ABSTRACT
SNIDER, DOUGLAS BYRON. Delivering Nucleic Acid Therapeutics: Investigations on
Exonskipping and Splicswitching or Frameshifting Oligonucleotide Therapy for the
Treatment of Allergic and Mast Caklated Diseases. (Under the direction ofchairs: Dr.
GlennP.Cruse and Dr. Samukl Jones).
Chapters 1 through 5 and Appendices A through E contain nine gapeisusly published
andor revised manuscriptsn delivery of oligonucleotides, basic science of mast cells, and
translational research with coemative biomodels for allergic and/or mast gelated
diseases, predominantly. The®aori goals of this body of work were achieved by delivering
next generation therapeutiag(@ntisense oligonucleotide) to mast cells thereby interrupting
disease pragssion. Mast cells have been confirmed as the primary driveamie diseases
and may contribute to multiple allergic diseasesngto both their capacity as effector cells
and potential for praggating allergic disease progression. Clear pathogenesiadidbeen
sufficiently interrogated for all diseases and comparative biormadsddhere yet model
characterizatiovasbeyond the scope of these investigations. Mast cell involvement has been
documented for the following diseases or comparative biomadeisanuscripts below
aggressive systemic mastocytosis, mast cell leukemia, and anaphifexiele of mast cells
in allergic diseasand/a disease biomodels for asthma and eosinophilic esophagitis has not
beencompletely elucidated. Research in theseas helps create basic tools for mast cell
detection and metrics for disease progression to bridge gaps in knowiskgarch and

technical reports presented herein furttieracterize biomodels of rare disems

Delivery of oligonucleotides has beeaviewed (Chapter 1yvith emphasis on chemical
modifications thataffect antisense oligonucleotide (ASO) efficadyroof of concept data,

norclinical efficacy biomodels, and safety data were investigated in this body of work. For



proof of concept, we inwtigatedn vitro cellular uptake and effect of ASOs, more specifically,

an exon skipping oligonucleotide with evidence of frameshifting oligonucleotide effects
(Chapter 2)Mast cell signalingpathways were furtheglucidated (Appendix A and B) and
canoncal signaling pathways were interrupted by therapeutic K3@pter 2. Subsequently,

in vivocellular uptake of the ASO by both human neoplastic cells in a mouse xemogdzait

and mouse origin neoplastic cells in an isograft (i.e. syngeneic) model skeated the
effectiveness of the ASO at tumor burden reduction and arresting tumor grawitfhciimical
efficacy studies with comparative biomodels (Chapter 2). Interestingly, successful intravenous
delivery of ASO has a disproportionate effect on cirtadpneoplastic mast cells, limiting

their spreadnto distant sites (i.€oci within organs) in biomodels of mast cell leukemia and
aggressive systemic mastocytosis (unpublished). Expanding on preclinical efficacy models and
confirming key molecular pharmacology aspeutsyivo uptakeof ASO and effect onnon
neoplastic mastellswasfurther confirmed by administration via intradermal, intraperitoneal,
and intravenous routes proposed for control of anaphylaxis (Chapter 3). Towards safety
assessments, thecently patentelitStop ASO was interrogated for effects on hematdpoie
tissues through hematology profiles and organ toxicity survey via serum chefGisayter

3) with noovertadverse findings. Further, administration route for the KitStop ASO and other
mast cell targeting ASOs has been hypothesized for treatmenthofeagy biomodels so a
device for intrapulmonary drug delivery was designed and refined through an iterative process
(Chapter 4). ASO was effective at reducing lung inflammation in an ovalbimchirced
allergic mouse biomodel of corticosteraigsistant akma confirmed by special staining
procedures (unpublished)efarately, gecial staining procedures were validated for key

allergic effector cells, including mast cells and eosinophils, in an ovalbimchirced allergic



pig biomodel of eosinophilic esophtag (Chapter 5, Appendix C and D). Finallyoly-N-
isopropylacrylamiddased (pNIPAM) advanced materials were usethierapeutidelivery.
More specifically, oligonucleotides were loaded into pNIPAM nanomaterialsofuraied
releas€unpublished) angNIPAM microgelswere loaded with nanosilver faround healing

in biomodels (Appendix E).

In summary, the core objectives for the body of work were accomplished by delivering
oligonucleotides to control disease and/or further contribute to knowledgkeodisease
biomodels.The following chapters and appendices detail buoely of worksegregated by

primary authorship and eauthorship, respectively
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CHAPTER 1

DELIVERY OF OLIGONUCLEOTIDES

Contribution: DBSauthoredhe manuscript



Abstract

Oligonucleotide therapeutics have the potential to treat multiple disease conditions by
altering the expression of genes. Gene expression is modulated through posibimahgkne
silencing or alteration of protein expression. Gene silencing generally occurs through
molecular mechanisms that blockade the production of the target protein by interrupting either
RNA transcript splicing or the process of translation. Reamghimolecular pharmacology of
transcriptome and proteome modification includes RNA interference;coding RNA
inhibition, gene activation, programmed gene editing, and splicing modifications of RNA
transcripts through exeskipping, spliceswitching, andrameshifting. Owedo base pairing
specificity, antisense oligonucleotide offers advanced targeting, even targeted to specific cells
or organs producing a particular protein. As proof of concept and clinical trials reviewed,
several oligonucleotide thgrautics have gained approval and there is significant potential
given the broad applications to alter the transcriptome. However, delivery of the molecule is

being addressed in various ways that warrant review for such a promising therapeutic.



Abbreviati ons

ADA: Antidrug antibodies

ADMEL: absorption, distribution, metabolism, excretion and toxicity
ASO: antisense oligonucleotide
ASOs: Antisense oligonucleotides
BSCB: blood spinal cord barrier
CPP: Cellpenetrating peptides

DNA: deoxyribonucleic acid

EMA: European Medicines Agency
ESO: Exonrskipping oligonucleotide
FDA: Food and Drug Administration
FSO: Frameshifting oligonucleotide
GOF: Gain of function

LNP: Lipid nanoparticle

LOF: Loss of function

RNA: ribonucleic acid
SSO:Spliceswitching oligonucleotide

UPI: Unique artificial protein isoforms



Glossary

ADA: Antibody-mediated immunogenicity eliciteth vivo to a given drug. Drugpecific
antibodies can reduce the efficacy of the treatment and even fully inactivate thardtioy
they can induce adverse effects.

Antisense oligonucleotides (ASOS$)inglestranded oligonucleotides complementary to RNA

target sequences.
Aptamers Singlestranded oligonucleotides (M0 nucleotides) which adopt three
dimensional structuresdhallow them to bind very specifically to protein target sites.

Bloodi brain barrier (BBB) and bloddpinal cord barrier (BSCB)Selectively permeable

membranes of the central nervous system (CNS) vasculature. Only small molecules (molecular
weight below 40-500 Da) and high lipid solubility (logP value of approximately 2.1) can cross
these vascular barriers. Generally, oligonucleotides display a molecular weight of
approximately 10 kDa and are hydrophilic; henoligonucleotidesare too large and
hydrophlic to cross biological barriers by passive diffusion.

Cell-penetrating peptides (CPPShort cationic and/or amphipathic peptides (usually less than

30 amino acids) capable of translocating different types of cargoes across biological barriers
and cell nembranes. CPPs can be directly conjugated to oligonucleotides (ONs) or used to
encapsulate ONs into nanoparticles.

European Medicines Agency (EMAAgency of the European Union in charge of the

evaluation and supervision of medicinal products. The EMAlifaigis development and
access to medicines, evaluates applications for marketing authorisation and monitors the safety

of human and veterinary medicines.



Food and Drug Administration (FDAThe federal agency of the United States Department of

Health andHuman Services, responsible for protecting public health by ensuring the safety,
efficacy and security of human and veterinary drugs

Gapmer Chimeric antisense oligonucleotides (ASOs) that contain a central block of DNA
nucleotides, flanked by modified se@ nc e s, us u a tOmodifiedoon bbckedn i n g
nucleic acid (LNA) chemistries. Gapmers are used for gene silencing by stimulating RNA
cleavage through the recruitment of RNase H.

Gene silencingFunctional genomic control that regulates and suppregsss expression

resulting in loss of function

Lipid nanoparticles (LNPsDelivery systems based on LNPs are composed of one or several

lipid components, often an ionisable cationic lipid used for complexation of polyanionic
DNA/RNA and stabilising helpelipids such as distearoylphosphatidylcholine (DSPC) and
cholesterol. In addition, LNPs may be stabilised sterically by surface coating with polyethylene
glycol (PEG). LNPs have a complex internal lipid architecture that is well suited for stable and
efficient encapsulation of DNA/RNA cargoes.

MicroRNAs (miRNAs):Small noncoding RNAS¥22 nt), which regulate gene expression at

the posttranscriptional level by degrading target mRNAs, when complementary to the
sequence, or inhibiting their translation whert idly complementary. Each miRNA can
influence the expression of hundreds of mMRNAs.

Peptide nucleic acid (PNAYUNncharged oligonucleotide chemistry with amide bond linkages

between the nucleobases. PNAs are manufactured by peptide synthesis.

Pharmacodynaiwos (PD) The relationship between the drug concentration at the site of action

and the observed biochemical response and its efficacy.



Pharmacokinetics (PK)The time course of drug absorption, distribution, metabolism,

excretion and toxicity (ADMET), awell as the liberation of a drug from its formulation.

Phosphorodiamidate morpholino oligonucleotides (PNO8J)igonucleotides containing

uncharged chemistry. The nucleic acid backbone has been replaced -mgml&ered
morpholino rings and phosphorodianteléinkages, while retaining standard nucleobases.

RNAse H cleavageRNAse H hydrolyses the phosphodiester bonds of RNA when hybridised

to DNA.

siRNA: Small interfering RNA

Small interfering RNA (siRNA)Doublestranded RNA (~21 nt) composed of a guidarsdr
complementary to the target mMRNA and a passenger strand. siRNAs act within the endogenous
RNA-induced silencing complex (RISC) to degrade mRNA.

SSQ Spliceswitching oligonucleotide

Pl: Unique artificial protein isoforms



Key words

Oligonucleotide
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Introduction

Oligonucleotide (ON) therapeutics have increasing relevance in modern medicine
owed to their unique pharmacology and divergpliaations. Demonstrating relevance,
seventee®N have been approved by the US Food and Drug Administration or the European
Medicines Agency (Brown et al., 2021; Xiong et al., 2024 )isted on Table.T'he majority
have been approved in the past dec&ad. relevance has emerged owed to the specific
targeting that occurs for the transcriptome and proteome of targeted cells. In many ways,
targeting transcriptomes and proteomes of specific cells delivers on the promise of tailored
treatments based on knowtge of functional genomics.

ON therapy represents a paradigm shift in therapelicsany waysye are one step
closer to broader acceptance of tailored treatments that offer a response to the challenge offered
by the founder of chemotherapy, Nobel Leate, and Prussian physician, Paul Ehrlich, who
p o s i wirentissefi chemisch zielen leroen (i . e . Awe have to | earn
(Strebhardt and Ullrich, 2008) over 100 years ago. Although his work focused on the theory
of fAside chididnddatvehi dlhe aod ari fied as Arecept
had created a therapeutic index comparing the relationship betwdargehand oftarget
treatment.

Paul Ehrlichés observations were made reg
with chemotherapeutics preferentially compared to targeting organs (i.e. cells, tissues, and
organs) of the body. In this way, specific delivery avoiddafet effects and toxicity thereby
creating P Zauderkug@elf i I. ie c h 6fisma g irlich, 1908; Witkop,01999; ( E h

Strebhardt and Ullrich, 2008)he specificity offered byheoreticallytargeting cell types and



organisms based upon theoretical differences in these receptors depends on many internal
cellular factors as well far beyondthegce of medi ci ne in the | ate

Today, scientists continue to characterize cells and cell subtypes based on the presence
or absence of these receptors which are responsible for the complex overlay of signaling
cascades that yield cetiim and function (i.e. phenotype). While understanding of genotypes'
relationship to phenotype was improving, progress was limited untilthd @i® 0 6 s when t
race to sequence the human genome would result in the creation of tools that are, now,
commonphce in research laboratories. These tools have aided scientific approaches to
understand genomics, transcriptomics, and pr
Now, we are better equi ppedZauberkuget vel op and d

Despte significant advances in the understanding of therapeutic applications for
modifying the transcriptome of target cells, delivery to target sellszoremains challenging
thereby limiting clinical applications. Simply, key determinants of pafefoncept
experiments are not always the key determinants for ultimate clinical success. Importantly,
lack of clinical efficacy has been limited even when administering high doses (Khvorova and
Watts, 2017) therefore increasing risk of-te#fget effects and desasing potential use.

Delivery is the primary obstacle for vivo delivery and effective targeting with large
molecules including ON that are typically -B9 base pairs in length (see Fig 1) which
generally corresponds with 4.6 to 9.2kDa. As reseasché#tempt to bridge this gap in
knowledge, a review of oligonucleotide therapeutic delivery highlights key approaches

including chemical modification, conjugation to delivery moieties, and addition of carriers.



