisms for causing thrombocytopenia have been identified after drug administration
[68]. For ASOs, the direct activation of platelets after the interaction of PS-modified ASOs and GPVI
protein has been proven in several in vitro studies with human platelets [22,27,28]. We also
observed this in our study, as a protein of around 75-kDa was identified as GPVI by Western blot
and served as a binding partner for all the tested ASOs containing PS modifications. Furthermore,
the role of GPVI was defined by abolishing the increase in TSP-1 level of samples pretreated with
SYK inhibitor [22,27,28]. This confirmed that the Gottingen Minipig platelets undergo the same
mechanism as those in humans by direct platelet activation through GPVI. Therefore, it is
recommended for future studies specific to platelet activation by ASOs through GPVI binding to use
collagen-related peptides or convulxin as a positive control [69]. On the other hand, as other
nonspecific proteins from the platelet lysates were detected to bind to the PS-modified ASOs in our
study, further investigation would be needed to identify these proteins and to define if their
interaction with ASOs leads to a different mechanism of platelet activation in the minipigs. Likewise,

other mechanisms await in vivo evaluation in Géttingen Minipigs, such as the immune-mediated
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mechanism through PF4 [23,28] or through natural IgM in concert with monocyte activation,
leading to increased platelet sequestration in the liver and spleen as has been shown in vivo in NHPs
[19]. Nevertheless, if direct activation is asserted as the prevailing mechanism, the effects in life
would tend to be acute in onset [70,71]. In contrast, the immune-mediated model similar to HIT
can have either a rapid (if clinically significant levels of antibodies are present) or delayed onset
[72]. However, while dose-dependency is in favor of a direct activation mechanism such as that
described in Flierl et al., 2015, the late onset, as well as the rare occurrence in humans [21] are
more in favor of an immune mechanism (Sewing et al., 2017). Further investigation is needed as

several potential factors could (inter)play a role in platelet count reduction.

Considering that responsiveness to ASO treatment was observed to be strongly correlated to
individual GPVI levels, assessing platelet GPVI abundance could be a useful screening marker to
identify patients at a higher risk of ASO-induced platelet side effects [27]. For instance, platelet GPVI
levels have been shown to vary between healthy individuals [73] and can be elevated in patients
with underlying conditions, e.g., obesity [45,74] and cancers [75]. Moreover, certain individuals may
be predisposed to platelet-related adverse effects in relation to their disease state [76]. Therefore,
response to ASO treatment may differ between healthy and diseased animal models, and this
applies to individual human patients as well. In this study, we detected a strong correlation to
individual GPVI levels with ODN2395 and 1SIS104838-PS treatments, which is in line with the
potency of these compounds. Since ASO-relevant proteins undergo maturational changes in the
Gottingen Minipigs [30], we also investigated the ontogeny of GPVI protein in minipigs. Accordingly,
no GPVI abundance differences were seen between the different juvenile and adult minipigs. Thus,
no difference in GPVI-mediated platelet reactivity toward ASOs is expected between the different

age groups, with no increased risk of platelet depletion in the youngest population.

The observed ontogenic pattern in platelet count was in line with earlier data in the different age
groups of minipigs [43,46—48]. This corresponds to the sinusoidal trend in humans with low platelet
concentration for neonates and peaks at 2 to 3 weeks and 6 to 7 weeks [35]. Therefore, neonatal
trends in platelet counts should be considered when analyzing nonclinical data from juvenile
minipig studies. Intriguingly, the sinusoidal pattern of platelet count ontogeny seems to not
influence the relative platelet GPVI abundance adjusted to the platelet concentration measured in

WB. As the GPVI protein is essentially uncleaved on normal circulating platelets and shed from the
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platelet surface upon activation [77], it is expected that the relationship between GPVI level in
plasma and platelet count after in vitro activation should be direct. On the other hand, when GPVI
shedding is elevated due to, for instance, thrombocytopenia caused by an increased immune
clearance rather than a low platelet production, the expected relationship with platelet count
would be inverse in vivo [78]. Moreover, compared with adult platelets, neonatal platelets are
hyporeactive [79—-83]. This is further supported by transcriptomic data showing the downregulation
of genes related to platelet reactivity and cell-signaling [84], which could lead to a lowered protein
abundance. Therefore, we hypothesize that GPVI could be downregulated during the period of
physiologic thrombocytosis, thus regulating platelet function during this developmental period
until the platelet count reaches a steady state of maturity. However, this still could not explain why
we found the same levels of GPVI relative to platelet concentration in all age groups. Moreover, it
is unclear whether the high variability in GPVI levels in some age groups could influence platelet
reactivity to ASOs in the clinical setting. Therefore, further research is needed to address this
observation, including the measurement of GPVI density on platelet surfaces in the different

juvenile age groups.

Unlike GPVI, the PF4 abundance appeared to correlate with platelet concentration. PF4 is released
from developing megakaryocytes [85]. However, the positive correlation between the two datasets
is in sharp contrast to the negative autocrine effect of PF4 on megakaryopoiesis, for which PF4
abundance is inversely related to platelet count [85,86]. However, we noted a decline of
approximately 50% in the platelet count between PND 9 and 16, which is similar to the 50%
decrease in the number of megakaryocyte-containing colonies after supplementation of hPF4 in
previous in vitro studies using cultures of human marrow progenitor cells [87]. It should be noted
that the described negative autocrine effect of PF4 occurred during steady-state platelet count and
not during the active developmental stages. Therefore, the negative autocrine in vivo regulation by
megakaryopoiesis proceeds differently during this developmental period. The low-density
lipoprotein receptor-related protein 1 (LRP1) is responsible for this auto-downregulation, and it
undergoes a transient expression during megakaryopoiesis before platelet release [86]. Hence,
LRP1 might be undergoing a developmental expression ontogeny to regulate the negative autocrine
effect. We postulate that the receptor is lowly expressed between birth and postnatal week 2 and
weeks 6-7, allowing an increase in platelet production (with a corresponding rise in PF4 released

by developing megakaryocytes), leading to the two peaks in platelet concentration observed.
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Therefore, future attention should be given during these developmental periods with observed
peak PF4 abundance as the availability of PF4 could influence the risk for the generation of PF4/ASO

immune response that could lead to platelet count alteration in minipigs.

4.5 Conclusion

In conclusion, our study showed remarkably comparable results in the activation and aggregation
of platelets in the adult Géttingen Minipig as in humans, which further supports the use of the
Gottingen Minipig as a nonclinical safety testing model for ASOs. Moreover, we also provided
insight into the potential role of the ontogeny of the two platelet proteins, GPVI and PF4, implicated
in platelet activation, possibly leading to thrombocytopenia. However, activity assays using samples
from the different juvenile age groups and/or in vivo studies in juvenile minipigs are recommended
to further characterize and extend the juvenile Gottingen Minipig as a safety testing model for

pediatrics.

4.6 Supplementary material

Table S4.1. Juvenile Goéttingen Minipig sample overview from the in vivo 8-week repeat-dose
toxicity study (Chapter 4).

GPVI abundance (ng/ml)

Platelet . Adjusted PF4
. Adjusted to 1
Animal Age Sex Treatment  count « 108 to platelet al:zun}:iarlm)ce
(Giga/L) count in ng/m
platelets/ml WB

501 PND 2 male control 433 h h h
511 PND 2 female control 389 h h h
521 PND 2 male treated 348 h h h
531 PND 2 female treated 344 h h h
503 PND 9 male control 1096 13.14 144.04 2814
513 PND 9 female control 977 7.81 76.26 3184
523 PND 9 male treated 969 5.42 52.53 3036
535 PND 9 female treated 1097 7.93 86.95 2346
504 PND 16 male control 456 3.38 15.40 2154
517 PND 16 female control 677 6.80 46.05 1676
524 PND 16 male treated 546 4.39 23.99 1858
537 PND 16 female treated 660 14.15 93.42 1182
512 PND 23 female control 457 24.90 113.79 1017
522 PND 23 male treated 226 27.32 61.74 1602
532 PND 23 female treated 581 8.35 48.52 1771
534 PND 23 female treated 682 50.26 342.77 280
515 PND 29-30 female control 666 3.44 22.90 2952
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527 PND 29-30 male treated 643 5.51 35.46 790

533 PND 29-30 female treated 650 37.23 241.97 1392
505 PND 37 male control 644 5.16 33.23 715
518 PND 37 female control 517 38.45 198.80 1741
525 PND 37 male treated 699 9.86 68.91 881
538 PND 37 female treated 676 15.72 106.23 2313
519 PND 43 female control 724 23.03 166.75 2300
520 PND 43 female control 723 4.15 29.98 3113
539 PND 43 female treated 892 3.86 34.46 3141
514 PND 51 female control 751 12.84 96.45 1731
516 PND 51 female control 835 9.94 82.99 2164
526 PND 51 male treated 828 3.77 31.19 3337
536 PND 51 female treated 728 3.25 23.69 2987

Abbreviations: WB, whole blood; h, hemolyzed; PND, postnatal day; GPVI, glycoprotein VI; PF4, platelet factor 4.
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Chapter 5
General Discussion

In this doctoral thesis, the juvenile Goéttingen Minipig was evaluated for its use as a pediatric safety
testing model for ASOs. In addition, ASO-induced direct platelet activation and aggregation were
evaluated in adult minipig samples to elucidate the platelet response phenotype towards ASOs in
this animal model. The body of data from this initiative is fundamental for the selection of the
juvenile Gottingen Minipig in assessing safety concerns for ASOs intended for the human pediatric
population. This chapter will discuss the main findings of the doctoral project and will put them into

a broader perspective by addressing the following questions:

1. What are the implications of the current PK/PD findings in the juvenile G6ttingen Minipig,

and how can we relate the differences observed in this work to a clinical perspective?