Table 1. List of select antisense oligonuebtide drugs developed by indication.
Development of clinically applicable oligonucleotides has been pursued for multiple disease
processes using a variety of moieties enhancing delivery and molecular pharmacology
mechanism from proedf-concept studies weards the preclinical and clinical studies
highlighted herein. Enahanced delivery included antibody, peptide, GalNAc, and lipid
nanoparticles. Molecular pharmacology mechanisms of action included antisense
oligonucleotides (ASO), ASO, short interrupting RXsIRNA) to exploit RNA interference
(RNAI), aptamer, small activating RNA, and antisense to microRNA-@IRNA). PMO =
phosphorodiamidate morpholino. (Modified from Xiong et al., 2021 and Roberts et al., 2020)

Indication Drug name Molecular Enhanced delivery  Status or approval Sequence

pharmacology available
Alpha l-antitrypsin deficiency ARO-AAT siRNA; RNAi GalNAc Clinical trials started ~ N/A
Alport syndrome RG-012 anti-miRNA N/A Clinical trials started N/A
Alzheimer's / dementia IONIS-MAPTRX ASO N/A Clinical trials started N/A
Amyotrophic Lateral Sclerosis tofersen ASO N/A Clinical trials started N/A
Amyotrophic Lateral Sclerosis IONIS-C9Rx ASO N/A Clinical trials started N/A
Atherosclerosis inclisaran ASO GalNAc EMA, 2020 Yes
Batten disease, CLN7 milasen ASO N/A FDA: 2018 N/A
Beta-thalassaemia SLN124 SiRNA; RNAI GalNAc Clinical trials started N/A
Carcinoma, hepatocellular MTL-CEPBA small activating RNA Lipid Nanoparticles Clinical trials started ~ N/A
Cardiac regneration AZD8601 mMRNA Lipid Nanoparticles Clinical trials started ~ N/A
Centronuclear myopathy IONIS-DNM2-2.5Rx ASO N/A Clinical trials started N/A
Chylomicronemia volanesorsen ASO N/A EMA, 2019 N/A
CoVID-19 (SARS CoV-2) vaccine BNT162b2; tozinameran modRNA Lipid Nanoparticles FDA, 2021 N/A
CoVID-19 (SARS CoV-2) vaccine mMRNA-1273 modRNA Lipid Nanoparticles FDA, 2022 N/A
Cutaneous fibrosis remlarsen miRNA N/A Clinical trials started N/A
Dravet syndrome STK 001 ASO N/A Clinical trials started ~ N/A
Dry eye syndrome tivanisiran SiRNA; RNAI N/A Clinical trials started ~ N/A
Duchenne muscular dystrophy eteplirsen ASO (PMO) N/A FDA: 2016 Yes
Duchenne muscular dystrophy golodirsen ASO (PMO) N/A FDA: 2019 Yes
Duchenne muscular dystrophy casimersen ASO (PMO) N/A ; FDA, 2021 N/A
Duchenne muscular dystrophy SRP-5051 ASO (PMO) Peptide Clinical trials started ~ N/A
Duchenne muscular dystrophy viltolarsen ASO N/A Clinical trials started N/A
Duchenne muscular dystrophy suvodirsen ASO N/A Clinical trials started N/A
Hemophilia A and B fitusiran siRNA; RNAI GalNAc Clinical trials started N/A
Hepatitis B AB-729 anti-miRNA GalNAc Clinical trials started ~ N/A
Hepatitis C miravirsen anti-miRNA N/A Clinical trials started N/A
Hepatitis C RG-101 anti-miRNA GalNAc Clinical trials started ~ N/A
Huntington disease IONIS-RG6042 ASO N/A Clinical trials started N/A
Huntington disease WVE-120101 ASO N/A Clinical trials started N/A
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Table 1 (continued)

Indication Drug name Molecular Enhanced delivery  Status or approval Sequence

pharmacology available
Hypercholesterolemia, familial mipomersen ASO N/A FDA: 2013 Yes
Hyperoxaluria, type 1 lumasiran SiRNA; RNAI GalNAc EMA, 2020 Yes
Hyperoxaluria, type 1 DCR-PHXR SiRNA; RNAI GalNAc Clinical trials started N/A
Kidney graft QPI-1002 SiRNA; RNAI N/A Clinical trials started N/A
Macular degeneration, age-related pegaptanib Aptamer N/A FDA: 2004 Yes
Myotonic dystrophy EDO51 ASO (PMO) Peptide Clinical trials started ~ N/A
Myotonic dystrophy EDODM1 ASO (PMO) Peptide Preclinical N/A
Myotonic dystrophy AOC 1001 SiRNA; RNAI Antibody Clinical trials started ~ N/A
Polycystic kidney disease RGLS4326 anti-miRNA N/A Clinical trials started N/A
Prorphyria, acute, hepatic givosiran siRNA; RNAi N/A FDA: 2019, EMA: 2020 Yes
Retinitis, cytomegalovirus fomivirsen ASO N/A FDA: 1998 Yes
Spinal muscular atrophy nusinersen ASO N/A FDA: 2016 Yes
T celllymphoma, cutaneous cobomarsen anti-miRNA GalNAc Clinical trials started N/A
Transthyretin amyloidosis, hereditary inotersen ASO N/A FDA: 2016 Yes
Transthyretin amyloidosis, hereditary patisiran SiIRNA; RNAI N/A FDA: 2018, EMA: 2018  Yes
Transthyretin amyloidosis, hereditary vutrisiran SiRNA; RNAI GalNAc Clinical trials started N/A
Transthyretin amyloidosis, hereditary resvusiran siRNA; RNAI GalNAc Clinical trials started N/A
Veno-occlusive liver disease defibrotide Aptamer N/A FDA: 2016 N/A

Sequence specificity

ON sequence specificity has been touted as the molecular mechanism most likely to
pharmaceutically control gene splicing (i.e. RNA splicing) (Pirollo et al., 2003). Therefore,
ONs have a potential application to treat rare diseases througfsitgreng (reviewed in
Deleavey et al., 2012), allefgpecific gene silencing (reviewed inlMr et al., 2003), and have
even been developed for personalized medicine applications by offering precision medicine
options to individual patienotf4do0asl|l idemoaltt a
milasen (Kim et al., 2019).
ON are composedf a sequence of polymerized nucleobases aligned along a chemical
backbone. Complementary bgs&iring, according to Watse@rick principles of congruent
hydrogen bonding between nucleobases A:T, C.G, and A:U aligned in opposing directions
fromsense (ie56 t o 30) and antisense (i .e. a80 to

depicted in Figurd.

11



3* Antisense strand

T T ol L T1
ATCACGGATCAG GCAAGCGGAATTEGGCGACATAA
UAGUG UAGUCGGCGUU G.j

3

5,IllllJlllllllllLLlll

RNA Transcript

TAGTCGGCGTITCG TTAA GCTGTATT

TAGTG

Sense strand

Figure 1. Alignment of nucleobases between antisense oligonucleotides transcripts.
WatsonCrick base pairingalign nucleobases of the oligonucleotide sequence with RNA
(Modified from NIH, 2021).

The terminology generally adopted for complementary sequences wé rRINA
produced from the antisense strand of DNA is antisense RNA. Similarly, synthetic
oligonucleotides with the same function resulting in hybridization of two strands is called,
appropriately, antisense oligonucleotide (ASO) (see FigjurRegardlessfahe synthetic or
natural chemical backbone with or without chemical modification to the nucleic acids (i.e.
nucleobases), US government institutions including the National Institutes of Health and Food
and Drug Administration regularly utilize the termaiagy of ASO (FDA, 2021; NCI 2021).
Surprisingly, the ASO nomenclature varies somewhat depending on academic or industry

sources wherein ASO has sometimes been relegated to the description for only RNAi methods
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or all single strands of oligonucleotidesentied for interaction via base pairing, where
convenient.

ASO chemical modifications can be made for the nucleobase and backbone. Backbone
chemistry modification has become increasingly important to resist endonuclease and
exonuclease degradation of therdgpeutic. The structural backbone of deoxyribonucleic acid
(DNA) and ribonucleic acid (RNAgontainssugar (i.e. ribose) moieties with phosphate bonds
forming the sugar backbone. Assembling an analogous molecule, chemical backbones have
been synthesizedrqviding similar spacing of nucleobases to allow complementary base
pairing of ON with native prenRNA and mRNA targets.

Nucleobase modifications includendethycytidine replacing cytosinesrbethyuridine
(ribothymidine) replacing uracil, and abasic RNAlexing any of the bases. For clarification,
abasic RNA is, in essence, a blank wherein the ribose lacks adenosine, thymidine, cytidine, or
guanosine.

Backbone substitutions and additions to the ribose and phosphate group or complete
replacement by phosplodiamidate morpdiino (PMO) or peptide forming the peptide nucleic
acid (PNA). Backbone modifications include substitutions and additions to the ribose and/or
substitution on phosphate groups including variable numbers of R and S stereoisomers of
phosphoothioates. Additionally, phosphorodithioates and phosphoramidites are other
modifications of phosphate groups.

For ribose modification, the-Baember carboonly ring of the chemical backbone can
be altered to create the substitutions or bridging. Substito n o f the 26 hydr
bonding the 26 oxygen with the 46 carbon bri

additi-omephyR26gr ou-P-métBaxy@NMe)y,] @ 6-MOEdTL 0 o280

13



For modi ficati onst ot hadt cbharribdogne, 2cbo nssxtyrggeemt s a
Rgroup | inker. The new bridge forms an et he
bridging options include methylene, ethylene, and ethyl bridges. When adding a methyl group,

t he 2 éanmethyleddiicglonucleoside is formed (Koshkin et al., 1998; Obika et al., 1998)

which is referred to as locked nucleic acid (LNA) or bridged nucleic acid (BNA).

Other conformationally restricted nucleosides (also referred to as constrained
nucleosides) include atwwar bon R gr oup adeeitthiydn otre af o2ronC
ethylene bridge. The advantage of constrained nucleosides is that additional steric bulk from
the added R group bri dge c aendoeonforpationkvEchi ng o
shortens thenterphosphate distance in the backbdhnereby greatly enhantg nuclease
resistance (Seth et al., 2010). Another kind of bridge is formed when an ethylene bridge with
acyclopropane ring is added to t h-BNA3whichand 56
resembles two adjoining rings in the stick representation (Renneberg and Leumann, 2002).
Tricyclo-DNA has increased RNA binding affinity (Renneberg and Leumannp2;200
Echevarria et al., 2019).

Phosphodiester (PO) bonds between individual sugars can be selectively replaced by
phosphorothioate (PS). Phosphate groups at the end can be replaced by phosphoramidite
(PNR2) and phosphorodithioate (PS2) to aid further maditio. The phosphorothioate
groups, despite increasing cytotoxicity in a fsmguenca&ependent manner (Azad et al.,

1993), are generally introduced for increased nuclease resistance. Many ASOs contain
modifications to every ring or phosphate group aldmgliackbone, generally referred to as
fully modified or fully synthetic. These ASOs have resistance to endonucleases and

exonucleases. Alternatively, partially synthetic ASOs, including gapmer and mixmer ASOs,
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contain alternating modifications. Gapmersédavmo di f i cati ons at t he &
backbone to resist primarily exonuclease degradation. In fact, gapmers are designed to enable
cleavage by RNasd, an endonuclease, when annealing to-mpRNA or mRNA.
Alternatively, mixmers have intermittent bdomwne modifications to balance resistance to
nucleases and potential for toxicity (Hebb et al., 1997). Similarly, chemical modifications

affect annealing affinity as measured by melting temperature elevations of 2°C (Manoharan,
1999). This change affectffiaity in a manner similar to increased G:C ratios and relative

length of ON.

Modification is thought to affect delivery, solubility, and cellular targeting due to
differences in chemical properties. Notably, DNA and RNA have an overall negative charge
whereas PMOs tend to retain a balanced and near neutral charge. The primary issues
concerning chemists remains the selection of
or 36 end of the ON to at tnaitcolandid @vo applieatiops mo i et
have demonstrated various documented toxicity owed to the target atargenspecificity.

Most ONs target RNA sequences for gene silencing (reviewed by Xiong et al., 2021),
which is accomplished through multiple mechanisms. Most receABOs have been
developed with the goal of altering gene splicing (i.e. RNA splicing), gene activation, and other
gene control. The canonical mechanisms of protein synthesis can be altered for, theoretically,
any protein a cell produces either skewingdoiciion towards a known isoform of the protein
or even producing unique, y&t bereported protein isoforms. Ultimately, halted production
or skewed production of a different or unique protein isoform may modify cellular phenotype.

There are multiple motailar avenues to achieve the functional outcome.
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More specifically, affecting the RNA processing and RNA translation for any mRNA
variant associated with protein production can affect signaling pathways and cellular function.
In this way, mRNA variants ni@ssociated with protein production and newly spliced mRNA
variants can be produced using exskipping ASO (ESO), splieswitching ASO (SSO), and
frameshifting ASO (FSO). ESO, SSO, and FSO functions markedly expand the possibility for
therapeutic targets

Molecular pharmacology for each ON therapeutic is diverse offering a wide range of
potential strategies to ultimately affect protein sequence or protein expression. Beyond the
native RNA interference (RNAI) described by Fire and colleagues (Fire €t98i8), the
primary mechanism of action for early ASOs, used microRNA (miRNA) or simtelifering
RNA (siRNA) for posttranslational gene silencing.€. gene silencing). These RNAI
mechanisms resulted in mRNA degradation (decay) followingspieific bae pairing,
forming a doublestranded molecule resembling doubteanded RNA (dsRNA), and
subsequent cleavage by cellular machinery including Dicer for longer strands and/or the RNA
induced silencing complex (RISC) for shorter strands wherein ASO isiithe mpolecule (Fire
et al., 1998).

Contemporaneous mechanisms of action include one or more of the following: target
MRNA decay (gene silencing) via RNasdependent mechanisms for double stranded (ds)
RNA or ds complexes of RNA/ASO, target mRNA degradati@ Dicer mediated activation
of the RISC complex wherein ASO serves as a guide, steric hindrance / steric blockage of
ribonucleoproteins via ASO binding the mRNA, activation ofgeodecay via RNase
dependent mRNA decay mechanisms, miRNA mediated mRéaydfollowing masking

with redirects sequestered miRNA, prevention of mMRNA decay through physical binding by
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ON, release of sequestered splicing machinery protein, splice modification for exon skipping
(i.e. ESO) to increase or decrease protein expregsigare 2) splice modification for exon
inclusion via splice switching (i.e. SSO), inhibition of nonsense mediated decay of mMRNA
following splice modification, activation of nhonsense mediated of mMRNA following splice
modification (Xiong et al., 2021), drsplice modification via frameshifting (i.e. FSO) (Howard

et al., 2004) by blocking splice sites allowing recognition of cryptic splice sites (see Fig 2). A
poignant example is-kit and c¢Kit frameshifting resulting in premature stop codon (Snider et
al., 2021).

Simply, altering the putative target sequence requires foreknowledge of target
sequences, splice sites, and cryptic splice sites. While the field is young and developing, there
is significant room for predictive technologies to guide design. @diarely, the most
straightforward approach to identify lead compounds would include systemic design of all
possible sequences compared to an RNA database. Such a brute force approach would not
require the knowledge of all target RNA sequences, splicg sital cryptic splice sites, but
remain out of reach for most due to the laborious and expensive nature of such a pursuit
coupled with limited abilities to anticipate, properly monitor, and evaluate possible phenotypic
outcomes of high throughput and rapateeningn vitro.

Therefore, most lead candidate ASOs have been developed like conventional small
molecule pharmaceuticals with a -fidr-purpose endpoint evaluation and iterative
modifications that result in measurable effect on the intended targete(s=e in this case).
Measurable outcomas vitro andin vivo generally include delivery of ASO to the nucleus,
ASO effect on RNA, and ASO effect on protein expressiana result of the ASO specificity,

the offtarget effects are expected to be miniowahpared to therapeutic effect. If the approach
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can be reliably measureahygene product (RNA and protein) can become a reasonable target
as the ASO can control relative number of RNA transcripts (expression), exon sequence within
the RNA transcripts (RN variants), and subsequent protein expression including relative

amount of protein expression, protein isoform ratios, and unique protein isoforms.

V/a\V/a\V/a\

DNA double helix
‘pr-e-mRNA N > >
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pre-mRNA with numbered introns
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TH2is3ifaiisuelr T2l siisilr
Native mRNA variant Truncated mRNA variant due to exon skipping

Figure 2. Molecular pharmacology of exon skipping. (A8) Gene on DNA contain coding
regions (A) for translation to pr@RNA which contains exons (gold) and introns (rési).

(C) PremRNA is further processed (i.e. splicing) via spliceosome (green) to remove introns.
(D-F) The dominantly produced splice variant abgessed mRNA (i.e mRNA variant)
contains a specified number of exdi¥ whereas introduction of an exon skipping AON
(grey)(E) interferes with normal splicin@). (F-G) Interruption of splicing by blocking splice
sites(F) produces truncated varianS) including less common naturally occurring mRNA
variants and/or artificially truncated mRNA variants.
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Challenges of antisense oligonucleotides (ASO)

Early clinical trials conducted with first generation ASOs (irenodified or minimally
modified oligonucleotide therapeutics) largely failed to produce a significant improvement in
patient outcomes (Roberts et al., 2020). Drugs must overcome several barriers to achieve entry
of target cells and localization towardietsite of action to exhibit therapeutic effects (Juliano
et al., 2016). Delivery, moreover, efficient delivery is the primary barrier to ASO therapeutic
development. Initially, both delivery and efficacy were improved with agvemg approach.

First, aterations were made to the chemical backbone yielding second and tertiary
generations of ASOs. Second, conjugation with moiety for enhanced delivery (MED) increased
delivery to the site of action. Indeed, clinical application of first generation ASOs had a
negative effect in the field (Khvorova and Watts, 2017).

In the past two decades, most Fapproved ASOs had chemical modifications to the
backbone and/or MED conjugated with the ASO. To date, stgnteeSOs have received
regulatory approval by FDA roEMA: casimersen,defibrotide, eteplirsen, omivirsen,
golodirsen, givosiraninclisaran,inotersen,lumasiran,milasen,mipomersenmRNA-1273,
nusinersen, patisirapegaptaniliozinameranandvolanesorsei(FDA, 2021). Of these, only
ten ASOs are currdély available on the market. Fomivirsen and mipomersen have been
discontinued (FDA, 2021). Now that this therapeutic approach has become more prevalent,
increasing numbers afinical trials contain ASOs with conjugated MEDSs.

lonic bonding of nucleic acgl into nanocomplexes is a potential avenue for
overcoming some of the barriers to delivery; however, more work needs to be completed to
document disposition, metabolism of added components, distribution, interaction with

systemic proteins, immune responsgl] uptake, and localization to the site of action.
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Therefore, conjugation chemistry will remain the focus of this review for these four
reasons. First, conjugated ASOs can be incorporated into synthetic ionic complexes or
designed to form ionic bondsitiv systemic proteins or lipoprotein complexes in the body
thereby aiding delivery. Second, there is a continued need to bridge the knowledge gap on
factors influencing ASO systemic delivery (i.e. gadinetrating and cethrgeting). Third, the
majority d FDA-approved ASOs are conjugated to a MED. Finally, MEDs hold tremendous
promise to overcome some of the intracellular barriers to gaining access to the site of action.
While conjugated ASOs and ASO delivery may be improved in some instances through the
formation of ionic complexes, the kinetics of dissociation and ionic bonding predictions in
complex substances as well as other factors mentioned above are beyond the scope of this
review.

ASOs require cellular uptake and transport to the cytoplasm teusuof target cells
to exert their intended effects. Attempts iat vivo delivery have highlighted some
characteristics that present challenges for translational research and development of clinical
therapeutics. To address these challenges, avoid qitéaltl bridge the knowledge gap, key

stakeholders have documented their findings.

Route of administration

Translational efforts have been aimed at effective delivery to the target tissues. To
avoid toxicity, select tissues are avoiddturally, systemic administration via intravenous
injection or oral absorption offers an attractive approach to distribute the ASO. Limited success

for oral delivery has occurred simply due to degradation by RNase (Akhtar, 2009) while non
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protected ASOsanstructed of DNA or RNA have plasma hhié of less than 10 minutes
(Srinivasan and Iversen, 1995).

Similarly, intravenous administration is limited by nuclease degradation (Srinivasan
and Iversen, 1995), renal clearance (Agrawal, 1996), sequestratiggiladma proteins
(Srinivasan et al.,, 1995), activation of coagulation cascades, and sequestration by
reticuloendothelial system (Geary et al., 2015).

Additionally, most ASOs do not readily pass the bltisduebarrier (BTB) owed to
their chemical propegs. More specifically, the bloedrainbarrier (BBB) presents an even
tighter barrier that ASO cannot cross despite the strong interest in delivery to the brain for
treatment of neurodegenerative diseases.

There is a lack of passive or active plasma mamds transport for these hydrophilic,
large molecules (up to 10kDa in this case) thereby limiting the volume of distribution.
Additionally, most ASOs, except PMOs, are anionic at physiologic pH resulting in further
electrostatic repulsion. Nonetheless, réhés disproportionate passive delivery to highly
vascularized tissuef short, ASG accumulate passively in ndgarget visceral organs with
high blood flow including kidney and liver (Geary, 2009). Additionally, spleen, lymph nodes,
and bone marrow acowlate ASG (Geary, 2009).

To avoid offtarget deleterious effects, avoidance of these tissues remains a focus for
some ASO therapeutics in development. Historicallytaffet effects occur most frequently
in the kidney and liver for multiple reasonglunding the high metabolic rate, high blood flow
(i.e. exposure), metabolic pathways specific to these tissues (e.g. metabolism and activation),
and passive exposure. Indeed, liver and kidneys are site of ASO accumulation and previously

reported toxicity.However, specific cell types within the liver and kidney have become
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therapeutic targets for ASOs. Therefore, reviewing both avoidance and targeting of liver and
kidney are warranted.

The liver and kidneys are passively targeted during systemic exposargepart due
to the high vascularization, high blood volume passing through the organ, and unique anatomic
features. Liver has discontinuous sinusoidal endothelium and dual blood supply from hepatic
artery and portal vein (GraeBancho et al., 2021). ikheys have fenestrated capillary
endothelium (Rhodin, 1962). Indeed, the liver and kidneys serve several functions including
detoxification and metabolism. ASO and nanostructures not electrostatically associated with
blood proteins may be passively taggkto the liver. Receptanediated pathways have been
demonstrated to facilitate uptake of ASO in liver (Miller et al., 2018). As a result, excipient
ONs improve the uptake of the ASO drug as distribution varies by compartment within the
liver (Donner et b, 2017).

Generally, nonconjugated ASOs accumulate preferentially into sinusoidal endothelial
cells, Kupffer cells, and hepatic stellate cells (i.e.-parenchymal cells) (Murray et al., 2018;
Prakash et al., 2014). Therefore, further emphasis hasplssad on celtargeting ASOs for
targeting of hepatic parenchymal cells (i.e. hepatocytes). Indeed, ASO uptake is facilitated by
molecular pathways including Stabilin for sinusoidal endothelial cells and Asialoglycoprotein
receptor (ASGR) for hepatocyt@3onner et al., 2017; Miller et al., 2018). Interestingly, uptake
of nonconjugated ASOs and&tetylgalactosamine (GalNAc) conjugated ASOs is facilitated
by ASGR for hepatocytes (Tanowitz et al.,, 2017) and GalNAc conjugation increases
preferential uptakeybhepatocytes (Prakash et al., 2014). A major improvement to any ASO
design would include targeting to the site of action as well as avoidance of accumulation in

liver and kidney.
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Therefore, systemic treatments including intravenous and oral absorptierhadv
variable results and the extent of binding to plasma proteins affects pharmacokinetics. To better
target specific organs, direct delivery routes have been explored including inhalation and direct
injection to the eye and central nervous system. Toverelocal delivery via intravitreal and
subretinal methods provide ASO to the eye (Cideciyan et al., 2019) and intrathecal injections
deliver ASO to the spinal cord and/or brain (Hache et al., 2016). Renal clearance is avoided by
intravitreal and intratbcal routes of administration thereby reducing exposure to the tubules
of the nephrons of the kidney. In theory, inhalation delivery targets the tissues of the respiratory
system (Chow et al, 2020); however, systemic exposure remains an issue to bétdealaw

caseby-case basis depending on dose and ASO characteristics.

Uptake and trafficking

Intracellular delivery to target cells is key for therapeutic efficacy. Uptake of ASO
depends largely on endocytosis, formation of the endosome, and potesital fuith
lysosomes. To avoid degradation within lysosomes, endosomal and lysosomal escape
molecules have been proposed (Crooke et al., 2017). The most notable endosome,
endolysosome, and/or lysosome eseapabling delivery moieties are polycationic proto
sponges (Bus et al., 2018) that most closely resemble viral escape mechanisms such as HIV
TAT (NadalB u f | et al ., 2020) . Through gymnosi s,
delivery moiety) single strand ASOs (ssASOs) that are relatively snthllnmnimal charge
to enter cells and escape the endosomal trafficking (Takahasi et al., 2017; Stein et al., 2010).
For ASOs, only a small fraction escapes endosomal transport to become available (Gilleron et

al., 2013) in the site of action at the cytospinucleus. Importantly, dsRNA is typically too
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large to pass via gymnosis thereby eliminating the delivery avenue for some siRNA ASOs.
Given that delivery moieties could improve ASO uptake, trafficking, and release at the site of
action, a wide varietyfadelivery moieties have been proposed (Biscans et al., 2020; Roberts

et al., 2020; Hammond et al., 2021). Indeed, chemical modifications can improve delivery;

however, the nuances of drug design to exploit ASO chemical modifications to the backbone
and nwleobases should be viewed in the translational medicine context wherein delivery
moieties can improve delivery to cellular targets thereby reducing toxicity to furtireskde

clinical applications.

Chemical modification

Modifications to thenucleobase, ribose sugar moiety, and phosphate bonds that reduce
off-target effects and improve biodistribution, pharmacokinetics, and pharmacodynamics
thereby improve delivery (Geary et al., 2015; Wan and Seth, 2016). Nuances of drug design
inherent to te ASO application (e.g. gapmer versus steric blocking, etc) affect these
characteristics as chemical modifications are selected for efficacy red$musetical and
empirical iterative improvements have yielded improvements to next generation ASOs.

Over ime, a few trends emerged and chemical modifications were earmarked as
generations for each step of this iterative approach. First generation ASO with PO bonds were
largely degraded rapidly (Akhtar, 2009) with insufficient distribution andlifalfhowe\er,
increasing dose with such a rapidly degraded drug can result in increased delivery to organs
that clear compounds, especially the kidney (Agrawal, 1996). Additionally, renal clearance of
ASO with full PS bonds in the chemical backbone resulted in kidnpery (Agrawal, 1996).

Hence, a delivery moiety was sought at the time to improve targeting. Nonetheless, second
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generation gapmers and mixmer ASOs containing PO and PS bonds in the chemical backbone
had sufficiently improved pharmacokinetic profilesuking in greater delivery to tissues even
without a delivery moiety (Hung et al., 2013). More specifically, eight of the-Bpgroved

ASOs (FDA, 2021) lack delivery moiety indicating that chemical backbone modification was
sufficient to improve deliveryfor these applications. Given the diverse applications and
possible avenues of approaanjque drug designs have gone beyond the gapmer mechanism
of action common with first generation ASO8dng 202)). Therefore, third generation ASOs

have increasing aeand for delivery moieties.

Moieties for enhanced delivery conjugated to antisense oligonucleotides

MEDs can be added to ASOs through covalent bonds (i.e. conjugation). Generally, the
goal of adding delivery moieties is either the improvement of pharnratais or improved
function. Improved pharmacokinetics can, generally, increase peripheral compartment dose by
altering peripheral absorption, clearance, volume of distribution, and dose (Yu et al., 2020) or
increasing halife by reducing clearance whéimding plasma proteins (Agrawal et al., 1995;
Kuhlmann et al., 2017) or lipoproteins (Agrawal et al., 1995; De Smidt et al., 1991). Improved
function can be demonstrated throughitro andin vivostudies on pharmacodynamics. Many
of the measurable phetypic responses are associated with increased drug exposure at key
sites or better ASO sequence selection. In many regards, improved delivery to the site of action
should be, theoretically, optimized to reduce the total dose required to elicit effdas. ME,
arguably, an important part of the overall drug design as delivery moieties can increase
exposure to the site of action (Yu et al., 2009). Cell uptake and escape from the endosome or

lysosome system are also critical for efficacy. Therefore, aliyedg moiety thatimproves
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cell uptake or escape from intracellular degradation pathways is likely to improve apparent
efficacyin vitro which must be confirmeth vivo. In the most general sense, improved cell
uptake (e.g. cell penetration) improwdrsig availability at the site of action (Agrawal et al.,
1995).