In the first section of this chapter, a general view of the current PK/PD findings in the
juvenile Gottingen Minipig concerning its nonclinical and clinical applications will be
presented. We will also provide a broad understanding of the differences seen in the PK/PD
profile of juveniles compared to adult minipigs, as well as to NHPs and humans. These

should be considered when using the model in pediatric safety testing of ASOs.

2. What do the toxicological findings in juvenile Gottingen Minipigs tell us about this model
in response to ASO treatment, and how would these findings contribute to the knowledge

in pediatric safety testing of ASOs?

This section will present the results regarding the safety concerns in the juvenile Gottingen
Minipigs and they will be compared to what is known about this ASO class in nonclinical
(i.e., NHPs) and clinical contexts. Moreover, this section will provide an overview of how

these data will contribute to the safety assessment of ASOs indicated for pediatrics.

3. How do the current findings support the selection of the juvenile G6ttingen Minipig as an
alternative animal model for the safety testing of ASOs intended for pediatrics?
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The section will summarize the main findings from the previous chapters with particular
emphasis on the animal test system selection according to the ICH S11 guideline on
nonclinical safety testing in support of the development of pediatric pharmaceuticals. This
section will also highlight how our data supports the acceptance of this juvenile animal

model by health authorities.

What is still missing information regarding the juvenile Gottingen Minipig as a safety

testing model for ASOs?
We will recapitulate the future research perspectives discussed throughout the chapter and

generally conclude on the potential selection and use of the juvenile Géttingen Minipig as

an animal model for future pediatric safety testing of ASOs.
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5.1 Understanding differences: clinical perspectives on the PK/PD

findings

In this doctoral thesis, an LNA PS gapmer (i.e., RTR5001) with known PK and safety profile in the
adult minipig (and NHPs and humans) was used as a model compound in an eight-week repeat-
dose toxicity study (Chapter 3) to assess potential differences in its exposure/toxicity and
pharmacologic effect in the juvenile Goéttingen Minipig. As described in Chapter 3, differences in
various PK/PD parameters were observed after the systemic (SC) administration of RTR5001 in
juvenile minipigs compared to adults. In this section, we will discuss these differences and their
potential nonclinical (i.e., versus NHPs) and clinical implications. For the first part, we will discuss
specific findings related to plasma and tissue exposure, the factors affecting them, and the
pharmacologic activity of ASOs. Afterwards, the results of ASO metabolism evaluation will be
tackled. Although this thesis is limited to the evaluation of only one ASO (class) in the juvenile

minipig, certain findings could be extrapolated to other ASO classes.

As the plasma exposure of RTR5001 (see Figures 3.2 and S3.1) correlates to the maturation of
plasma albumin in the juvenile minipigs (see Figure 3.5 and Table 5.1), we could assert that the
ontogeny of plasma proteins served as an essential factor to its PK in the juvenile animals.
Moreover, we could argue that in contrast to adult animals in which ASO plasma clearance is
particularly linked to its rapid tissue biodistribution, rapid renal elimination could have more
bearing on the systemic clearance of ASOs in juvenile animals due to the limited plasma albumin
binding. However, this is only true for ASO classes that tend to bind to plasma proteins like those
designed with PS backbone modification (e.g., RTR5001). For ASO classes that utilize neutral
chemistries with no plasma protein binding capacity (e.g., splice-switching ONs with
phosphorodiamidate morpholino oligomer modifications), glomerular filtration is the main factor
regarding their clearance in the plasma, both in juveniles and adults [1]. Therefore, the
development of the renal system, particularly the maturation of glomerular filtration rate (GFR)
(see section 5.3) rather than the maturation of plasma albumin, is a critical factor for the PK of

neutral ASO chemistries.
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Table 5.1. Albumin concentration in different age groups of Géttingen Minipigs [2], humans [3], and
cynomolgus monkeys [4-6].

Albumin concentration
(% of total protein)

Plasma albumin
concentration (g/L)

Total protein

Age Sex concentration (E/L)

Gottingen Minipigs

5 d male 17.62 +3.36 58.59 + 14.20 30
female 18.48 + 2.64 54.33 +9.58 34
1wk male 31.31+2.93 49.63 +4.93 63
female 30.67 £3.43 47.26 +4.20 65
2 wk male 36.14+2.70 51.39+2.12 70
female 37.54+4.30 52.64 + 8.06 71
4wk male 43.79+1.21 54.36+2.71 81
female 43,17 +1.68 54.67 +3.14 79
5 wk male 47.46 + 2.62 59.53 + 3.07 80
female 45.01+2.09 59.00 + 4.78 76
7 wk male 36.43 +2.48 53.37+2.73 68
female 37.75+2.02 55.78 £2.75 68
3 mo male 39.12 +8.09 52.32+11.23 75
female 38.76 £ 8.33 52.76 £ 10.13 74
Humans

0-1wk both 28.00+1.00 43.00 + 1.00 65
>1wk—4wk both 29.00 £ 0.50 53.00+1.00 55
>4wk-1y both 29.00 + 4.00 54.00 + 2.00 54
>1y-3y both 31.00+2.00 59.00 + 1.00 52
>3y-6y both 31.00+ 11.00 62.00+ 1.00 50
>6y—18y both 32.00+6.00 59.00+ 1.00 54

Cynomolgus monkeys
~2y male 49.70 + 1.50 83.00+3.70 60
female 48.90 +2.84 83.00+4.40 59
<ay male 41.96 +2.27 62.63 +£3.61 67
female 41.22 +4.10 62.58 £ 4.24 66

Abbreviations: d, day; wk, week; mo, months; y, year. Data represents mean + SD. Common grey color represent
comparative age groups.

Regarding the plasma albumin concentrations, a peak concentration was observed at PND 37
(around 5 weeks of age) among the different juvenile minipigs. These values align with previous

data in Gottingen Minipigs and are within the reference range for adults [2]. On the other hand, the
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values for the other juvenile age groups are generally lower. In contrast, a maturation profile of the
plasma albumin was reported in humans, with lower levels for neonates and infants under 1-3 years
of age resulting in increased amounts of free drug (e.g., diazepam, cyclosporine, and deltamethrin)
in the circulation [3]. Therefore, this suggests that younger age groups of animals/pediatrics could
be predisposed to toxic protein interactions by ASOs (see section 1.1.7.2) while in the plasma

compartment due to the higher level of unbound drugs.

In comparison to minipigs and humans, the published reference ranges for juvenile cynomolgus
monkeys (< 4 years) are generally greater than in adults (= 4 years) [4-6]. Still, a more
comprehensive study is recommended to explore the effect of age on plasma albumin maturation
in neonatal to pubescent NHPs, and to what extent these interspecies differences seen in plasma
albumin ontogeny between cynomolgus monkeys and Gottingen Minipigs could affect PK
translation to human pediatrics. In this regard, physiologic-based pharmacokinetic (PBPK) modeling
for ASOs in juvenile animals and pediatric patients would be valuable to predict the ADME processes
for ASOs [7]. However, a lesser plasma albumin level could mean more unbound ASOs in circulation,
leading to inefficient ASO tissue distribution and faster renal clearance. We observed that the
plasma half-life of RTR5001 (see Table 5.2) in juvenile minipigs was shortest at PND 22 and 29 (3
and 4 weeks of age) and longest at PND 36 (around 5 weeks of age). These values during minipig’s
weaning period seemed to be influenced by tissue distribution, as completion of nephrogenesis
occurred three weeks after birth [8]. Therefore, from that age onwards more mature tubules had
the capacity to take up the model ASO from the circulation resulting in faster plasma clearance at
PND 22 and 29. On the other hand, the longest half-life at PND 36 could be related to the peak
plasma albumin level observed (see Figure 3.5 and Table 5.1), which also corresponds to the age
group having the relatively highest liver and kidney RTR5001 exposure (tissue saturation) (see
Figure 3.2B-C). Although it could be expected that plasma half-life would either increase (due to
observed liver saturation and kidney tubular changes leading to non-uptake of ASOs) or at least
remain at this rate for the two oldest age groups in our study, shorter half-lives were observed. We
speculate that this could be due to the lower plasma albumin in these two oldest age groups
(relative to PND 36) and/or faster renal clearance. Hence, measuring the parent ASO concentration

in the urine would allow us to test this hypothesis.
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Table 5.2. Toxicokinetic parameters in plasma, liver, and kidneys of juvenile minipigs after
subcutaneous RTR5001 administration at 20 mg/kg weekly.

fis Plasma Plasma RTR5001 Plasma RTR5001 Plasma Kldzey Liver to Kidney

(PND) (o concentration (nM), concentration (nM),  half-life ol plasma liver
(nM) 24 h; (% of Cmax) 7 d; (% of Crmax) (h) . ratio .

ratio ratio
1 1810 4.30(0.23) 0.00 (n.a.) 3.33 4090 1800 2.28
8 1570 7.31(0.46) 3.36 (0.21) 3.54 2810 1310 2.04
15 1640 8.04 (0.49) 13.1(0.79) 3.66 2040 1430 1.43
22 1750 4.84 (0.28) 0.00 (0.00) 2.94 4980 2370 2.12
28-29 2570 9.51(0.37) 1.50 (0.06) 291 2110 1490 1.43
36 2030 53.1(2.62) 4.28 (0.21) 5.02 1800 1420 1.43
42 3010 9.34(0.31) 13.6 (0.45) 3.09 1090 2010 0.54
50 4110 12.9 (0.31) 10.6 (0.26) 4.12 1160 1110 1.20

Abbreviations: PND, postnatal day; Cnax, maximum concentration; nM, nanomolar; d, day; h, hour; n.a., not applicable.