Many of the delivery moieties allow for increased cell uptake. Some are more specific
to target a particul-aargetingygpewhi Fefethedst
cel-taret i ng deli very moieties are someti mes r e
design aims to bind to a receptor. The targeted receptor can be specific to the cell type or a
general cell lineage but that is not always the case. This form of t@rgetireases cell
specificity and can be used in concert with the overall drug design based on purpose. More
specifically, ASOs can be designed with selective sequences that function only in particular
cell types expressing the mRNA of interest. In this vilag ASO is already targeted. However,
cell-targeting delivery moieties allow for next level specificity. Specificity, no doubt, is a tool
more likely to be encountered in future iterations of therapeutic ASOs (Roberts et al., 2020;
Gagliardi and Ashizawa2021; Xiong et al., 2021). On the other hand, MEDs that simply
increase cellul ar -pemteakeat angbaregMneidregivd eakd d
penetratingo terminology has been used predo
delivery moieties. Categories of delivery moieties include antibodies (Dovgan et al., 2019),
lipids (Li et al, 2020), peptides (Mier et al., 2000; Margus et al., 2012), and sugars (Debacker
et al., 2020). Aptamers are another interesting category deservingrairardescussion owed
to their complexities of design and use as either a delivery mechanism or a drug intended to
act at cell surface, intracytoplasmic, or nucleus for the site of action. Owed to the complexity

of the possibilities for aptamers, only doady, lipid, peptide, and sugar delivery moieties are
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covered in more detail herei@ontemporaneous resources on ON chemistry, delivery, and

mechanism of action are listed on Table 2, Table 3 and Table 4, respectively.

Antibody conjugats

Antibody-ASO cajugates provide tremendous opportunity for therapeutic
applications. Antboddd r ug compl exes appeared as the or
80 years after Paul Ehrlichds call to acti
chemotherapeutic3 he first FDAapproved antibodyrug complex (ADC) occurred in 2000
when gemtuzumab ozagamicin (Mylotarg) was approved for chemotherapy targeting acute
myeloid leukemia (Baker, 2000). Antibodies may fulfill the need for-teetieting through
binding ofcell surface receptors. The specificity of antibodies has been exploited for the past
decade worth of drug development for ADCs resulting in nineappgroved drugs; however,
toxicity including hepatotoxicity, vascular damage, cardiotoxicity, and oculsiciti
(WolskaWasher and Robak, 2019; Drago et al., 2021) have been reported. Although not all
toxicity is related to the antibody delivery moiety, there is only one anti&&1y conjugate
reported in preclinical or clinical trials currently (Robertslet2020). Nonetheless, research
and development efforts have been numerous. AntH#&I9 conjugates have been developed
to target several cell surface receptors to improvetasaieting. Disease categories treated
using this approach include oncology ¢rat al., 2012; Cuellar et al., 2015; Arnold et al.,
2018), infectious disease (viral) (Song et al., 2005), immune modulation (Kumar et al., 2008),
musculoskeletal disease (Sugo et al., 2016), and neurologic disease (Arnold et al., 2018).
Antibodies are agjugated to ASO via techniques similar to other MEDs. For antibodies,

conjugation occurs posty nt hesi s of the oligonucl eoti de
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phoshoramidate can react. Proteins, including antibodies, have many side chains with exposed
funct onal groups t o enabl e conjugation Vi a
propargylglycine (Pickens et al., 2018; Wiener et al., 2020), maleisuilfleydryl, EDCGNHS

ester (Wiener et al., 2020), and various linkers. The primary concern in any ofdaetsens

is maintaining the tertiary structure of the antibody. In many ways, the antibody complex
systems have been specifically designed to control location of conjugation. The primary
antibody complex systems have a solid history as research tolidimgcthe avidin:biotin
complex system wherein the antibealyidin fusion molecule binds biotinylated ASO
(Penichet et al., 1999). Alternatively, protamine:nucleic acid can be electrostatically bound
(Song et al, 2005); however, complexes are more edisissociated in complex mixtures.

Last, the importance of fragment antiganding (Fab) subunits (although very hydrophobic)

and chimeric peptides including Fiake components of antibodies has increased in recent
research for use in ADC. Ultimately,ethmost reliable antibodtSO conjugates require
covalent bonding. While there is a dearth of FB@gproved antibodASO conjugates, there

is at least one (not disclosed) in preclinical trials for myotonic dystrophy by Avidity
Biosciences. The future of drudevelopment for antibodfSOs will require rigorous
scientific methods to increase-target effects and avoid pitfalls of other ADCs. If this can be
accomplished, drug development will be closer to realizing the promise and possibilities of the

Amagil ¢ el o .

Carbohydrate conjugates
ASOs covalently conjugated to carbohydrate delivery moieties have been suggested

(Zatsepin and Oretskaya, 2004) and likely inspired by previous research -@ovabent
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carbohydrateASO complexes (Yan et al., 2007). Covalesnjugation utilizes chemical bonds
commonplace for ASO development including phosphoramidites and a variety ef post
synthesis conjugate options to connect the derivatized carbohydrate to the ASO (Zatsepin and
Oretskaya, 2004). Knowing that sugar moiet@® important modifications on many
molecules involved in liganrdeceptor interactions on the cell surface (e.g. glycoproteins), it is
reasonable to predict that carbohydrate moieties can provide eithéargeting or cell
penetrating properties.

Recent advances have led to development of triantennary GalNAc (Springer and
Dowdy, 2018; Prakash et al., 2016) conjugates to target hepatocytes. The liver is bombarded
by ASO when administered systemically owed to the fenestrated endothelium (i.e. many pores
between cells) lining sinusoids. So, emligeting seems redundant; however, GalNAc
increases oftarget uptake to hepatocytes. Importantly, -panenchymal liver cells uptake
ASOs (Prakash et al., 2014). To avoid-taffget uptake, conjugating the GalNAelivery
moiety to ASOs enables high affinity binding of the ASGR1 receptor (Stockert, 1995) to
facilitate rapid (Scharner et al., 2019) uptake of ASOs. In fact, ASO uptake in hepatocytes is
1000% higher in mice (Prakash et al., 2014) and 3000% highamars (Viney et al., 2016).
GalNACc-ASOs enter the cell via endocytosis as ASGR1 has a high recycling rate from the cell
surface (Stockert, 1995). Once internalized into the endosome, release is initiated by decreased
pH (Springer and Dowdy, 2018) enablithgg GaINAcASO to release from the receptor.

Pharmaceutical companies have been developing drugs with carbohydrate moieties to
improve delivery. These companies include Alnylym, Dicerna, Silence, Arbutus, Arrowhead,
and others. Demonstrating the advansagé drug design with carbohydrate moieties for

clinical applications, FDA approved givosiran (Givlaari) in 2019. The following GalN8©
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conjugated drugs made it to Phase I, II, or Il clinical trials: ARRET (Arrowhead),
fitusiran (Alynylam/Sanofi Gexzyme), inclisiran (Alnylam), lumasiran (Alnylam), vutrisiran
(Alnylam), revusiran (Alnylam; discontinued), and RG1 (Regulus; discontinued) (FDA,

2021).

Lipid conjugates

ASOs covalently conjugated to carbohydrate delivery moieties have been touted as a
method to improve celiargeting delivery (Li et al., 2020). While one use includes the
controlled assembly of lipidased vesicles to carry ASOs, only the-assembled lipitASOs
will be covered in this section whereas lipid carriers are covered betmjugation of lipids
to ASOs can be managed through thegymethesis or postynthesis approaches. Lipid can be
added t o 30 or 506 ends t hrough functional
functionalization on t he 5 todifeatahs have al?o®€n mo s t
achieved (Letsinger et al., 1989). Lipid derivatives are chemically modified further to enable
Aclick chemistryo ( B-aulfhydryl chemistyl(Raguan2 étal.72p11), Mal e
amide bonds (Nikan et al., 2016; Osboret al ., 2019), and 56 | ink
phosphoester, and triazole bonds (Raouane et al., 2011; Banga et al, 2017). The conjugation
strategies that enable attachment to the ASO are varied (Li et al., 2021). Selecgetig
lipids include cholesterol (Soutscheck et al., 2004), atpleapherol (Vitamin E) (Nishina et
al., 2008), fatty acids (Wolfrum et al., 2007), and medalrain hydrocarbons with modified
functional groups (Nikan et al., 2016). Many of the -tateting lipids arencorporated in
lipoproteins within circulation prior to uptake by the liver (Wolfrum et al., 2007; Soutscheck

et al, 2004; Nikan et al., 2016) making lipAd8O conjugate technology a unique means of
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cell-targeting. Recently, chemical modification of lipichas gained attention for self
assembling lipidASO complexes and modifications exclusively to the lipid that enables
formation of more complex lipithased nanocarriers (Bost et al., 2021). Two general schemes
have been employed for sel§sembling lipidASO complexes including conjugation of the
lipid to the ASO (i.e. lipidASO) or chemical modification of the lipid to enable electrostatic
attraction within an admixture in aqueous solution. Alternatively, the-AN3® complexes

can be formed in waten-oil (WO) or waterin-oil-in-water (WOW) emulsions as proposed
with some other nanoparticles. For research purposes, many complex carrier systems
composed of lipids with oligonucleotides have been synthesized including micelles, liposomes,
lipoplexes, lipidnanoparticles (LNP), and other nanocarriers containing lipid. While the focus
of this review is chemical modifications to add MEDs on ASOs, it is worthwhile to mention
three important lipiehucleic acid complexes, including one LMSO that utilizes cheroal
modification of lipids primarily because there is strong empirical evidence LNPs have clinical
applications.

Two LNPs have been FDApproved. Two LNPs have been administered
intramuscularly into the majority of the population in the United Statessaudral other
countries during the CoVH19 pandemic. LNPs incorporate various admixtures of nucleic
acid, lipid, lipoprotein, peptide, carbohydrate, and/or polymer. Importantly, recent advances in
LNP technology enabled SARS Ce&/vaccines (e.g. BioNTedh/f i zer 6 s BNT162b
Mo d e r n a 6-BR73m&RfdrA spherical vesicles made of negatively charged nucleic acids,
ionizable lipids with slight positive charge, other lipids, polymer, and cholesterol (Hou et al.,
2021). Chemically modified ionizable lipid wakey component in two FDApproved drugs:

Onpattro (patisiran) (Akinc et al., 2019) and Comirnaty (tozinameran; BNT162b2) (Lamb,
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2021). In time, other lipid conjugates are likely to be introduced within academia or industry
towards clinical applicationd.ipid-ASO conjugates, lipilhSO complexes (especially LNP
ASO), and LNPnucleic acids are even more likely to receive increased attention in research

and clinical applications.

Natural ligand conjugate

ASOs covalently bound to ligands delivenpieties provides cetiargeting of ASOs
upon binding to receptors on the cell surface. Ideally, the combined {&&@ddrug design
provides for rapid internalization by the target cell through endocytosis followed by endosome
escape and release to thie 2f action. To accomplish this goal, the target receptor ideally
binds with high affinity to the ligand and internalizes rapidly. In practicality, there is significant
overlap between ligands and other distinct categories listed herein because ligands ar
mutually exclusive from other categories. More specifically, ligand simply means a molecule
that binds to another. For example, ¢algeting moieties including some carbohydrates,
antibodies, and other peptides are ligands. Nonetheless, themmeunds that are specific
entities that do not fall within other categories due to specificity. As a result, the term ligand
can be used for any of these compounds. Here, ligand is mentioned as a reminder that many of
the delivery moieties (and many greiscoveries and inventions for that matter) have been
modeled after natural processes. Rather than use only exclusive chemical terminology such as
protein, peptide, glycoprotein, lipoprotein, etc, it may be beneficial to recall that some of the

most accuate delivery moieties, including glucagbke peptidel and GalNAc, are ligands.
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Peptide and peptoid conjugate

PeptideASO conjugates (PAC) provide immense opportunity for therapeutic
applications very similar t osfordiseasec Cumenttypt of
two peptideASO drugs are in development by PepGen Ltd and Sarepta (Roberts et al., 2020).
The delivery enhancing peptide moieties function to either improve uptake by all cells or
specific cells, referred to as cekenetrating pptides and celiargeting peptides respectively.
Thus, peptides can further limit effirget effects to some extent by increasing specificity of
uptake by target tissues. For instance, thetaaileting PACs are typically designed to increase
uptake of he drug to specific cells in select tissues or organs where the sequence specific
affinity of the ASO binds only target nucleic acid sequences which may only be expressed in
certain cell types. For ceflenetrating PACs, the targeting specificity is deteed primarily
by the sequenespecific binding of the ASO to target nucleic acids in the cell; however, some
cell-penetrating peptides can increase distribution to target tissues. Whifgeettating
peptides generally increasing uptake of the drugitro, the same increased uptake can
increase distribution to specific tissues when the uptake occurs at gatekeeper cells that allow
the drug to cross barriers. Therefdreyivo studies are required to characterize the effect of
each PAC A magcasey-daselbdsise.t 0 o

Indeed, peptides provide multiple useful characteristics that may enhance ASO
delivery. Specifically, peptides that enable cell targeting, uptake, and endosomal escape are
critical to enhance ASO translocation to the site of achwst celtpenetrating peptides (CPP)
are polycationic with multiple lysine and/or arginine amino acids arranged in chains, folded
structures, or rings of less than 30 amino acids (Roberts et al., 2020). Design of peptides

oftentimes mimics portions ofatural ligands. For instance, HHVAT, Penetratial, and
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mastoparan contain cationic regions predicted to aid physical interruption of cell membranes
with subsequent uptake; therefore, portions of these proteins are synthesized as MEDs
(McClorey and Baneege, 2018).