The ontogeny evaluation of other plasma proteins (e.g., a2-macroglobulin) would also give us an
idea on their role on the distribution and cellular uptake of ASOs during early development. Parallel
to this, the fraction of the other plasma proteins regarding total plasma protein concentration could
evolve among the different juvenile minipig age groups as seen in pediatrics (i.e., 50% for infants 3
to 6 years old vs. adults with 37%) (Table 5.1) [3]. It was shown with gapmer ASOs that a two-fold
enhancement in potency in a-2-macroglobin-knockout mice occurred, which might indicate that
association with such proteins may steer the ASO towards other tissue compartments or to less
productive cellular uptake pathway [9]. Therefore, the ontogeny and relative fraction of plasma
proteins could influence ASOs’ binding predisposition leading to less productive cellular uptake or
deviated target cell/tissue distribution. This could be a possible reason for the delayed onset of
pharmacologic response seen in juvenile minipigs. The decrease in plasma cholesterol profile was
only observed in the juvenile minipigs after the seventh and eighth dose (PND 43 and 51) (see Figure
3.4 and Table 3.2), compared to adult minipigs (after 4 doses within 16 days), NHPs (after 5 doses
within 28 days), and humans (after 3 doses within 15 days) [10-12]. However, more investigation

is needed to draw firm conclusions.

Considering that several factors could affect plasma exposure (and tissue exposure afterward) in
juvenile animals/pediatric patients, dose adjustments seem warranted. Given the lowered plasma
albumin binding in the youngest juvenile minipigs and the adverse effects of administering higher

ASO doses (see sections 1.1.7.2 and 5.2), increasing the dosing frequency with lower dose
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concentration seems to be a more suitable choice. As an alternative, targeted delivery approaches
(e.g., GalNAc conjugation) (see section 1.1.4.3) could also be an option but evaluations on the
ontogeny of proteins involved in the uptake of formulated ASOs (e.g., ASGR1) is warranted. Both of
these could help improve the lower RTR5001 exposure in the liver (target organ of pharmacology)
and/or productive uptake of hepatocytes (target cell of pharmacology) in the youngest juvenile

minipigs.

Regarding the delayed onset of the pharmacologic response to RTR5001 (i.e., decrease in total and
LDL cholesterol in the plasma) by the juvenile minipigs, an additional mRNA ISH was done to
qualitatively assess the abundance of PCSK9 in the liver tissue sections from the different juvenile
age groups of minipigs [10] (see Figure 5.1). A relative decrease in the PCSK9 level with an increasing
number of RTR5001 weekly administrations can be observed, which correlates (at least in the last
two age groups) with the decrease in plasma cholesterol. Although qualitatively, PCSK9 expression
in the youngest age group (PND 2) appeared to be higher than in the older age groups. Therefore,
PCSK9 expression seemed to be undergoing ontogeny in the juvenile minipigs, which could explain
the differential level of plasma cholesterol observed in the control juvenile minipigs (see Figure 3.4),
wherein both plasma total and LDL cholesterol levels increased until the third week of life, then
decreased afterward. This could be another factor affecting the delayed onset of RTR5001
pharmacologic activity. In line with this, maturational factors affecting the target transcript and
molecular pathways by which ASOs exert their pharmacologic effect should be considered when

performing nonclinical safety packages for pediatric ASOs.
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In situ hybridization (ISH) for PCSK9 (red staining) of liver sections from control (left
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Figure
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panels) and RTR5001 treated (right panels) juvenile minipigs aged PND 2 (A

H) and PND 51 (1, J). Scale bar = 50 uM.
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As mentioned in Chapters 1 and 3, the ontogeny and role of proteins (not just in the discussed PK
components but also for the cellular uptake, trafficking, and pharmacologic activity of ASOs) are
pivotal in understanding the difference in pharmacologic response seen in the juvenile minipigs
compared to adults. Hence, future work focused on this specific research is necessary. For instance,
the age and sex differences observed in liver RNase H relative expression (see Figures 3.10C and
S3.4C) illuminated us its potential implication on the delayed RTR5001 pharmacology in the juvenile
minipigs (Chapter 3). Based on this, proper translation of results from juvenile animal studies
warrants similar ontogeny investigation in pediatrics, for which this is currently largely unexplored.
Expanding this work to characterize other ASO modalities require additional ontogeny study for
proteins unique to each of their intended MOA (e.g., Dicer enzyme for siRNAs [13]). The
maturational factors discussed in this section and Chapter 3 for the potential reasons for the
delayed pharmacologic response in the juvenile minipigs should also be taken into consideration
when monitoring potential on- and off-target effects in animal models as these factors could also

retard these toxicities in juvenile animals and pediatrics.

In terms of tissue exposure, we saw that the liver exposure showed an accumulation profile after
repeated dosing of ASOs (Chapter 3, see Figure 3.2C). The degree of ASO metabolism in the liver
could have also contributed to this exposure profile: when liver nuclease activity is higher (i.e.,
preterm) (see Figure 3.9C), underdosing could occur. As the exposure in the liver in the youngest
juvenile minipigs is below the adult minipig values [10], dose regimen adjustments should be
considered. As expected, the therapeutically-relevant dose should be determined by dose-range
finding studies. On the other hand, another difference observed in the current work is the absence
of basophilic granules in the liver tissue of juvenile minipigs. This was seen previously in adult
minipigs after ASO administration [10], which signifies deposition and clearance of ASOs [14]. We
speculate that this could also be related to a different uptake (less) and trafficking of ASOs in the
juvenile minipig liver (e.g., Kupffer cells, hepatocytes), which resulted in the non-accumulation of
the model ASO inside liver cells. This also depends on the amount of ASOs accumulated in the liver

tissue and the clearance capacity of Kupffer cells.

Regarding the kidney, wherein developmental milestone differences occur between minipigs and
humans (see section 5.3), proper age selection depending on the intended pediatric age is crucial

[15]. For instance, weaned minipigs could be opted for human neonates in general, while neonatal

186



minipigs could be selected for premature infants if nephrotoxicity is the main safety concern for a
candidate ASO. Since the lowest nuclease activity towards RTR5001 using kidney homogenates was
observed after birth (PND 1 and 3) (see Figure 3.9B), the kidney tissue half-life of LNA PS gapmers
could be longer for this age group and might influence the dose to be used during this neonatal
period, as the excess would just get eliminated in the urine. However, due to the discrepancy in the
adult kidney exposure values [10] and the current juvenile data (due to the different bioanalytical
methods used), a direct comparison could not be made for dose adjustment considerations. This
could be seen when we look at the kidney-to-liver concentration ratio after RTR5001 administration
in juveniles (0.5-2.28) (Table 5.2) as compared to the 7.5 ratio in adult minipigs [10]. Parameters to
estimate tissue exposure are prone to misinterpretation in juvenile minipigs. Although we observed
an increase in plasma trough concentrations (Table 5.2) in the older juvenile minipigs that could be
argued as a sign of liver tissue saturation [16], other parameters such as liver-to-plasma and kidney-
to-plasma concentration ratio showed disparate results (Table 5.2) that could be attributed to
plasma albumin maturation, and organ immaturity and histopathological changes (in kidneys)
resulting to non-uptake of candidate ASOs. As such, we observed that RTR5001 accumulation in the
kidney is limited to mature nephrons below the outer cortical region, and the kidney RTR5001
concentration remained the same, even after three doses (Chapter 3). This means that no uptake
and accumulation occurred in the immature region of the kidneys. Accordingly, accumulation-
related changes are not expected in immature nephrons. Several factors are involved in the cellular
uptake of ASOs (both productive and unproductive), e.g., plasma protein and cell surface protein
interactions (see section 1.1.5.4). This supports the notion that the maturation of specific cellular
proteins responsible for the uptake of ASOs does not only dictate activity in the target cell
population (pharmacology) but also toxicities that could occur after ASO treatment (e.g.,

accumulation-related changes).

A large part of this thesis evaluated the ontogeny of key nucleases responsible for ASO metabolism
in juvenile minipigs (Chapter 3). For the following part, we will tackle in detail several related
findings in view of the results from both the in vivo juvenile animal study and the in vitro nuclease
assays. Accordingly, we have mentioned briefly that tissue nuclease activity could influence ASO
tissue exposure and their corresponding half-life, leading to their ultimate elimination from the
urine. As we saw a correlation of endonuclease gene expression with activity in the liver, while

exonuclease activity appeared to fit more for the kidneys (Chapter 3), the metabolite profile is
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expected to differ between these two organs. ASO metabolites after endonuclease degradation
would be inactive as they are shorter in length and, therefore, easier to re-equilibrate out of the
circulation and be ultimately excreted [17]. Putative exonuclease metabolites, as they are shorter
— usually by one nucleotide at the end, could still be active [18]. As such, these metabolites could
still cause on- and off-target activities. Hence, further investigation is needed (between organs and
species) as the value of metabolite profiling could elucidate potential differences in on- and off-

target activities in juvenile animals/pediatrics.

For the kidney compartment, both the exo- and endonuclease expression and activity data (see
Figures 3.9B, 3.10A-B, and S3.4A-B) are generally lowest in the youngest age groups before they
increase upon weaning and towards adulthood. This might suggest potential overdosing in the
youngest population regarding kidney exposure. However, it should be mentioned that the assays
for the nuclease gene expression and activity were nonspecific to mature and immature nephrons
in the kidneys. Therefore, these values represent the mixture of the two cellular developmental
conditions and warrant careful interpretation, as ASOs only accumulate in mature tubular cells in
the kidneys. Although it is not known whether the nuclease gene expression and activity of these
nucleases differ or to what extent they differ between immature and mature renal cells, future
research should be performed using specific assays targeting each cell population to give us a more
comprehensive view when interpreting results from in vitro assays. Likewise, the recovery phase in
the in vivo study is needed to observe any delayed effect in developing organs as putative

exonuclease metabolites can still be active together in function of LNA PS ASOs’ longer half-life [19].

For the liver compartment, the general trend of nuclease activity in the liver of minipigs is higher
during the perinatal period and lower during adulthood. Regarding DNASE1 expression (correlated
to liver nuclease activity), the highest expression was observed after birth and the lowest at PND
43 (see Figure S3.4A). Thus, the youngest age groups (with the lowest liver exposure) could be
argued to have the potential to be underdosed, while at PND 43 (highest liver exposure) they could
be overdosed. Although these findings could be incidental and only related to the inherent ASO
accumulation associated with development, this still highlights the value of knowing the metabolic
profile of the ASO in the different tissue compartments of developing animals. Care should also be
given to this liver data as the nuclease expression and activity were done using liver tissue and not

specific liver cell types. Therefore, nuclease activity differences between cell types (Kupffer cells vs.
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hepatocytes) should be looked into in the future for better extrapolation of results from in vitro
and in vivo assays as differences in ASO cellular uptake and accumulation occurs within certain
tissues. If endonuclease was seen as the predominant nuclease active for ASO metabolism in this
tissue compartment, inactivity of the metabolites is expected for this class of ASOs as they are

shorter to produce activity (on- and off-target).

Our findings about nuclease expression in the blood, are valuable for future research on diseases
in which ASO target transcripts are located in leukocytes such as in cases of blood-borne genetic
conditions or cancers [20,21]. Our findings show that PDEIB and TREX1 are higher in adults
compared to juveniles (see Figure 3.8), which could indicate lower exonuclease activity in the
youngest population. However, activity assays and metabolite profiling in these cells are warranted

to further characterize the implications of this data.

5.2 Seen and not seen: safety signals in the juvenile minipig and

what do they tell us

In Chapter 1, we reviewed the key toxicological elements of ASO therapies. As pointed out, most
ASO-induced toxicities are hybridization-independent [22]. They are generally due to tissue
accumulation, proinflammatory effects, and protein binding, which are usually related to the
physicochemical properties of the candidate ASOs. As predictive “class toxicities” can be identified
for ASOs depending on their design and chemistry [23], findings in this work could be applied within
the same ASO class and may also be extrapolated to other ASO class and OND modalities. Likewise,
previous nonclinical and clinical experience with this ASO class will be referred to assimilate our
findings in the juvenile minipig. An emphasis on how these findings could contribute to the

knowledge expansion of ASO pediatric safety testing will also be made throughout this section.

In general, the safety signals seen in the different juvenile age groups of minipigs are in accordance
with what was seen previously in adult minipigs after the same LNA PS gapmer administration [10]
(Chapter 3). In line with the consistent tissue distribution of LNA PS gapmers, changes in high-
exposure organs, such as the kidneys (see section 1.1.7.2.5), were observed in the juvenile minipigs.

In contrast, no novel accumulation-related changes were observed in other organs with limited
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exposure. In analogy, it would be easy to argue that the consistent ASO tissue distribution in the

juvenile minipigs and adults resulted in the same target organs of toxicities.

Table 5.3. Overview of toxicity findings for RTR5001 in juvenile and adult minipigs [10], adult NHPs
[11], and adult humans [12,24].

Toxicity findings Juvenile minipigs Adult minipigs Adult NHPs Humans Remarks
Renal tubular Not Accumulation-
degeneration/ Observed Observed Not observed
. observed related change
regeneration
Acute tub.ular Not observed Not observed Not observed Observed Possibly off-
necrosis target effect
Observed in older
age groups that
N Rel
Glomerulosclerosis received more dose Not observed Not observed ot € gted t(.)
. observed chronic dosing
over a longer period
of time
Elevation in Transient
lasma chemistr increase in Related to
Kidney function P L y No observed structural
No observed change  (BUN, creatinine) plasma .
tests . change . changes in the
and urinary chemistry )
. kidneys
changes (creatinine)
Accumulation-
Basophilic granules Not related change
and hypertrophy of Not observed Minimal Not observed and ASO
observed .
Kupffer cells proinflammatory
effect
Associated to
. . . Not ASO
Single-cell necrosis Not observed Minimal Not observed .
observed proinflammatory
effect
Related to
. . . No
. . Minimal increase in No observed structural
Liver function tests No change observed .
AST change changes in the
change .
liver
Not
L . predictive of . .
InJectlo_n site Similar NHP Similar to NHP human Mild to Proinflammatory
reaction L . moderate effect of ASOs
injection site
reactions
Toxic ASO-
Not protein
Thrombocytopenia Not observed Not observed Not observed interaction or
observed -
immune-
mediated
Complement Not Toxic ASO-
.p . Not observed Not observed Not observed protein
activation observed . .
interaction
Coagulation Not Toxic ASO-
g. I Not observed Not observed Not observed protein
cascade inhibition observed . .
interaction

Abbreviations: NHP, nonhuman primate; BUN, blood urea nitrogen ; AST, aspartate aminotransferase.
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The renal tubular degeneration/regeneration observed in the juvenile minipigs after treatment
with RTR5001 was considered non-adverse, as no change in kidney function was observed (see
Table 5.3). In contrast, a concomitant increase in serum creatinine and blood urea nitrogen (BUN),
as well as urinary changes, which consisted of an increase in urinary volume and an increase in
urinary N-acetyl-beta-D-glucosaminidase and calcium normalized to creatine were observed in
adult minipigs [10]. In NHPs, RTR5001 treatment was well tolerated with no observed effects on
kidney toxicological parameters (histology and serum BUN and creatinine). It should be mentioned
that in the adult minipig study, these results were only observed in the high dose group (20 mg/kg
ondays 1, 6, 11, and 16), while for the NHP study, animals were given an initial loading dose of 20
mg/kg, followed by four weekly maintenance dose of 5 mg/kg. Hence, this difference in renal
findings between the adult minipig and NHPs may be dose-related, as histopathological changes
concurrent with functional alterations occur above a concentration threshold [25,26]. Regarding
the difference in renal findings between juvenile and adult minipigs, we hypothesized that due to
the lower exposure of the juvenile minipigs’ kidneys (due to renal immaturity and lower plasma
albumin binding in the youngest age groups resulting in faster renal elimination), the degree of
accumulation-related changes did not result in functional alterations as the former generally
correlates with serum clinical chemistry elevations. Moreover, the elevation of serum biochemical
parameters could sometimes have a late onset [27], and could explain why it was not observed
later on in the older juvenile minipigs even though they developed a higher degree of tubular
degeneration/regeneration. Therefore, other kidney injury biomarkers detectable in the urine, such
as kidney injury molecule 1 (KIM-1), could be used to potentially detect tubular toxicity during
nonclinical development [27]. On the other hand, glomerulosclerosis was observed in the juvenile
minipigs, which is related to the longer treatment duration of the present work. Thus, caution is
needed in future juvenile studies regarding this glomerular toxicity and its possible sequelae.
Likewise, this should also be differentiated accordingly from tubular toxicity. The reversibility of
such findings post-treatment and the appearance of delayed after-treatment effects should also be

looked at.