Synthetic CPPs most commonly contain short sequences of repeating arginine, and less
frequently lysine, optimally positioned along the peptide to enable interaction with the cell
surface (Lehto et al., 2010, Wender et al., 2000). Early-8808 conjugates contained
arginine spaced by other amino acid residues or synthetic molecules (Yin et al., 2008; McClory
et al., 2006; Wu et al., 2008). Spacing of the positively charged side chains of arginine and
lysine on CPP moieties enables electrostatteraction with the cell membrane. In this
intricate interaction, the CPP forms a negative Gaussian curvature (i.e.-Spaldgle
temporary disruption of the bilayer membranes, and facilitates entrance into the cell (Mishra
et al., 2011). Despite the fogwn spacing, simply repeating arginine or lysine polypeptides,
including R8, R9, R10, K9, K10, and others, have demonstrated effective at delivery of ASO
(Hayashi et al., 2011; Law et al., 2008; Tesei et al., 2017). After cell penetration, the ASO is
trarslocated to the site of action to elicit the therapeutic effect.

Similar to CPPASOs, further synthetic molecules that mimic peptides have been
developed. These peptideimicking molecules are cationic dendrimers (Li, 2011). While
these are sometimes @ll cationic dendrimers, these molecules were initially described as
non-peptide or conversely labeled as peptoid (Wender et al., 2000) owed to the similarities in
exposed functional groups for cationic dendrimer peptoids (CDP) resembling amino acid
residueexposed functional groups. Regardless of the nomenclature, many of these CDP closely
resemble synthetic polymers of arginine (i.e. polyarginine) and/or motifs oalgatccurring

proteins like HIVTAT. These CDP designs capitalize on the cell penatyatifect. These

34



dendrimers have been highly effective at delivenmgivodespite minor differences from the
R8 and R9 synthetic peptides.

Interestingly, there may be less distinction between CPP anthiggting peptides
(CTP) in terms of design coraped to actual cell uptake vitro andin vivo. Cell uptake of
CPRASOs has been described as energy dependent (Madani et al., 2011) owed to cell
targeting effects. The energy dependent endocytosis (Madani et al, 2011) is triggered by
interaction with scaenger receptors (Ezatt et al., 2012; Ezatt et al, 2015). Scavenger receptors
are located on immune cell subsets, primarily antigen presenting cells (APCs). Prior to
interaction with the scavenger receptor, ASOs with cationic MEDs (e.g. CPPs and dendrimers
have been shown to form micelles (Ezatt et al., 2015) which are, generally, too large for the
previously described ceflenetrating mechanisms. Nonetheless, interaction with
glycosaminoglycans on the cell membrane may lead to endocytosis. Once insigdisthe
escape from endosomes has not been clearly demonstrated for some -aayitaireng
molecules (Abes et al., 2006). Nonetheless, cationic molecules including CDPs and CPPs
containing multiple cationic subunits mimicking arginine and/or lysine carapethe
endosome via proton sponge effect (Lonn and Dowdy, 2015). Nonetheless, many researchers
believe peptides have the potential for significant contributions to ASO delivery.

PAC have been used to exploit preferential delivery to tissue or organs. For example,
CPRASOs with the PMO backbone have demonstrated delivery to brain tissue and specified
cell types after systemic delivery demonstrating the ability to cross the-biamebarrier
(BBB) (Du et al., 2011; Mathupala et al., 2008). To cross the BBB, active transport appears
most likely; however, energy independent mechanisms cannot be completely ruled out when

considering the effect of CPRSOs arranged in nanostructureshaiinknown properties and
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the potential for physical interaction of CPPs with cell membranes (i.e. negative Gaussian
curvature). Again, this demonstrates a unique example ofargkting capacity of CPPs.
Other researchers have shown CTPs can crossBBef@lowing systemic administration
resulting in higher concentrations of PAC in the brain.

Arginylglycylaspartic acid (RGD) peptide is a etdrgeting peptide motif (Tsang et
al., 2017). Similar CTP peptides with RGD motifs have been explored for Ah@ny. The
RGD motif on these peptides can bidds b 1  a nimtegrlt Yebeptois.e. vitronectin and
fibronectin receptorsMany researchers have exploited the RGD motif for delivery to tumors
(Liu et al., 2014; Tsang et al., 2017).

Toxicity of CPPs ha been reported. Kidney injury has resulted from exposure to
cationic CPPASOs. Rats and nelnuman primates have had renal damage with high doses
(212, 213). Increased arginine, a key amino acid resident in CPPs, was correlated with kidney
injury following administrationin viva. Therefore, it has been surmised that cationic peptoids,
which are chemically similar from mastaparan andHIWT, also cause the same cytotoxicity
that occursn vitro. No surprisingly, studies conducted by our lab had similarirfgedl of
cytotoxicity with HIV-TAT, polyarginine, and positively charged nanoparticles with zeta
potential of 10 mV to 30 mV. Similar findings have been reported for very negatively charged
compounds as well. Taken collectively, an optimized mitigatiornegyato preclude toxicity
would be selecting oligonucleotides with neautral charge and/or conjugates with near
neutral charge or some zwitteriike potential at physiologic pH.

Regarding conjugation, attachment of peptides primarily occurssgo#iesis of the
oligonucleotide to the 30 end where an expos

attached group. Peptides have exposed functional groups along sidechains. Lysine sidechains
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and the purposeful addition of propargylglycine enable gpjut i on via HAcl i ck
(Pickens et al., 2018; Wiener et al., 2020), maleirsiaénydryl, EDGNHS ester (Wiener et
al., 2020), and various linkers.

There are multiple potential future clinical applications for PACs. To date, no peptide
ASO conjugateshave been FDApproved of EMAapproved (Roberts et al.,, 2020).
Nonetheless, two PACs are in development at nonclinical or clinical stages for the treatment
of a rare disease, Duchenne Muscular Dystrophy. The future of drug development for PACs
will require rigorous scientific methods to increasetaget effects and avoid pitfalls of eff
target uptake. If this can be accomplished, PACs may well deliver on the promised vision of

N

the otherwise elusive fAimagic bull eto.
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Table 2. Contemporaneous resources otelivery

Concept

Figure Description Source

Enhanced delivery of
oligonucleotides

Pictorial and molecular formula representatior Roberts et al..
of various oligonucleotide delivery strategies, 2020
including:

Lipid-siRNA

GalNAC-ASO

Antibody-siRNA

AptamersiRNA

PeptideASO

Stable nucleic acid lipid particle

Exosome

Spherical nucleic acid

DNA cage

Pictorial and molecular formula depictions of Hammond et
chemical conjugates for ASO delivery, al., 2021
including:

Fatty acids

Cell-penetrating peptides

Polyethylene glycol

Antibodies

Aptamers

Schematic representation of or cant@sed
technologies for ASO delivery, including:
Lipid nanopatrticles
lonisable LNPs
Peptide complexes
Polyphosphazenes
Dendrimers
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Table 3. Contemporaneous resources on chemistry of oligonucleotide backbone,
nucleobase, and ribose modification

Concept Figure Description Source

Molecular formulas showing functional groups Robers et al.,
commonly used for backbone, nucleobase, and 2020
ribose modification. Molecular formulas for
alternative chemistries, including PMO, PNA and
tricyclo-DNA (tcDNA) are also shown.
Oligonucleotide
chemistry

Representations of chemical structures used to  Dhuri et al.,
modify oligonucleotide properties, such as: 2020
Enzymatic stability
Improved aqueous solubility
Higher binding affinity
No immune activation
Reduced immune stimulation

Pictorial representation of functional groups used Roberts et al.,
ASO modification in FDAapproved drugs 2020
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Table 4.Contemporaneous resources on mechanism of action

Concept

Figure Description

Source

Molecular
pharmacology

Pictorial stepwise description of the ASO
mechanism of action either via RNA cleavage
RNA blockage

Dhuri et al.,2020

ASO development pathways into:
Inhibition of nonsensenediated decay
Activation of no go decay
Target mMRNA decay
Splice Modification
Masking to redirect a sequestered
MiRNA
Masking to avoid mRNA decay
Release of sequestered protein
Anti-miRNA
Increase protein expression

Xiong et al., 2021

ASO Therapy mechanisms:

Hammond et al.,

RNase Hmediated cleavage in cytosol « 2021

nucleus

Protein function alteration
SSGOinduced splicing modulation
Block assembly or RNAinding factors
Innate immunity

Steric block leading to translational
upregulation and inhibition

MRNA cleavage and degradation

(Credit to:
Quemener et al.,
2020)
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Conclusion

Oligonucleotides can be used as ngaheration therapeutics to alter gene expression
and treat a variety of genetic disorders or diseassing conditions. Among all ON
therapeutics, ASOs are the most clinically developeddate. The hallmark of ASO
therapeutics is their ability to alter cellular function at the translational level. Hitherto, ASO
therapeutic efficacy is dependent on the successful ASO delivery to the site of action. As
described in this review, ASO deliyestrategies combine optimized routes of administration,
targeted cellular uptake and trafficking, and chemical modification to maximize specificity and
reduce offtarget effects. ASO pharmacokinetics bypasses systemic metabolization enabling
direct routs of administration to organ systems or individual organs. At a molecular level,
delivery can be tuned to target specific tissues or cells via alterations to the ASO chemical
backbone or conjugation with antibodies, lipids, peptides, and sugars as dualietigs. The
iterative refinement of synergistic ASO delivery strategies will lead the next generation of
ASO therapeutics with optimal dosing, defined pharmacodynamics, and measurable efficacy

in vivo.
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Activating mutations in c-KIT are associated with the mast cell
(MC) clonal disorders cutaneous mastocytosis and systemic
mastocytosis and its variants, including aggressive systemic
mastocytosis, MC leukemia, and MC sarcoma. Currently, ther-
apies inhibiting KIT signaling are a leading strategy to treat
MC proliferative disorders. However, these approaches may
have off-target effects, and in some patients, complete remis-
sion or improved survival time cannot be achieved. These lim-
itations led us to develop an approach using chemically stable
exon skipping oligonucleotides (ESOs) that induce exon skip-
ping of precursor (pre-)mRNA to alter gene splicing and intro-
duce a frameshift into mature KIT mRNA transcripts. The
result of this alternate approach results in marked downregula-
tion of KIT expression, diminished KIT signaling, inhibition
of MC proliferation, and rapid induction of apoptosis in
neoplastic HMC-1.2 MCs. We demonstrate that in vivo admin-
istration of KIT targeting ESOs significantly inhibits tumor
growth and systemic organ infiltration using both an allograft
mastocytosis model and a humanized xenograft MC tumor
model. We propose that our innovative approach, which
employs well-tolerated, chemically stable oligonucleotides to
target KIT expression through unconventional pathways, has
potential as a KIT-targeted therapeutic alone, or in combina-
tion with agents that target KIT signaling, in the treatment
of KIT-associated malignancies.

INTRODUCTION

¢-KIT is a proto-oncogene that is highly conserved between species
and encodes the receptor tyrosine kinase, KIT (CD117). KIT is criti-
cally required for the proliferation, survival, and differentiation of
bone marrow-derived hematopoietic stem cells including mast cell
(MC) progenitors." Expression of KIT in most hematopoietic cells
is lost during differentiation, but MCs retain KIT expression
throughout their lifespan, and KIT signaling remains essential for
mature MC survival and proliferation.’ The oncogenic potential
of ¢-KIT was initially realized when its viral counterpart, y-KIT, was
found to be responsible for the transforming activity of the Hardy-

E

Zuckerman TV feline sarcoma virus.® Since then, activating gain-of-
function ¢-KIT mutations have been associated with the initiation
and progression of several human malignancies, but there is a partic-
ularly high occurrence in gastrointestinal stromal tumors (GISTs)
and MC proliferative disorders, which include MC leukemia (MCL)
and MC sarcoma.”

Mastocytosis is an unusual neoplastic condition with a number of var-
iants, all of which demonstrate aberrant expansion and accumulation
0f MCs.® The disease can be difficult to treat in part due to the extensive
biological heterogeneity of mastocytosis subtypes, which exhibit
distinct clinical manifestations and require therapy adjusted to the dis-
ease variant.” Patients with non-advanced mastocytosis generally do
not require cytoreductive or KIT-targeting theraples, while patients
with aggressive disease require intervention. Current frontline treat-
ments for advanced systemic mastocytosis (ASM) include cladribine
and KIT-targeting tyrosine kinase inhibitors (TKIs).”'* In some cases,
interferon-alpha is prescribed, and in rapidly progressing ASM and
MCL, poly-chemotherapy and stem cell transplantation may be
considered. However, these treatments are not always effective in
advanced disease, in which complete remission Is infrequent and
improvement in prognosis is variable. Moreover, due to the non-
specific nature of chemotherapeutics and TKIs, there is a risk of off-
target toxicity, including bone marrow suppression, immunological
dysfunction, and cardiotoxicity."" Although hematopoietic stem cell
transplantation is possible for some patients, there remains an unmet
clinical need for additional and novel therapeutic approaches that will
selectively target and induce apoptosis of neoplastic MCs.

With a strong connection to cancer development and aberrant MC
growth, KIT represents a desirable but challenging therapeutic target.
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Human ¢ KIT is located on chromosome 4q12 and contains 21
exons.'? KIT-stem cell factor (SCF) interactions are necessary for
the survival, proliferation, and differentiation of MCs, but in the pres-
ence of activating mutations, SCF dependence is less important and
oncogenic KIT signaling drives neoplastic MC growth.””* Although
mutations can occur throughout the gene, many cluster in hotspots,
which are associated with specific diseases.” For example, mutations
in exon 11, which encodes the juxtamembrane domain of KIT,
commonly occur in GISTs,"* while the D816V point mutation in
exon 17, encoding the second kinase domain of KIT, is present in
most patients with systemic mastocytosis."® Identifying these muta-
tions within patients is important for assessing disease prognosis
and determining treatment approaches, as the type of mutation and
the occurrence of additional mutations in part dictate the success of
therapies for KIT-associated malignancies. In particular, the KIT
D816V mutation found in >80% of adult systemic mastocytosis
cases™™"” causes a conformational change in KIT that renders it resis-
tant to some TKIs such as imatinib mesylate (Gleevec)'®™ that target
the inactive ATP-binding site conformation of KIT. Therefore, in
these patient populations, there s an unmet need for therapeutics.
Recent and emerging compounds that can more selectively target
KIT, and inhibit KIT with the D816V mutation, such as avapritinib,
hold promise,” but a critical need for selective therapeutics that target
KIT remains.

Due to the heterogeneity of ¢- KIT mutations in mastocytosis, and the
occurrence of mutations that confer resistance to TKIs, we proposed
that targeting KIT expression would prove an effective additional
approach to therapy. Conventionally, the therapeutic development
of oligonucleotides to target gene expression within many diseases
has followed either classic antisense or small interfering RNA
(sIRNA) approaches that rely on RNase H or RNA-induced silencing
complex (RISC)-mediated pathways of transcript degradation (re-
viewed in Lundin et al’'). These approaches have had some success
in early stage clinical trials for treatment of some diseases such as
age-related macular degeneration.”” This has contributed to increased
attention for antisense oligonucleotide (ASO) therapy (reviewed in
Lundin et al.’’ and Potaczek et al*®). In recent decades, several
ASOs have been approved by both the US Food and Drug Adminis-
tration (FDA) and European Medicines Agency (EMA) for varlous
applications.”*** Most recently, two vaccines containing oligonucleo-
tides of RNA with modified nucleobases designed to introduce non-
native gere expression of viral spike protein have received worldwide
attention as vaccination against SARS CoV-2 CoVID-19.2** These
examples highlight the potential for therapeutic oligonucleotides to
temporarily alter protein expression in a variety of settings and
demonstrate that they are a well-tolerated and viable therapeutic
approach.

Splice switching oligonucleotides (880s) are a type of oligonucleotide
that are emerging as promising therapeutics in personalized
medicine. The short synthetic single strands of nucleic acids that
are typically less than 50 nt long provide a targeted approach to
gene modification by manipulating RNA splicing. Compared to
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classic ASO-mediated mRNA transcript degradation, $80s comprise
a different type of ASO therapy that alters normal splicing of the tar-
geted transcript, which may prove more versatile and exhibit high
sequence specificity (reviewed in Havens and Hastings™®). $SOs are
a class of oligonucleotides that have altered backbone chemistry.
Some SSO chemistries, such as phosphorodiamidate morpholine ol-
igonucleotides (PMOs), are substantially different from DNA and
RNA backbones, with a neutral charge that increases stability and
apparent evasion of recognition by pattern recognition receptors,
such as Tall-like receptors in the immune system.” ™ $SOs can be
used to promote inclusion of exons or to induce exon skipping.
With respect to exon skipping, $$0s can prevent the inclusion of a
specific exon in mature mRNA by binding to specific splice sites in
precursor (pre-)mRNA molecules, which has the effect of sterically
shielding the splice site from the spliceosome machinery. These spe-
cific types of $$0s are termed exon skipping oligonucleotides (ESOs).
Importantly, chemical modifications of $8Os prevent the degradation
of pre-mRNA-880 complexes by RNase H, allowing transcription of
an altered mRNA sequence to continue (reviewed in Havens and
Hastings®). In genetic diseases in particular, this has important clin-
ical implications, since exon exclusion or incluslon can correct an
aberrant splicing pattern, or skip an exon containing a frameshift mu-
tation to restore expression of a functional protein. For instance, ther-
apeutic splice switching in Duchenne muscular dystrophy (DMD)
alms to reestablish the correct reading frame to permit production
of a truncated but partially functional dystrophin protein, which
reduces the clinical severity of the DMD phenotype (reviewed in
Nakamura and Takeda™ and Nakamura **). A number of other ge-
netic diseases may also benefit from $8O-based therapy, as earlier
reviewed %

We thus employed chemically stable antisense oligonucleotides that
induce exon skipping of pre-mRNA to alter gene splicing. These
ESOs contain various chemical modifications to their backbones
that prevent recognition by RNA degradation pathways. Targeting
pre-mRNA with ESOs thus provides a more versatile and chemically
stable approach to gene targeting compared to conventional siRNA
approaches. Rather than induce RNA degradation through energetic
enzymatic pathways, ESOs prevent inclusion of a specific exon in
mature mRNA by binding to splice sites in pre-mRNA molecules,
which has the effect of sterically shielding the splice site from the spli-
ceosome machinery.” Therefore, transcription is not perturbed, but
rather an altered mRINA sequence is translated to produce an alterna-
tive splice variant. In genetic diseases in particular, this has important
clinical implications, since exon exclusion can partially correct aber-
rant mRNA caused by a frameshift mutation.****

‘We utilized this exon skipping approach to induce a frameshitt into
mature KIT mRNA transcripts. Our ESO, which we abbreviate in
this report as KitStop, results in an immediate stop codon and loss-
of-function culminating in rapid neoplastic MC death in vitro and
i vivo, and inhibition of tumor growth with systemic injection in
both an allograft model of mastocytosis and a humanized xenograft
MC tumor model. These data act as a proof of principle for the
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therapeutic utility of a frameshifting KitStop ESO in KI'T-associated
malignancies. Given the recent approval of the ESO eteplirsen by
the FDA for the treatment of DMD,”>** we propose that our KitStop
approach shows similar promise for a novel KIT-targeted therapeutic.

RESULTS

Exon skipping of ¢c-KIT exon 4 in HMC-1.2 cells

We previously reported >95% transfection efficiency of ESOs for
FeeRIB in human and mouse MCs with no evidence of cytotoxicity,
as determined by propidium iodide (PT) and Live/Dead staining.”
We similarly designed a stable 25-mer morpholino ESO (o largel
the donor splice site of exon 4 in ¢-KIT pre-mRNA thal we termed Kit-
Stop, with the prediction that ESO-induced skipping of exon 4 would
introduce a frameshifl into the mature mRNA open reading frame and
a premature termination (or stop) codon. We selected exon 4 of ¢-KIT

shifl when skipped, and this [rameshill would

introduce an immediate premature stop codon
that should trigger a nonsense-mediated mRNA decay (NMD)
response Lo degrade (ranscripls. Exon 4 is very early in the transcript,
and so if transcripts evade NMD, or if saturation of NMD occur, the
protein product would most likely be non-functional. Thus, frame-
shifting with ESOs would either induce early termination of KI'T
mRNA translation, resulting in a severely truncated pratein, or induce
NMD of mRNA transcripts (Figure 1A). Either outcome should elim-
inate expression of the KIT receplor.

To test this predicted outcome, we transfected HMC-1.2 cells exhib-
jting V560G and D816V mutations with KitStop or an oligonucleo-
tide control. KitStop induced exon skipping as indicated by the
appearance of an additional, truncated band of KIT-mRNA by RT-
PCR, compared with cells transfected with an equivalent 25-mer stan-
dard conltrol antisense oligonucleotide (Figure 1B). Exon 4 is 137 bp
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long. RT-PCR products were designed with primers spanning exons
3-6, and PCR product from the full-length transcript should be
577 bp, and 440 bp for exon 4-skipped KIT mRNA. On occasion
with exon skipping, more than one exon can be skipped. Our primer
design would detect transcripts with exon 4 and exon 5 removed, but
we did not detect any of these transcripts. In addition, quantitative
RT-PCR targeting exons upstream of exon 4 indicated that total c-
KIT mRNA was reduced by about 30% in HMC-1.2 cells transfected
with KitStop (Figure 1C). In order to establish whether efficacy of Kit-
Stop was comparable in slowly dividing human MCs with non-
mutant KIT, we performed the same experiments in the human
MC line LAD-2, which is a transformed cell line that more closely
represents “normal” MCs.™ We found comparable results in exon
skipping in the LAD-2 cells with evidence of skipped transcripts (Tig-
ure 1D) and a reduction in total mRNA transcript number (Fig-
ure 1E). Because introduction of a stop codon early in an exon can
induce NMD,”"” our data are consistent with the conclusion that a
proportion of KIT transcripts are degraded by NMD. However,
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We then used flow cytometry to measure KIT

expression in HMC-1.2 cells transfected with
KitStop. MCs express KIT on their cell surface, but KIT is rapidly
internalized following activation by its ligand, SCF. After endocytosis,
KIT signals within intracellular compartments before degradation.”
In neoplastic MCs such as the HMC-1.2 cell line, oncogenic KIT
signaling occurs within intracellular compartments, independently
of SCF.*" Consequently, we measured total KIT expression in
HMC-1.2 cells (for gating strategies, see Figure $1) and found that
it was significantly reduced by KitStop (Tigures 2A-2C). The reduc-
tion in KIT protein expression was also demonstrated by western
blot (Figure 2D). Unlike KIT, KitStop ESO did not affect the expres-
sion of the kinase extracellular signal-regulated kinase (ERK) or the
cytoskeletal protein B-actin (Figure 2D). However, transfection of
the KitStop ESO reduced by comparable amounts the phosphoryla-
tion of both KIT (Tigure 2E) and ERK (Tigure 2T}, which are consti-
tutively phosphorylated in HMC-1.2 cells (Figure 2ID). Thus, this
reduction in phosphorylation of KIT and the downstream signaling
protein ERK are likely a direct result of reduced expression of the
constitutively active KIT protein. Taken together, these data are
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consistent with the conclusion that KitStop frameshifting ESOs effi-
ciently deplete KIT expression by reducing mRNA expression, and
thus silence constitutive KIT signaling.

Frameshifting KIT mRNA induces neoplastic MC death

In neoplastic MC diseases and cell lines such as HMC-1.2, constitu-
tive KIT activation enables continuous SCF-independent MC survival
and growth. Therefore, we examined whether KitStop treatment can
eliminate the pro-survival effects of imatinib-insensitive activating
¢-KIT mutations in neoplastic HMC-1.2 cells.

First, we assessed HMC-1.2 cell apoptosis and cell death using fluo-
rescein isothiocyanate (FITC)-conjugated annexin V and PI co-stain-
ing (Figures S2A and $3). In comparison to cells transfected with the
standard control oligonucleotide, KitStop-treated cells exhibited
increased annexin V-FITC staining during the course of 72 h (Fig-
ure 2G; Figures S2A and $2B). KitStop reduced the number of non-
apoptotic cells during 72 h (Figure S2C) with a corresponding
increase in early (Figure $2D) and late (Figure S2E) apoptotic cells
as assessed by annexin V and PI staining. To examine cell viability,
HMC-1.2 cells stained with PI were analyzed (Figures S4A and S5).
In contrast to the standard control oligonucleotide, KitStop caused
increased PI staining during 72 h (Figures S4A-84C). A similar
pattern of staining was also seen with Live/Dead staining (Figure 2H;
Figures $4D, S4E, and S6) with an increase in dead cells at each time
point measured. Taken together, these findings demonstrate that
E8O-mediated frameshifting of the KIT mRNA transcript rapidly in-
duces apoptosis and cell death in neoplastic MCs.

Frameshifting ¢-KIT prevents neoplastic MC proliferation

‘We next examined the effects of KIT mRNA frameshifting on
neoplastic MC proliferation, given that the activating c- KIT mutations
expressed by HMC-1.2 cells facilitate SCF-independent prolifera-
tion.">* In contrast to cells transfected with the standard control anti-
sense oligonucleotide that increased in numbers during 72 h, KitStop
prevented HMC-1.2 growth, as demonstrated by a marked decrease in
viable cell number with trypan blue cell counts (Figure 2I). In addition
to total viable cell counts, we performed a proliferation assay using
CellTrace dilution and Live/Dead staining. Similar to the cell counts,
the population of viable KitStop-treated cells, as determined by
Live/Dead staining, retained the CellTrace dye, whereas CellTrace
fluorescence in standard control oligonucleotide-treated cells was
increasingly diluted at each time point (Figures S7A-S7C). The
reduced cell proliferation is consistent with reduced KIT expression
and the decrease in ERK phosphorylation, a pathway activated by
KIT with a critical role in proliferation. KitStop treatment also
increased the number of non-viable cells, which retained the Cell Trace
dye and thus had not proliferated (Figures S7B and $7D). Longer time
courses were not evaluated in detail due to lack of viable cells in
culture, which died off by 5-7 days. Taken together, these findings
indicate that the ESO-induced frameshifting of KIT mRNA markedly
suppresses mutant KIT-mediated neoplastic cell proliferation and sur-
vival. Consequently, {rameshifting oligonucleotides targeting KIT
could represent an efficient approach to reduce MC burden in vivo.

Frameshifting c-KIT markedly reduces KIT expression in slowly
dividing and primary MCs

To examine the effects of KitStop ESO on an MC line with less prolif-
erative capacity than HMC-1.2 cells, we employed the human LAD-2
MC line that is SCF responsive and expresses non-mutated KIT.*® Kit-
Stop ESO rapidly reduced both surface and total KIT expression in
LAD-2 cells with >95% reduction by 2 days, which lasted for at least
7 days (Figure S8). Functionally, the almost complete loss of KIT
expression had no effect on apoptosis or cell death by 2 days, but it re-
sulted ina trend toward induction of apoptosis and cell death by 7 days
(Figures S9A-89D). These data suggest that slowly dividing MCs with
non-mutated KIT are slower to respond to KitStop and loss of KIT
expression compared to rapidly dividing mutant KIT cells. To further
explore the delayed effects of KitStop in these cells, we examined the
effects of removing and washing out SCF in LAD-2 cells and staining
the cells with Live/Dead stain. In agreement with the KitStop data,
LAD-2 cells were resistant to removal of SCF during 7 days (Figures
S9E and S9F). We then examined the effects of KitStop on prolifera-
tion of LAD-2 cells, which have a slower doubling time.*® We found
that KitStop appeared to inhibit proliferation as evidenced by reten-
tion of CellTrace dye (Figure $9G), but given the slow division of these
cells, the difference did not reach significance (Figure S9H).