Similar to the kidneys, the liver also received a high fraction of the dose after the systemic
administration of RTR5001, consistent with previous knowledge of its ASO class [28,29]. For this
reason, accumulation-related changes in the liver are expected, such as the presence of basophilic

granules, and hypertrophy of Kupffer cells related to their function for ASO clearance [14,30-32].
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In contrast to the findings in adult minipigs, basophilic granules and Kupffer cell hypertrophy were
not seen in the liver of the juvenile minipigs (see Table 5.3). Although lower liver exposure was seen
initially in juvenile minipigs, adult liver RTR5001 concentration [10] was reached after five doses.
We speculate that the juvenile minipig’s Kupffer cells have limited capacity to clear ASOs early in
postnatal development as the Kupffer cell’s phagocytic activity increases with age [33]. This is
supported by the morphological differences (e.g., less extensive dendritic processes) seen in
Kupffer cells of mice during early postnatal development compared to adults [34]. In line with this,
the minimal single-cell necrosis observed in adult minipigs [10] was absent in the juveniles, similarly
to the findings in NHPs [11]. Again, the lower dose used in the NHP study could be responsible for
this difference with the adult minipig as reflected by the lower liver exposure in NHPs [11].
Observation of this histopathological change in the liver that correlates with increased serum
transaminase activities is not unusual [14], as it was seen after the administration of two other
model LNA PS gapmers in adult minipigs, as well as in NHPs in similar study designs [10,21]. As
single-cell necrosis is associated with the proinflammatory class effect of PS-containing ASOs [35],
we hypothesized that the proinflammatory potential of ASOs in the minipig liver is also affected by
age, as a response to this inflammatory stimuli could still be immature in younger individuals [36].
On the other hand, the inflammatory reaction in the injection site, is similar between the juvenile
and adult minipigs (and NHPs) [10](see Table 5.3). Therefore, the previous hypothesis and its
translation to human pediatrics warrant further investigation. Future research should also be
devoted to the proinflammatory effects of ASOs in other organs of the juvenile minipigs, including

those that are targeted by local ASO administration (e.g., CNS, lung).

In view of their PK, newer generation high-affinity ASO gapmers have been linked to causing on-
and off-target pharmacologic effects, especially in the liver and the kidneys (see section 1.1.7.2.6-
7). This is a critical safety signal of concern for ASO therapeutics in pediatrics, since developing
animals may present differences in gene transcription of the target and off-targets in function of
age. On this account, no hybridization-related effects (on- and off-target effects) were observed in

our work with juvenile minipigs.

It should be mentioned that RTR5001 caused acute nephrotoxicity in adult humans (see Table 5.3),
resulting in its clinical development being terminated [12]. A highly sequence-dependent acute

multifocal tubular necrosis was seen in a healthy volunteer following three doses (5 mg/kg) of
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RTR5001 [24]. Although no symptoms of renal toxicities being present in the pivotal mouse and
NHP nonclinical toxicity packages, a retrospective high-dose study in rats confirmed the tubular
toxicity for this sequence [27]. Thus, it was postulated that, like the sequence-dependent liver
toxicities of high-affinity gapmers (see section 1.1.7.2.7), similar mechanisms of RNase H-
dependent off-target toxicity [37,38] might be involved in this sequence-dependent renal toxicity
of RTR5001 in humans [22]. However, this phenotype of nephrotoxicity was not observed in both
adult and juvenile minipigs, as in mice and NHPs after RTR5001 administration. Despite the
advances in safety assessment, this demonstrates that it remains difficult to predict human toxicity
from animal models [39], although the value of animal models was still proven in detecting toxicities

secondary to exaggerated pharmacology, i.e., mipomersen and ALN-AAT (siRNA) [22].

The failure to predict the acute kidney injury induced by RTR5001 in its clinical trial suggested the
need for additional nonclinical models to complement animal toxicity studies. Accordingly, the
utility of in vitro systems is being explored. For instance, a human renal proximal tubule-on-a-chip
demonstrated its translational potential through the induction of nephrotoxicity and kidney injury
biomarkers by RTR5001 [40]. Furthermore, as LNA gapmers that cause renal toxicity in vivo were
shown to impair epidermal growth factor (EGF) receptor signaling in primary and immortalized
human proximal tubules in vitro, a robust EGF-based assay that contributes to the in vitro safety
profiling of this class of ONDs was developed [27]. Besides in vitro models, the computational
predictions of ASO unintended targeting are continuously progressing [41-43]. This should
markedly reduce the risk of encountering unexpected adverse effects related to off-target
pharmacology that could go undetected in nonclinical animal toxicity packages, even with relevant
animal species, e.g., off-target transcripts could have a different degree of homology, mainly if

occurring in intronic sequences.

Aside from accumulation-related changes and on- and off-target pharmacological effects, toxic
protein interactions by ASOs are another potential safety signal of concern in pediatrics, as proteins
implicated in each specific mechanism could also undergo ontogeny. For instance, the value of
understanding platelet GPVI and PF4 ontogeny related to potential ASO-induced thrombocytopenia
in the juvenile minipigs was described in Chapter 4. In that chapter, additional tool ASOs with
various sequences and modifications (unmodified, all PS, 2’-MOE) were used to evaluate their

effects on minipig platelets. This was to expand the knowledge on platelet response phenotype to
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ASOs by the Gottingen Minipig, as only LNA PS gapmers were characterized in the previous study
by Braendli-Baiocco et al. (2017) [10] in adult minipigs and in the present repeat-dose toxicity study
in juvenile animals. As discussed, a similar platelet response was observed in vitro as in NHPs and
humans. Moreover, concentration-dependent direct platelet activation was seen in line with
previous findings in human samples. For this, an appropriate dosing regimen (e.g., SC
administration or longer lower-dose IV infusions) should be implemented to reduce the risk for this
adverse effect. A similar approach applies to candidate ASOs with an increased propensity to cause
coagulation cascade inhibition and alternative complement system activation. Both are also
brought on by nonspecific ASO—protein toxic interactions. On the other hand, the model ASO
(RTR5001) did not cause platelet count reduction, prolongation of coagulation, and complement
activation in the (juvenile and adult) minipig, NHP, and human studies [10-12,24] (see Table 5.3).
Therefore, RTR5001 alone is not enough to characterize these adverse effects, and other tool ASOs
should be used in vivo in juvenile minipigs. In respect of this, future research should also be done
to determine if the proteins involved in the coagulation and complement systems undergo

ontogeny in juvenile minipigs similar to what was done in Chapter 4.

Although we had an idea of the ontogeny of total complement factors in the juvenile minipigs
(Chapter 3), differential ontogeny profiles for each complement system protein component could
occur during early development. This could impact the inhibition of complement factor H by ASOs
resulting in either heightened or decreased adverse effect sequelae. As minipigs seemed to be less
sensitive to ASO complement activation (similar to humans) than NHPs, the value of the Gottingen
Minipig as an animal model for safety testing of candidate ASOs with increased complement
activation should be taken into account, since NHPs overpredict findings related to this adverse
effect [31,44-46] (see section 1.1.7.2.1). With regards to the coagulopathy related to ASOs
administration, the adult minipigs showed similar results as NHPs [10]. However, although the
porcine coagulation and fibrinolytic systems are in many aspects comparable to those of humans,
the intrinsic coagulation system, seems to be hyperactive (aPTT is shorter in porcine than in
humans) [47]. This is in accordance with the fact that the levels of several coagulation factors are
higher in porcine plasma (e.g., factor X, 50-289% higher) [47]. Therefore, further research is needed
to determine if coagulation abnormalities to be observed in minipigs (e.g., including diseased

models) could represent coagulation profiles in (sick) patients [48].
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In conclusion, we have not seen novel toxicities (aside from the glomerulosclerosis related to more
chronic ASO exposure) in juvenile minipigs exposed to RTR5001 compared to adult minipigs. Still,
our findings serve as a basis for future pediatric safety testing of similar ASO classes due to their
class-related PK and safety properties. The selection of a relevant model (both for adults and
pediatrics) for off-target effects is more difficult, as sequence homology for these off-target
sequences and their transcription ontogeny are largely unknown. However, as in vitro and in silico
models for this aspect continuously improve, it is likely that the risk of encountering off-target

effects in the clinics will be reduced in the future.

5.3 Choosing wisely: selection of the juvenile Géttingen Minipig

as a model for pediatric safety testing of ASOs

In this section, we will discuss the selection of the juvenile Gottingen Minipig as an animal model
for ASO pediatric safety testing. The ICHS11 guideline clearly stipulates that a juvenile animal study
should be performed in a pharmacologically relevant species. In our in vivo study, the Gottingen
Minipig showed an inherent pharmacologic cross-reactivity for the model ASO, RTR5001, and this
definitely substantiates the selection of this species as a relevant alternative animal model to NHPs.
However, other factors should also be considered when selecting a species for juvenile animal

studies [15].