Finally, we also examined the efficacy of KitStop in primary MCs
from mouse bone marrow-derived MCs (BMMGCs) to establish
whether KitStop reduced Kit expression in mouse cells to enable
in vivo assessment. To target mouse Kit, we examined the sequence
of ¢-Kit and Kit mRNA, and compared it to human ¢ KIT and KIT
mRNA, to establish that in both species, exon 4 was the first exon
in the transcript to result in a frameshift in mRNA when the exon
was skipped and an immediate stop codon was introduced in both
species. Therefore, we designed a comparable mouse KitStop ESO
and found that the mouse version resulted in exon skipping and
markedly reduced Kit expression in mouse BMMCs (Figure S10).
Taken together, these results suggest that KitStop functions compa-
rably in both human and mouse MCs, and that the effects of KitStop
are conserved across cell types. However, neoplastic MCs may be
more rapidly affected by KitStop and more susceptible to apoptosis.

KitStop systemic administration inhibited human neoplastic MC
growth in vivo in a humanized xenograft MC neoplasia model

In order to establish efficacy in vivo, we utilized Vivo-Morpholinos for
KitStop ESO. Vivo-Morpholinos have an octa-guanidine dendrimer
around a triazine core to act as a cell-penetrating delivery moiety for
in vivo applications.™ We based our dosing protocol on knowing the
maximum suggested dose of 12.5 mg/kg daily from the supplier, and
the efficacy of i vitro testing on HMC-1.2 cells during 72 h, which sug-
gested that administration every 3 days would be effective. Using a con-
servative treatment protocol of 8.3 mg/kg every 3 days (Figure 3A) and
groups of five mice per cohort, we established that systemic Intravenous
(iv.) admnistration of KitStop significantly reduced tumor growth, as
measured by assessing tumeor volume atter inoculation of NSG female
mice with 1 % 10° human neoplastic HMC-1.2 cells into a primary site
at the right flank, subcutaneously (Figures 3B and 3C). After 14 days of
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Figure 3. Systemic delivery of human KitStop ESO

inhibits tumor growth in a humanized xenograft MC
neoplasia model

{A) Schematic representation of the protocol design far
the humranized xenograft model used. {B} Examples of
tumors in NSG female mice that were injected with 1 x
10° HMG-1.2 cells into a primary site at the right flank
subcutaneously. The red arrows indicate the tumor and
the green arrows show a secondary growth caused by
drag of the needle during inoculation. (C) Measurements
of tumor volurme over time during treatrment {n = 5 mice
per group). Arrows indicate days that KitStop or vehicle
control was administered. {D) Photograph of tumors after
mice were euthanized at day 14. Measurements are in
centimreters. {E) Weight of excised tumars after mice were
euthanized on day 14. {F) Spleen weight at the conclusion
of the experiment. (G} Liver weight at the canclusion of the
experiment. (H)} Weight of mice was monitored during the
course of the experiment. Na significant differences were
observed durng the course of the experiment. Data are
the mean + SEM from five mice per group. *p < 0.05, "*p <
0.01, **p < (.001, using ANOVA with Dunnett's post-test
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it is well tolerated. 'TI'aken together, these data
support the conclusion that systemic (i.e., iv.)
administration of KitStop significantly inhibits
tumor growth in an aggressive humanized MC
neoplasia model.

We found evidence of reduced MC infiltrates in
the livers of the mice with almost no lesions in
the liver of KitStop i.v.-treated mice (Figures
4A and 4C). Immunohistochemistry (IHC) for
KIT receptor confirmed that these lesions
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were human KI'l'" MCs (Figures 1B and 41)).
Histopathological assessment of neoplastic liver
infiltration as a percentage of tissue (Figure 1E)
and as fodi size (Figure 4F) both demonstrated a
significantly reduced neoplastic burden in the
liver. Taken together, these results suggest that
KitStop treatment to reduce MC burden in vivo
effectively targets MC proliferation and survival
in different tissues.

= Vehicle
35 = KitStop IV

by

g

KitStop ESO reduced primary tumor growth
in an aggressive isograft model of MC
neoplasia

We have established that KitStop is effective
in wvitro and in vivo using HMC-1.2 cells

treatment, mice were euthanized and the tumors were excised and
weighed (Figures 3D and 3E). The tumors from the KitStop i.v. group
were significantly smaller than those of the vehicle control group. The
spleens showed a trend for reduced size in the KitStop iv. group (Fig-
ure 3F), but liver weight (Figure 3G) and mouse weight during the
course of the experiment were not different (Figure 3H), suggesling
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(Figures 1, 2, and 3). We first tested a mouse version of KitStop to
reduce KIT expression using mouse BMMCs and found that KitStop
was very effective in mouse cells (Figure $10). We next sought to
further characterize KitStop efficacy in vivo using an established
isograft model of aggressive SM and MCL.*"" The DBA/2 P815
model produces a solid but diffuse tumor with ill-defined borders,
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B Figure 4. KitStop ESOs reduce liver infiltration of
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making measurements of tumor volume difficult. Therefore, we stably
transduced P815 cells with luciferase to enable measurement of biolu-
minescence using i.v. injection of p-luciferin and an in vivo imaging
system (IVIS).

Using the P815 model of aggressive SM and MCL (Figure 5A), DBA/
2J female mice were injected with 5 x 10° bioluminescent P815 cells
into a primary site at the right flank. Vehicle control or KitStop ESO
was administered every 3 days for 24 days to groups of six mice per
treatment cohort. We observed that vehicle control animals had
marked signs of primary tumor growth as measured by IVIS (Figures
5B and 5C). Bioluminescence from P815 neoplastic cells was signifi-
cantly reduced by both intratumoral (i.t.) (p = 0.0007) (Figure 5D)
and iv. (p = 0.0220) (Figure 5E) injection of KitStop ESO when

2x obj (20x); KIT IHG

Histopathological assessment of neoplastic foci size in
livers. Graphical representation of data includes boxplots
where middle bar represents median and whiskers
represent minimum and maximum. All data are derived
& from five NSG female mice per group. The p value
was determined by a Fisher’s least significant difference
(LSD) test with ordinary one-way ANOVA or an uncor-
rected Dunn’s test with a Kruskal-Walls one-way
ANOVA. *p < 0.05. Scale bars, 2 mm.A

compared to controls. Tumor mass was signifi-
cantly reduced for i.t. (p = 0.0132) and a trend
for reduction in the iv. (p = 0.0674) KitStop
ESO treatment group compared to controls
(Figure 5F). Tumor volume was measured
with calipers after tumors were excised post-
mortem, and these measurements were also
reduced for it. (p = 0.0188) and iv. (p =
0.0530) KitStop ESO treatment groups (Fig-
ure 5G). Tumor depth, measured by caliper
measurements of excised tumor, was signifi-
cantly reduced for it. (p < 0.0001) and iv.
(p = 0.0008) KitStop ESO treatment groups
compared to controls (Figure 5H). Finally, tu-
mor necrosis was assessed and expressed as
the percent of area of tissue affected by morpho-
logical changes characteristic of cell death as
assessed by a veterinary pathologist (D.B.S.),
and was increased for i.t. (p = 0.0434) and iv.
(p = 0.0588) use with KitStop ESO treatment
groups (Figure 5I). Taken together, these data
demonstrate that KitStop effectively reduces
MC burden in vivo, demonstrating an inverse relationship between
tumor size and necrosis induced by KitStop treatment.

KitStop IV

KitStop ESO administration reduced hepatosplenomegaly

Having established that KitStop ESO administration reduces the pri-
mary tumor growth in the DBA model, we next assessed neoplastic
MC burden in organs. IVIS imaging of organs after necropsy demon-
strated that luciferase-positive P815 cells spread from the primary
inoculation site to infiltrate organs commonly involved in advanced
cases of systemic mastocytosis (Figures 6A~6F). Bioluminescence
from P815 neoplastic cells revealed that liver infiltration was signifi-
cantly reduced by i.t. KitStop ESO compared to controls (Figures 6A,
6B, and 6G). However, the i.v. treated group did not show statistical
significance for overall liver luminescence (Figures 64, 6C, and 6G).
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Figure 5. KitStop ESO administration reduced primary tumor growth in an isograft model of MC neoplasia carrying D814Y auto-activating mutation of the c-
Kit proto-oncogene

P815 cells, which have the mouse equivalent of the D816V mutation, D814Y, were transduced to make infracellular firefly luciferase providing a bioluminescent reporter that
increased relative to neoplastic cell proliferation. (A) DBA/2.) female mice (n = 6 per treatment group) wers injected with 5 x 10° bioluminescent P815 cells into a primary site at
the right flank followed by VIS to confirm tumor size and subsequent euthanasia for tissue collection at day 24. Vehicle control or KitStop ESO was administered every 3 days
for 24 days. (B) Bioluminescence from P815 neoplastic cells was significantly reduced in the i.t. {p = 0.0007) and i.v. (p = 0.0220) KitStop ESO treatment groups compared to
controls. (C-E) IVIS images overlay primary site tumor where bioluminescent P815 neoplastic cells were detected. Representative images show equal-sized regions of
interest (ROls) over the primary tumor site standardized area for photon flux {total counts) detected from all mice in the study. (F-) Tumor weight (F), volume (G), and depth (H)
collectively represent decreased primary site tumor burden (F and G) and penetration into underlying structures (H) for the i.t. and i.v. KitStop treatment groups compared to
controls. (F) Tumor mass was reduced for the i.t. {p = 0.0132) and i.v. (p = 0.0674) KitStop ESO treatment groups compared to controls. (G) Tumor volume was reduced for
theit. (p=0.0188) andi.v. (p = 0.0530) KitStop ESO treatment groups compared to controls. (H) Tumor depth was significantly reduced for the i.t. (p < 0.0001)and i.v. (p =
0.0008) KitStop ESO treatment groups compared to controls. (G) Tumor necrosis was increased for the i.t. {p = 0.0434) and i.v. (p = 0.0588) KitStop ESO treatment groups
compared to controls. (B and F-H) Graphical representation of data includes boxplots where middle bar represents median and whiskers represent minimum and maximum.
The p value was determ'Ked by a Fisher's LSD test with an ordinary one-way ANOVA or uncorrected Dunn’s test with a Kruskal-Wallis one-way ANOVA. 'p < 0.05, ™'p <
0.001, ***p < 0.0001.

Hepatic mass was significantly reduced for i.t. KitStop ESO treatment
group compared to controls, which could be related to neoplastic cell
infiltration (Figure 6H). Comparable results were found for spleen
bioluminescence (Figures 6D-6F and 61) and weight (Figure 6]).

Analysis of multiple tissues at necropsy confirmed that cells in multi-

centric neoplasia spread from the primary tumor site to infiltrate or-
gans commonly involved in advanced cases of systemic mastocytosis,

302 Molecular Therapy Vol. 30 No 1 January 2022

including liver, spleen, the gastrointestinal tract, lymph nodes, and
occasionally other tissues. Grossly detectable neoplastic MC infiltra-
tion replaced hepatic parenchyma (Figures 7A-7C, inset, arrow-
heads) in a pale cream-colored multifocal to coalescing distribution
(i.e,, irregular areas) (Figure 7A) and discrete nodules (Figure 7C).
Quantification revealed that the percent of liver surface replaced by
neoplastic MCs was significantly reduced for the it. (p = 0.0153) Kit-
Stop ESO treatment group compared to controls. Histopathology
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and infiltration in an isograft model of MC neoplasia carrying D814Y auto-activating

Luciferase-positive P815 cells spread from the primary injection site to infiltrate organs commonly involved in advanced cases of systemic mastocytosis. {A-F) VIS images
overlay bioluminescence detected from luciferase-positive P15 necplastic cells. Representative images show equal-sized ROls over the liver end spleen to standardize the
area of photon flux (total counts) detected. (G) Bioluminescence from P815 neoplastic cells infiltrating the liver was significantly reduced by the i.t. (p = 0.0330) KitStop ESO
treatment group compared to controls. {H) Hepatic mass wes significantly reduced for the i.t. {0 = 0.0317) KitStop ESO treatment group compared to controls. {J} Biolu-
minescence from P815 neoplastic cells infiltrating the spleen was reduced by the i.t. {p=0.0116)and i.v. (p = 0.0716} KitStop ESC treatment groups compared to controls. {J)
Splenic mass was reduced for the L.t. (p = 0.0019) and Lv. {p = 0.0570} KitStop ESO treatment groups compared to controls. (A-F} Luminescence scale is 5-25 counts. {G-J)
Graphical representation of data includes boxplots where middle bar represents median and whiskers represent minimum and maximum. The p value was determined by a
Fisher's LSD test with ordinary one-way ANOVA or an uncorrected Dunn’s test with a Kruskal-Wallis one-way ANOVA. *p < 0.05, “p < 0.01. Scale bars, 0.5 cm,,

sections of liver showed infiltration by neoplastic cells in multifocal to
coalescing distribution (Figure 7E) and multiple discrete variable-
sized foci (Figures 7F and 7G), with occasional neoplastic MCs
evident within blood vessels. Infiltrates were significantly reduced
for i.t. (p = 0.0067) and iv. (p = 0.0042) KitStop ESO treatment
groups compared to controls (Figure 7H). Histopathology sections
of spleen revealed infiltration by neoplastic cells as individualized cells
and multifocal coalescing distribution infiltrating red (Figures 71-7K)
and white (Figures 71 and 7K) pulp with occasional neoplastic MCs
within vessels (Figure 71, inset). The infiltration of neoplastic MCs
into spleen was significantly reduced for the i.t. (p = 0.0201) KitStop
ESO treatment group compared to controls (Figure 7L).

KitStop ESO administration reduced MCL

Next, we examined the P815 neoplastic MC involvement in bone
marrow (Figures 8A-8D). We identified marked infiltration
of neoplastic MCs within the bone marrow, and the percent
of bone marrow infiltrated by P815 neoplastic cells was signifi-
cantly reduced in the i.t. (p = 0.0149) KitStop ESO treatment
group compared to controls. High numbers of neoplastic MCs
infiltrated, replaced, and effaced bone marrow for the vehicle
control (Figure 8B) compared to less apparent infiltration for i.t.
(Figure 8C) and iv. (Figure 8D) KitStop ESO administration.
Displacement of hematopoietic bone marrow tissue (myelophthi-
sis) by neoplastic MCs was reduced for it. (p = 0.0095) and iv.
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Figure 7. KitStop ESO administration reduced multicentric spread to organs and tissues in an isograft model of mast cell neoplasia carrying D814Y auto-
activating mutation of the c-Kit proto-oncogene

Multicentric neoplasia cells spread from the primary tumor site to infiltrate organs commonly involved in advanced cases of systemic mastocytosis, including liver, spleen,
gastrointestinal tract, lymph nodes, and occasionally other tissues. {A-C) Representative images show grossly detectable neoplastic mast cell infiltration- replaced hepatic
parenchyma {inset, arowheads) as pale cream-colored irregular zones and nodules. (D) Percent of liver surface replaced by neoplastic mast cells was reduced for the it. {p =
0.0158) KitStop ESO treatment group compared to confrols. {E-G) Histopathology sections of liver show infiltration by neoplastic cells in multifocal coalescing distribution in
vehicle mice (£} and with KitStop treatment had multiple discrete foci {F and G). (H) Infiltration of neoplastic mast cells into liver was reduced for the i.t. {p = 0.0067) andiv. {p=
0.0042) KitStop ESO treatment groups compared to controls. {-K) Histopathclogy sections of spleen had infiltration by neoplastic cels as individualized cells and mulifocal
coalescing distribution infiltrating red {-K) and white (| and K) pulp. {L) Infilration of neoplastic mast cells into spleen was reduced for the i.t. {p = 0.0201) KitStop ESO
treatment group compared to controls. {D, H, and Lj Graphical representation of data includes boxplots where middle bar represents median and whiskers represent
minimum and maximum. The p value was determined,by a Fisher’s LSD test with an ordinary one-way ANOVA or uncorrected Dunn’s test with a Kruskal-Wallis one-way

ANOVA. "p < 0.05, *p < 0.01. Scale bars, 0.5 cm.A

(p = 0.0333) KitStop ESO treatment groups compared to controls
(Figure SE).

Because c-KIT'is involved in hematopoiesis and erythropoiesis,”* we
assessed basic factors that represent these processes. Packed red blood
cell volume (hematocrit) was not significantly different for it. or i.t.
treatment groups compared to controls (Figure 8F). Bone marrow he-
matopoiesis as measured by the myeloid progenitor-to-erythroid pro-
genitor (M:E) ratio was within reference intervals and not signifi-
cantly different between groups (Figure 8G).

We also determined that the blood and MC numbers exceeding the
World Health Organization criteria for diagnosis of MCL in humans
were present in the vehicle control group (Figure 8H). Circulating
neoplastic MCs on differential counts were significantly reduced by
it. KitStop ESO treatment compared to controls (Figure 8H).

304  Molecular Therapy Vol. 30 No 1 January 2022

Neoplastic emboli, neoplasm encroachment on vessels, and circu-
lating neoplastic MC prevalence was reduced on H&E histopathology
sections of organs for the it. (p = 0.0238) and i.v. (p = 0.0022) KitStop
ESO treatment groups compared to controls (Figures 8I and 8K).
Intravascular clusters and individual neoplastic MCs and emboli
filling the vascular lumen in pulmonary vessels were evident in
H&E histopathology sections from vehicle control lungs (Figure 8K),
and lymphatics carried neoplastic MCs to the subcapsular sinus (ar-
rowheads) of draining lymph nodes (Figure 8L). These features were
rarely observed in KitStop-treated mice (Figure 8]).

DISCUSSION

This study presents and summarizes an innovative approach to treat
MC neoplastic diseases by targeting KIT mRNA splicing with an ESO
we term KitStop, markedly reducing KIT protein levels and function
in neoplastic MCs. By employing chemically stable ESOs that
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Figure 8. KitStop ESO administration reduced cardinal signs of mast cell leukemia in an isograft model of mutant mast cell neoplasia

(A) Percent of bone marrow infiliraled by P818 neoplaslic cells. (B) Represenlalive micrograph of bone marrow from vehicle conlrols (B compared oL (C)and i.v. O} Kilslop
ESO administration. {E} Displacement of hematopoietic bone marrow tissue (myelophthisis} by neoplastic mast cells. (F) Packed red blood cell volume (hematocrit). Some
animals from each group had a hematocrit below the lower 2SD reference interval (dotted line} for female DBA/2J mice. {G) Bone marrow hematopoiesis as measured by the
myeloid progenitor-to-erythroid progenitor (M:E) ratio. {(H) Circulating neoplastic mast cells on differential counts. {I) Blood smear of neoplastic mast cells with Romanowsky
stain {representative image shown from vehicle control animal blood). (J) H&E histopathology assessment of neoplastic emboli and circulating neoplastic cellsin organs. (K-L)
Emboli of neoplastic mast cells in pulmonary vessels from H&E histopathology sections from control (K) and i.v. KitStop ESO (L} treatment groups. {A and F-H} Graphical
representation of data includes boxplots where middle bar represents median and whiskers represent minimum and maximum. The ¢ value was determined by a Fisher's
LSD test with an ordinary one-way ANOVA or uncorrected Dunn's test with a Kruskal-Wallis one-way ANOVA. {E and J) Graphical representation of data includes mean and
SEM. The p values were determined independently by a Mann-Whitney test. *p < 0.05, **p < 0.01. Scale bars, 100 urr,A

introduce a frameshift into matare mRNA, we propose that we induce
both degradation of mRNA by NMD and production of a truncated
mRNA variant that encodes a small non-functional peptide. Thus, if
saturation of mRNA degradation does occur, or if the transcripts
evade premature termination codon-dependent NMD, it would not
reduce efficacy because the result would be production of non-func-
tional mRNA and protein. We established that KitStop is effective
in vitro and reduces neoplastic MC numbers i vivo in (wo separate
MC tumor models without obvious associated pathologies or defects
in hematopoiesis.

Using the P815 model of aggressive SM and MCL, we observed vehicle
control animals that had multiple measurable signs of primary tumor
proliferation and proliferation of neoplastic MCs at distant sites

including liver, spleen, gastrointestinal tract, lymph nodes, and other
tissues. Vehicle control mice had consistently larger tumors at the pri-
mary site with increased tumor bioluminescence, increased hepatic
bioluminescence, measurable hepatomegaly, increased neoplastic cell
infiltration into liver, increased splenic bioluminescence, measurable
splenomegaly, increased neoplastic cell infiltration into spleen, and
infiltration into multiple organs, when compared to KitStop-treated
mice. Notably, vehicle controls had MCL when measured by World
Health Organization (WHO) criteria for human samples, including
the bone marrowand blood smears. Additionally, histopathology slides
from multiple tissues had neoplastic MCs in vessels and lymph node
subcapsular sinus confirming neoplastic MC circulation in afferent
lymphatic fluid-draining tissues. These histopathological features of
this model were all improved with KitStop treatment.
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MC proliferative diseases are heterogeneous and difficult to treat
relating to variation in age of onset, patient age, organ involvement,
co-morbidities, and disease aggressiveness.” While conservative treat-
ment is appropriate for cutaneous mastocytosis, increasingly specific
treatments are necessary for aggressive forms of mastocytosis and are
generally directed atinhibiting common mutations found within KIT.
However, the diversity of ¢-KIT mutations that underlie oncogenic
KIT signaling makes targeting such mutations a challenge. Among
these mutations, KIT D816V, which is present in most systemic mas-
tocytosis patients, confers resistance to the TKI imatinib mesylate
(Gleevec) by inducing a conformational change in the tyrosine kinase
domain of KIT.***" This has led to the development of additional
TKIs that target KIT D816V. One such TKI approved for use is mid-
ostaurin, which exhibits high response rates. However, there remains
risk of disease progression and transformation into leukemia even af-
ter treatment with midostaurin.*'® An emerging therapeutic that may
also provide promise is avapritinib, which has been demonstrated to
more selectively target KIT, can inhibit KIT with the D816V muta-
tion, and resulted in a reduction of >50% neoplastic colony formation
in 64% of patients with ASM.”® However, 36% of the cohort were
Tesistant to avapritinib.

Other neoplastic disorders such as GISTS, in which somatic gain-of-
function mutations in ¢-KIT are common and predictive of the risk of

12 can be treated with imatinib. However, similarly to

metastasis,
mastocytosis, imatinib sensitivity can belost over time with the acqui-
sition of additional c-KIT mutations.”™** Combinations of TKIs can
have synergistic inhibitory effects on neoplastic MC growth and could
have therapeutic benefit. However, the risk of acquired resistance to
TKIs and off-target toxicity remain."*** Consequently, given the
strong association between aberrant MC proliferation and survival
with activating ¢-KIT mutations, another and additional desirable
approach for treatment of these diseases would be one capable of spe-
cifically targeting KIT expression with high efficacy, regardless of the

many possible mutations and conformations of the receptor.

For selective targeting of KIT expression, ESO technology represents
a promising approach if the challenge of efficient delivery with ther-
apeutic ESOs can be overcome. Although further development is
needed for ASO delivery, progress with new generations of chemical
modifications that improve oligonucleotide stability, bioavailability,
efficacy, and delivery are exciting advances in ESO technology.”™*
Antisense oligonucleotides, including ESOs, are versatile and, de-
pending on their design, are capable of performing a wide range of
gene-manipulating applications. For example, some applications of
antisense oligonucleotides are to block protein translation, promote
exon inclusion, or induce exon skipping of mature mRNA. In this
study, we used ESOs to achieve the latter and utilized this unconven-
tional approach to cause a frameshift in the mRNA and introduce a
premature stop codon. In doing so, we have not only prohibited
KIT expression, but also significantly inhibited KIT-dependent
neoplastic MC growth and survival in vitro and in vive. In neoplastic
HMC-1.2 cells, KitStop downregulated intracellular KIT expression,
which is particularly significant because the D816V mutation elimi-
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nates the need for surface expression of KIT. Instead, oncogenic
KIT signaling occurs intracellularly and independently of ligand
binding,”* and thus lack of mutant KIT expression at the surface ne-
gates antibody-based therapeutic approaches. In addition to our
in vitro findings, we established that i.t. and iv. administration of Kit-
Stop reduced tumor growth and, in the case of intratumoral admin-
istration, could actually eliminate the tumors. Furthermore, we estab-
lished that systemic administration of KitStop significantly reduced
tumor development in a humanized xenograft MC neoplasia model,
suggesting that the approach would translate to humans. Oligonucle-
otides have some weaknesses in distributing to tissues. While the iv.
administration did not eliminate the tumeor, i.t. delivery did eliminate
the tumor and shows that with effective delivery of the ESOs to MCs,
we could further improve efficacy.

Two key reasons for choosing to modify pre-mRNA splicing, rather
than target KIT mRNA using conventional siRNA approaches are,
first, the sheer abundance of KIT transcripts expressed by MCs
and, second, the inefficacy of siRNA approaches on MCs, particularly
in vivo. Although KitStop targeting of KIT mRNA did not result in a
full switch into skipped transcripts in human and mouse MCs when
measured by standard RT-PCR, this level of exon skipping was suffi-
cient to reduce by 30% KIT mRNA species (indluding skipped and
truncated mRNA transcripts), as well as a markedly reduced KIT pro-
tein expression, loss of proliferation, and induction of apoptosis and
cell death. These effects on reduction of KIT mRNA levels and protein
expression were even more marked in slowly dividing MCs, as evi-
denced in LAD-2 cells. While it is not yet clear whether KitStop re-
sults in production of a truncated protein, RT-PCR data suggest
that there is production of truncated mRNA transcripts, and only par-
tial reduction in total transcripts despite a marked reduction in pro-
tein expression, possibly after NMD is saturated or transcripts evade
NMD. Therefore, if the splicing-dependent NMD pathway is evaded
or saturated, KitStop may then result in production of a severely trun-
cated C-terminal protein that would be difficult to detect, similar to
what has been observed in CRISPR-Cas systems that introduce a
frameshift into transcripts.”” With high copy number non-desirable
transcripts, such as mutant KIT, this phenomenon could be critical
for therapeutic success.

Further reasoning for our choice to use ESOs to target gene expres-
sion rather than conventional gene silencing approaches are the ther-
apeutic and safety profile and prior success of therapeutic $SOs for
genetic diseases such as DMD. Multiple relevant examples to our
choice of PMO chemical backbone for KitStop have been recently
approved by the FDA as new drugs. Eteplirsen (Exondys 51),"° go-
lodirsen (Vyondys 53),°° casimersen (Amondys 45),°" and viltolarsen
(Viltepso 53)°” are all PMOs that cause exon skipping of various
target exons in the dystrophin gene to treat specific exon mutations
in DMD. The basis of these drugs is to utilize splice switching and
exon skipping to partially restore protein function in the dystrophin
gene mutated in DMD by restoring the reading frame in the mRNA.
While these examples provide strong support for therapeutic utility of
PMOs and iv. administration, they also highlight the burden on
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