Firstly, conducting a study in the selected species should be technically/practically feasible. This was
evidenced in the 8-week investigational repeat-dose toxicity study of RTR5001 by the SC route in
the juvenile minipig (Chapter 3). Minipigs present many technical and practical advantages in
pediatric drug discovery and development [49]. For instance, its large litter size (especially for high
parity sows) allows fewer animals to be kept for breeding purposes, which is further aided by their
short reproductive cycle [50]. This also enables placing littermates into various experimental
groups. Likewise, minipigs are also relatively easy to handle (in view of size) and train [51,52], and
their larger birth size, permits sampling at early stages compared to dogs or NHPs. All routes of
administration are also feasible. Although the clinical features of human injection site reactions
were not predicted well by the juvenile and adult minipigs after SC administration of ASOs (see
Table 5.3), histopathological similarities were observed between minipigs and NHPs [10]. In cases
of chronic JAS, dosing up to maturity is usually tricky or not feasible in NHPs due to the large
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interindividual differences in the onset of maturity, whereas this is possible in minipigs as they reach
maturity faster and with relative consistency [15]. On the other hand, the fast growth and size of
minipigs could, from a practical point of view, be a disadvantage when compared with the dog and
other nonclinical species in terms of compound consumption and availability during repeat-dose
toxicity studies. However, this may represent an advantage when sampling at very early stages [49].
In view of this, blood sampling could be challenging as their peripheral veins are not easily
accessible. However, with experienced personnel, approaching the jugular and cranial vena cava
for blood collection is feasible [53] and was done in the in vivo study in this thesis. Although
microsampling was not performed for the toxicokinetic part of this work due to the less
sophisticated method available for the model ASO (dead compound), its value in such studies would
improve animal welfare [54]. Moreover, additional toxicity biomarkers (e.g., urinary PB2-
microglobulin and KIM-1 by ELISA; CD62P, and PAC-1 platelet activation markers by flow cytometry)
should be included in the panel of predictive assays to assess potential toxicity by ASOs during
nonclinical studies [39]. Regarding additional endpoints to address identified safety concerns, such
as localization of accumulated ASOs in tissues by staining methods (e.g., IHC) and to assess target
knockdown (i.e., gPCR), the administration of iron dextran after birth in minipigs could pose a
challenge in processing the tissue samples where the iron supplement would be deposited (e.g.,
liver, lymph nodes). In this study, an additional clean-up step was necessary for the RNA extraction,
whereas brown staining of the hemosiderin (iron deposits) in IHC tissue sections could be confused

with DAB-positive staining.

Another factor that should be considered when selecting an animal model is its similarity to humans
in view of PK profile (ADME characteristics). Several attempts to further characterize ADME
processes in (mini)pigs have been made for their use in pharmaceutical research [50,55,56]. In
particular, further exploration of pig models has been of interest in the development of
biopharmaceuticals [57], e.g., growth hormones [58], and vaccines [59-63]. Likewise, studies on
small molecules have been published in recent years addressing the PK of antibiotics, anesthetic
drugs [64—66], and nonsteroidal anti-inflammatory drugs [67] in juvenile pigs. Moreover, the pig
showed higher similarities with humans in ontogenic changes in PK (with rifampin as a model

compound) than other species, including the dog [68].
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With regards to ASOs, the PK profile of LNA PS gapmers in adult minipigs showed a high degree of
similarity with NHPs [10] (see section 1.3.1). However, no data on the ADME of ASOs in the juvenile
Gottingen Minipig had been published before the conduct of this thesis, thus the value of this
pioneering work is fundamental. In brief, we observed a similar PK behavior between the juvenile
and adult minipigs [10]: the model ASO (RTR5001) was quickly absorbed following SC administration
in adult and juvenile minipigs. This has also been observed after weekly SC administration of
drisapersen (2’-OMe PS ASO) in 2 5-yr-old boys, wherein Tmax Was recorded two hours post-systemic
administration [69]. Moreover, rapid tissue distribution was observed in 5-16-yr old boys, with a
decline in plasma levels of drisapersen to approximately 18% of Ciax after 24 h and 0.6% at the end
of dose intervals (7 days) [70]. A faster tissue distribution of RTR5001 was observed in juvenile
minipigs, at 0.23-2.62% (after 24 h) and 0.00-0.79% (end of dose intervals) (see Table 5.2). On the
other hand, AUCq.2an showed no increase after repeated dosing of drisapersen in 5-16-yr-old boys,
but plasma trough levels increased with the increasing number of dosing [70]. A similar increase in
plasma trough levels was observed in our work and could be related to tissue saturation. The AUCo.
2an increased after repeated RTR5001 dosing in the juvenile minipigs. The probable reason for the
observed differences in AUC and the % decline in plasma levels (relative to Cmax) described between
the boys dosed with drisapersen and minipigs dosed with RTR5001 could be linked to the degree of
plasma albumin level maturation (and its overall influence in plasma clearance, tissue distribution,
and elimination, see section 5.1) in the selected age groups exposed in both studies. Other factors,
such as the physicochemical properties of the ASO itself (2’-OMe PS ASO vs. LNA PS ASO) and the
age differences between the animal model and target pediatric population linked with potential
differences in ADME processes could have further contributed to this. Therefore, ADME
characterization of specific sequence design and modifications should be done in the juvenile
minipig to allow proper extrapolation of results between this animal model and pediatrics. With
regard to tissue distribution and metabolism of ASOs, due to the limited published data on
systematically administered ASOs in pediatrics and on human nuclease ontogeny, a comparison of
our in vivo and in vitro findings in the juvenile minipigs with human pediatrics’ PK profile is not
feasible. However, data from this doctoral thesis emphasizes the importance of considering the
maturational factors of the ADME processes between the juvenile minipig and the pediatric target

population in view of future pediatric ASO safety testing and its translation.
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To facilitate the comparison of systemic exposure profiles and toxicities between juveniles and
adult animals, the same species used in adult repeat-dose studies should initially be considered as
the species for JAS. Thus, adult repeat-dose study considerations could dictate the test animal
selection for JAS. An active challenge in considering the use of the juvenile Gottingen Minipig as an
alternative animal model for safety assessment of pediatric pharmaceuticals is its limited available
historical data compared to dogs and NHPs [15], especially from earlier complementary safety
studies (minipig-based) conducted in the drug development plan. In view of this, pharmaceutical
companies scarcely employ adult (mini)pigs in repeat-dose toxicity tests. However, this trend is
changing, and minipigs are increasingly used as alternatives to dogs or NHPs [49]. Defining
comprehensive animal selection criteria in the current regulatory guidelines for adult repeat-dose
toxicity studies, such as which relevant species to be considered (e.g., similar pathophysiology,
target homology), would also convince pharmaceutical companies to include the Géttingen Minipig

in their nonclinical testing strategies, including those for pediatric use [49].

With the characterization of the adult Géttingen Minipig as a suitable animal model for safety
assessment of ASOs (due to the similarities shown in terms of PK/PD and safety profiles with NHPs
[10]), together with the increasing drive to limit the use of NHPs [71], extending the use of juvenile
minipigs in pediatric safety testing of ASOs has been put forward. However, a survey has reported
the limited use of minipigs as non-rodent species for ASO toxicity studies (14% for RNase H-
dependent ASOs) across 22 companies developing therapeutic ONs performed in 2018 [72]. Against
this background, respondents who are open to using alternative non-rodent relevant species to
NHPs mentioned cross-species homology. This is a valid criterion, as monitoring on-target
pharmacology and toxicity is crucial in JAS for ASOs due to their high target specificity. Although
mismatches on the target sequence could be tolerated to some degree, depending on the location
of these mismatches, antisense activity could be abolished (end-standing versus mid-standing for
RNAse H-dependent ASOs) as seen with the different model LNA PS gapmers tested in the adult
minipig study by Braendli-Baiocco and colleagues (2017) [10]. Even with exact target sequence
homology, it does not mean it will reflect the same ASO activity in animal models. Therefore, proofs
(e.g., additional complementary studies to show antisense activity) should be provided to justify
the selection of an animal model as relevant species for safety testing, especially for new drug

modalities with high specificities.
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On the other hand, the juvenile animal's relative stage of target organ/system development
compared to the targeted pediatric population should also be considered. As such, this corresponds
to the animal model's capacity to identify toxicity endpoints of concern. In the pediatric population,
EMA has defined several age groups [73], and significant parallels in organ development between
humans and Goéttingen Minipigs (the reference breed used in the pharmaceutical sector [49]) are
reported in the ICH S11 guideline [15]. These data are illustrated in Figure 5.2. At the same time, a
summary of the main similarities and differences in the maturation of different organ systems in

pigs and humans is presented in Table 5.4.
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Figure 5.2. Schematic representation of the postnatal development of different organ systems in
human (top) and Goéttingen Minipig. In the horizontal bars, the intensity of the maturation process
is represented by dark (more intense) and light (less intense) tones. The time bar represents weeks
(w, months (m), or year (y) of life. This figure is reproduced from Ayuso et al. (2020) [49]

Specifically for ASOs, of which class-specific toxicities could be well predicted, the toxicological
target organs remain relatively the same. This was demonstrated in the repeat-dose toxicity study
conducted wherein the toxicological target organs were similar in the different juvenile age groups

as in former results in adult minipigs [10] and NHPs [11,25,26,74—78]. For instance, accumulation-
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related changes specific to the kidneys were observed and discussed in Chapter 3 and section 5.2.
As briefly indicated before, the nephrogenesis in the pig is slower that in the human, despite the
gross anatomy and several functional aspects being quite comparable (Table 5.4). This has to be
considered, particularly when evaluating ASOs, having a primarily renal excretion mechanism. In
addition, human GFR is reported to be lower (between 55 and 80% of pigs), but GFR maturation
seems to be similar [79]. Additionally, it is essential to note that a high incidence of inflammatory
cell infiltration has been seen in many minipig strains [80], which is also worth considering when

evaluating nephrotoxicity by ASOs due to their proinflammatory potential (see section 1.1.7.2.4).

In contrast, accumulation-related changes in the adult minipig liver were not observed in the
different juvenile minipigs and were previously related to possible maturation of inflammatory
response within the organ itself (see section 5.2). Nonetheless, there is a high degree of similarity
between the pig and human immune systems [81-83]. With regard to the other systems with
increased safety concerns after systemic ASO administration (discussed in sections 1.1.7 and 5.2),
future work is needed to fully characterize the mechanism through which ASO could induce

potential toxicities during early developmental stages in the minipigs.

Lastly, an understanding of the ontogeny of toxicological (i.e., off-target transcripts and proteins
related to toxic ASO-protein interactions) and pharmacological targets (i.e., on-target transcript) in
animals in comparison to that in the intended pediatric population is crucial in the selection of a
relevant test animal species. In general, as potential off-target effects could also be a safety concern
in pediatrics (similar to RTR5001 causing acute nephrotoxicity in an adult human volunteer, see
section 5.2), the ontogeny of the potential off-target sequences should also be evaluated (given the
off-target sequence was identified by complementary studies before in vivo toxicity evaluations).
This information from humans regarding the RTR5001-induced acute nephrotoxicity still needs to
be clarified, and whether translatability from animal models would be informative. On the other
hand, the ontogeny of proteins related to toxic ASO-protein interactions was already discussed in

section 5.2.

200



Table 5.4. Summary of main simmilarities and differences in maturation of different organ systems
in pigs and humans. This table is adapted from Ayuso et al. (2020) [49].

Organ System Feature Similarity
Drainage Different
Main central vessels Different relative importance
. Cardiac output Different
Cardiovascular - - — -
Cardiac myocyte maturation Similar (compared to other species)
Serum proteins (albumins and Different in neonatal pigs and humans, but
globulins) even at infant stages
Physiology of digestion Very similar
Ontogeny of digestive enzymes Similar in most cases (more than the rat)

Different: pigs show adult-like values early
in life (five days of age) and humans reach
that point at two years of age

Neonatal gastric pH

Maturation of gastric emptying with age has
not been established in pigs. Prolonged
emptying is expected in newborn pigs, as

Gastrointestinal observed in humans

Gastric emptying

Similar: longer in neonates than

Intestinal transit . .
juvenile/adults

Similar: smaller than juvenile/adults, leads

Intestinal surface . . .
to similar nutrient absorption

Similar: mainly consists of Firmicutes and

Microbiome Bacteriodetes phyla
Similar relation to body weight in adults
. (about 2%)
Liver . . .
Slightly higher ratio in human (around 5%)
than minipig (3%) neonates
Anatomical complexity Similar
Central nervous Distribution of grey and white Similar
matter
Brain growth pattern Similar
Anatomy and histology Similar
Respiratory Maturation Faster
Alveoli multiplication Earlier in pigs
Different: completes after weaning (three
Nephrogenesis weeks of age) in pig and 34-36 weeks
gestational age in humans
Renal ) . Similar maturation: adult levels at 8 weeks
Glomerular filtration rate .
(pig) and one year (human) of age

Effective renal plasma flow Within the same range in growing pigs and

Urinary pH children

Immune Immune genes High similarity (>80%)
Skeletal and leferent: faster in pigs, in which

Development locomotion patterns reach mature levels as

neuromuscular . .
early as eight hours after birth
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Knowledge of the target transcript ontogeny would help us assess potential differences in ASO
activity between the chosen animal model and pediatrics, especially in the case of the delayed
pharmacologic response, as seen with RTR5001 in the juvenile minipigs (Chapter 3). Although a
qualitative assessment of PCSK9 expression was done by ISH (see section 5.2), a corresponding
guantitative evaluation of the target transcript was not performed between the control and treated
juvenile minipigs. The PCSK9 expression appeared to undergo ontogeny, supported by the
observations in the endpoint plasma biomarker (plasma total and LDL cholesterol levels) in the
juvenile minipigs (see Figure 3.4). However, as RNase H-dependent ASO’s MOA is to degrade the
target transcript, a decrease in the two lipid profile panels is expected even if the target transcript
is undergoing ontogeny. We hypothesize that a different mechanism for lipid/cholesterol
homeostasis could be involved aside from the factors mentioned in section 5.1 and Chapter 3.
Regardless, the delay in pharmacologic activity observed in our work still highlights the possibility
of altered ASO pharmacologic response in juvenile animals and/or pediatric humans. This further
supports that the juvenile minipig model can detect such differences compared to adult

populations.

In conclusion, the selection of the (juvenile) Gottingen Minipig as a relevant animal model for
(pediatric) ASO safety testing can be clearly justified to health authorities if the drug candidate
cross-reacts with this animal model. We have discussed several advantages (technical and practical
feasibility) regarding the conduct of juvenile animal studies in the Gottingen Minipig. Although
further efforts have to be made to advance the translational knowledge on ASO ADME and PD
processes in juvenile minipigs, our data clearly showed the importance of considering maturational
factors for better data interpretation and translation between the juvenile animal and/or pediatric
target populations. Based on the data generated in this thesis, the development of target
organs/systems in the model compared to the pediatric population and the ontogeny of the
toxicological and pharmacological targets should be carefully considered. Finally, since (adult)
minipigs are increasingly used as an alternative to dogs or NHPs in drug discovery and drug
development, this will aid in convincing regulatory authorities to also accept the juvenile minipig as

a model for pediatric drug safety testing of drug candidates.
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5.4 Future perspectives and general conclusions

In the course of the general discussion, the main findings related to PK/PD and safety profiles of
ASOs in the juvenile Gottingen Minipig were discussed. Accordingly, several points that warrant
further research evaluations in the future were highlighted to ultimately characterize this animal
model for the pediatric safety testing of ASOs. Some key aspects include the further assessment of
the ADME and PD processes regarding ASO administration in juvenile minipigs, such as those
involving proteins that may undergo ontogeny. In addition, future characterization of nucleases
(and metabolite profiling) in other developing organs that may be targeted by ASOs, using specific
cell-type assays, were also mentioned. As such, both will facilitate the development of PBPK
modeling in this animal model to predict ASO exposure. Likewise, future research focus should also
be extended to the components of organ systems undergoing development with ASO toxicity
concerns, such as the inflammatory response maturation in the liver and ontogeny of proteins
implicated in toxic ASO-protein interaction mechanisms. Moreover, issues such as developing
nonclinical models (minipig-based) that will complement animal studies were tackled, including
those that can assess off-target effects amongst other toxicities. Together with this, the
characterization of appropriate toxicity biomarkers that are translatable to the human scenario

would be crucial in selecting the Gottingen Minipig as an animal model for ASO safety testing.

Overall, this thesis provides a solid foundation for future pediatric safety testing in minipigs using
LNA PS gapmers and for the justification of selecting this juvenile animal model in regulatory
submissions. Although we only looked at the profile of one model ASO in the juvenile minipig (with
the known class-related properties of ASOs in terms of PK/PD and safety), extrapolation of our
findings to other candidate ASOs belonging to the same class is simpler to carry out as compared
to small molecules and biologics. On the other hand, extending the knowledge from this doctoral
thesis to other OND modalities, although possible, is limited. Therefore, future characterization of
other nucleic acid-based modalities with various physicochemical properties and general MOA
should be done in juvenile minipigs for its timely use as a juvenile animal model for the safety
assessment of these emerging drug modalities. In line with this, further characterization of other
components of the ADME process in the juvenile minipigs should also be done (e.g., the role of
glomerular filtration maturation for siRNA with neutral chemistries). Furthermore, as the trend for

newer drug modalities that target tissues outside the usual ASO distribution repertoire, ASO
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delivery systems would be more of the approach in the near future. Therefore, ontogeny

characterization of the processes involved in such delivery processes should be included in future

works concerning the characterization of this animal model. Nevertheless, based on the data

presented in this dissertation, we conclude that there is no constraint in using juvenile minipigs as

the non-rodent species in pediatric ASO candidate nonclinical safety packages and in convincing

health authorities to accept this juvenile animal model.
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Summary

Antisense oligonucleotides (ASOs) belong to a large group of nucleic acid-based therapeutic
modalities that utilize synthetic oligomers of nucleotides to modulate RNA translation to proteins.
This is of interest in cases of cancers, viral infections, and rare genetic conditions wherein the
disease-causing or disease-related proteins are difficult or even impossible to target by small
molecule drugs. In Chapter 1, we introduced the common classes and mechanisms of actions (e.g.,
RNase H dependent) that ASOs utilize, as well as the common chemistry modifications and designs
that could influence their pharmacokinetic and pharmacodynamic profiles. In general, predictive
class behavior in terms of drug metabolism, pharmacokinetics, and toxicity profiles is
demonstrated. This facilitates certain extrapolations since their class behavior is only marginally
influenced by a particular sequence. With previous experience and overall predictable behavior of

ASOs, stringent screening processes can be applied.

Currently, there is no specific guideline for this emerging drug modality. The nonclinical
development and general safety assessment of ASOs usually follows the nonclinical testing
guidelines for small molecules, while some principles of the biotechnology-derived pharmaceutical
guideline could be considered in a hybrid approach on a case-by-case basis. As ASOs need to
hybridize to their complementary target RNA, nonhuman primates (NHPs) are the preferred non-
rodent model for this class of compounds due to their close genetic homology and
pharmacokinetics with humans. Nonetheless, the adult Gottingen Minipig appears to be a suitable
alternative to NHPs, as it showed similar pharmacokinetic, pharmacodynamic, and safety profiles
in a previous study. Since ASOs are usually indicated to rare genetic conditions that could start early
in life, and as the rapid growth and development of the pediatric population can influence the
pharmacokinetics and pharmacodynamics of therapeutic agents, leading to potential adverse
effects, extending the previous work to the juvenile minipigs was deemed necessary. Therefore,
the aim and objectives of this doctoral thesis were to evaluate the juvenile Géttingen Minipig as a

pediatric safety testing model for ASOs (see Chapter 2).

In Chapter 3, we assessed potential differences in exposure/toxicity and pharmacologic effect of a

model LNA/PS/LNA gapmer ASO (RTR5001) in the juvenile G6ttingen Minipig in an 8-week repeat-
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dose toxicity study (weekly subcutaneous dosing starting on postnatal day 1 for up to 8 weeks).
Accordingly, the model ASO that had been previously characterized in adult Gottingen Minipigs and
NHPs, in which the kidney and the liver were the primary target organs, showed comparable clinical
chemistry and toxicity profiles in the juvenile minipigs. However, differences in plasma and tissue
exposures as well as pharmacologic activity, were observed when compared with the adult data.
On the other hand, as ASOs neither act as substrates for phase | nor phase Il metabolizing enzymes
but rather metabolize by endogenous nucleases, the ontogeny evaluation of the key nucleases
responsible for ASO metabolism and pharmacologic activity (i.e., RNase H) revealed a differential
nuclease expression and activity, which could affect the metabolic pathway and pharmacologic

effect of ASOs in different tissues and age groups.

In the context of mechanisms and species translatability, a number of recurring ASO class safety
concerns are well understood. No additional toxicities or clinically relevant toxicological target
organs have been added to the possible risks associated with ASOs, aside from the sporadic
occurrences of thrombocytopenia. In Chapter 4, to further understand the species translatability
of ASO-induced thrombocytopenia, in vitro platelet activity and aggregometry assays were
performed in Gottingen Minipigs using a panel of ASOs with different sequences and modifications
with known platelet response phenotypes in NHPs and humans were employed as tool ASOs. Our
data on direct platelet activation and aggregation by ASOs in adult minipigs are remarkably
comparable to human data. Moreover, phosphorothioated ASOs bind to platelet collagen receptor
glycoprotein VI (GPVI) and directly activate minipig platelets in vitro, mirroring the findings in
human blood samples. In addition, the differential abundance of GPVI (and platelet factor 4) in
minipigs provides insight into the influence of ontogeny in potential ASO-induced

thrombocytopenia in pediatric patients.

The body of data from Chapters 3 and 4 is fundamental for selecting the juvenile Gottingen Minipig
in assessing safety concerns for ASOs intended for the human pediatric population. Chapter 5
discussed the main findings of this thesis and put them into broader nonclinical and clinical
perspectives to conclude that there is no constraint in using juvenile minipigs as non-rodent species
in pediatric ASO candidate nonclinical safety packages and this may convince health authorities in

accepting this juvenile animal model.
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Samenvatting

Antisense oligonucleotiden (ASQO's) behoren tot een grote groep op nucleinezuur gebaseerde
therapeutische modaliteiten die gebruik maken van synthetische oligomeren van nucleotiden om
RNA-translatie naar eiwitten te moduleren. Dit is van belang bij kanker, virale infecties en zeldzame
genetische aandoeningen waarbij de ziekte-veroorzakende of ziekte-gerelateerde eiwitten moeilijk
of zelfs onmogelijk kunnen worden behandeld door conventionele geneesmiddelen. In Hoofdstuk
1 hebben we de meest voorkomende klassen en werkingsmechanismen geintroduceerd (bijv.
RNase H-afhankelijk) die ASO's gebruiken, evenals de meest voorkomende chemische aanpassingen
en structuren die hun farmacokinetische en farmacodynamische profielen zouden kunnen
beinvlioeden. Over het algemeen wordt zijn deze structuren en aanpassingen predictief mbt hun
geneesmiddelmetabolisme, farmacokinetiek en toxiciteitsprofiel. Deze laatsten worden slechts
marginaal beinvloed door een bepaalde sequentie. Aan de hand van eerdere ervaringen en

algemeen voorspelbaar gedrag van ASO's kunnen strikte screeningprocessen worden toegepast.

Momenteel bestaat er geen specifieke richtlijn voor deze opkomende therapeutische interventie.
De preklinische ontwikkeling en algemene veiligheidsbeoordeling van ASO's volgt meestal de
preklinische testrichtlijnen voor kleine moleculen, terwijl sommige principes van de biotechnologie-
afgeleide farmaceutische richtlijn kunnen worden overwogen in een hybride benadering van geval
tot geval. Aangezien ASQO's moeten hybridiseren met hun complementaire doel-RNA, zijn apen
(NHP's) het geprefereerde niet-knaagdiermodel voor deze klasse van verbindingen vanwege hun
nauwe genetische homologie en farmacokinetiek met mensen. Desalniettemin lijkt het volwassen
Gottingen minivarken een geschikt alternatief te zijn voor NHP's, aangezien het vergelijkbare
farmacokinetische, farmacodynamische en veiligheidsprofielen vertoonde in een eerdere studie.
Aangezien ASO's meestal geindiceerd zijn voor zeldzame genetische aandoeningen die vroeg in het
leven kunnen ontstaan, en aangezien de snelle groei en ontwikkeling van de pediatrische populatie
de farmacokinetiek en farmacodynamiek van therapeutische middelen kan beinvioeden, wat kan
leiden tot mogelijke nadelige effecten, was het noodzakelijk om het eerdere werk uit te breiden
naar juveniele minivarkens. Daarom evalueerde dit proefschrift het juveniele Géttingen minivarken

als een pediatrisch veiligheidstestmodel voor ASQO's (zie doelstellingen in Hoofdstuk 2).
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In Hoofdstuk 3 hebben we mogelijke verschillen in blootstelling/toxiciteit en farmacologisch effect
van een model LNA/PS/LNA gapmer ASO (RTR5001) in het juveniele Gottingen minivarken
onderzocht in een 8 weken durende toxiciteitsstudie met herhaalde dosering (wekelijkse subcutane
toediening bij een leeftijd van dag 1 tot 8 weken). De ASO die eerder was gekarakteriseerd in
volwassen Gottingen minivarkens en NHP's, waarbij de nier en de lever de primaire doelorganen
waren, vertoonde vergelijkbare klinische chemie- en toxiciteitsprofielen bij de juveniele
minivarkens. Er werden echter verschillen waargenomen in plasma- en weefselblootstelling en in
farmacologische activiteit in vergelijking met de data voor volwassenen. Aangezien ASO's niet
fungeren als substraten voor fase I- of fase ll-metaboliserende enzymen, maar eerder worden
gemetaboliseerd door endogene nucleasen, onthulde de ontogenie-evaluatie van de belangrijkste
nucleasen die verantwoordelijk zijn voor het ASO-metabolisme en de farmacologische activiteit
(d.w.z. RNase H) een verschillende nuclease expressie en activiteit, die de metabole route en het
farmacologische effect van ASQ's in verschillende weefsels en leeftijdsgroepen kunnen

beinvloeden.

Met betrekking tot mechanismen en de translatie tussen verschillende diersoorten en de mens, zijn
er een aantal duidelijke veiligheidsproblemen bij RTR5001. In onze eerdere studie (Chapter 3)
werden geen bijkomende klinisch relevante toxicologische doelorganen gedecteerd afgezien van
sporadische gevallen van trombocytopenie. Om deze ASO-geinduceerde trombocytopenie en de
mogelijke translatie naar de mens beter te begrijpen, werden in Hoofdstuk 4 s in vitro
bloedplaatjesactiviteit- en aggregometrie-assays uitgevoerd in Gottingen minivarken met behulp
van een panel van ASO's met verschillende sequenties en aanpassingen. Deze ASO’s hadden reeds
gekende bloedplaatjesresponsfenotypes in NHP's en mensen. Onze gegevens over directe
activering en aggregatie van bloedplaatjes door ASQO's bij volwassen minivarkens zijn opmerkelijk
vergelijkbaar met de gegevens bij mensen. Bovendien binden gefosforothioiseerde ASO's aan
bloedplaatjescollageenreceptorglycoproteine VI (GPVI) en activeren ze rechtstreeks minivarken-
bloedplaatjes in vitro, een weerspiegeling van de bevindingen in menselijke bloedmonsters.
Bovendien geeft de differentiéle abundantie van GPVI (en bloedplaatjesfactor 4) bij minivarkens
inzicht in de invloed van ontogenie bij potentiéle ASO-geinduceerde trombocytopenie bij

pediatrische patiénten.
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Het geheel aan gegevens uit de hoofdstukken 3 en 4 is van fundamenteel belang voor het selecteren
van de juveniele Gottingen Minipig bij het beoordelen van veiligheidsrisico's voor ASO's die bedoeld
zijn voor de pediatrische populatie. Hoofdstuk 5 bespreekt de belangrijkste bevindingen van dit
proefschrift en plaatst ze in bredere preklinische en klinische perspectieven. Er kan geconcludeerd
worden dat er geen beperkingen zijn voor het gebruik van juveniele minivarkens als de niet-
knaagdiersoort in preklinische studies voor pediatrische ASO-kandidaten. Dit kan regelgevende

organisaties overtuigen om dit juveniele diermodel te aanvaarden voor preklinische studies.
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