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Abstract

Many nucleic acids, peptides, and small molecules struggle to become clinically viable
therapeutics as a result of poor delivery. Biological barriers such as the plasma membrane and the
blood-brain barrier (BBB) contribute to this challenge as they can limit the passage of
macromolecules. Cell-penetrating peptides (CPPs) that interact with membranes can improve the
uptake of macromolecules across biological barriers. Here we explore methods for the peptide-
mediated delivery of antisense oligonucleotides (ASOs) and chemotherapeutics.

First, we address the issue that the optimal peptide sequence for the delivery of a
macromolecular cargo is often context-dependent and specific to that cargo. With one class of
ASO, we develop a paradigm that combines systematic screening of known CPPs in a functional
assay for ASO delivery with machine learning methods. Using our computational model, we
identify five novel sequences that increase ASO activity at least three-fold. Next, we demonstrate
that combining CPPs of different classes generates chimeric peptides with synergistic effects on
ASO delivery. These chimeras improve ASO activity twenty-fold, which is greater than any
literature-reported sequence. Then, we examine peptide cyclization with perfluoroaryl-cysteine
SNAr chemistry to improve the stability and delivery of peptide-ASO conjugates. We extend our
SNAr chemistry to the synthesis of arginine-rich bicyclic peptides, which are more stable to
proteolysis than single cycles. Both perfluoroaryl cyclic and bicyclic arginine-rich peptides
improve ASO activity fourteen-fold.

Consequently, we demonstrate that peptide cyclization with perfluoroaryl-cysteine SnAr
chemistry enhances the ability of peptides to cross the BBB. We prepare macrocyclic analogues
of both a CPP and a therapeutic peptide. We show that a subset of the macrocycles cross the BBB
in both a cellular spheroid model of the BBB, as well as after intravenous injection in mice. Finally,
we conjugate a platinum (IV) prodrug of the chemotherapeutic cisplatin to a brain-penetrating
perfluoroaryl macrocycle and show that the amount of platinum in the mouse brain is fifteen-fold
greater than cisplatin after five hours.

In summary, we explore strategies to improve the peptide-mediated delivery of ASOs and
small molecule chemotherapeutics across biological barriers. In the future, we envision extending
these approaches to other macromolecular cargos of therapeutic interest.

Thesis Supervisor: Bradley L. Pentelute
Associate Professor of Chemistry
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Chapter 1: Background and Overview
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1.1. The Challenge of Biological Barriers

Over millennia, complex molecular mechanisms have evolved to protect organisms. These
systems have been extraordinarily beneficial for the long-term survival of species such as humans.
Yet, in an era in which scientists are gaining understanding of molecular mechanisms of disease
and are designing molecules to modulate intracellular processes, natural defenses limit the
development of new therapies. Natural defense mechanisms encompass several distinct biological
processes. The immune system recognizes and clears foreign material from the body. The blood
vessels in the brain, composed of several unique cell types, give rise to what is known as the blood-
brain barrier and regulate which materials can access the brain. The phospholipid bilayer contains
hundreds of embedded proteins that protect the cell from its surroundings. Whole scientific fields
are devoted to each of these areas, as they are full of nuance and complexity. Designing methods
to probe and selectively overcome these complex defense systems will be necessary for the
advancement of macromolecular therapies.

When considering biological barriers such as the blood-brain barrier or the plasma
membrane in relationship to therapeutic development, the lack of generalizable principles can be
challenging. One framework for approaching this challenge is to ask: what is the molecule of
interest, what is the target tissue within the body, and what delivery approach should be used.
Useful macromolecular cargos of interest may include proteins, such as enzyme replacement
therapies or Cas9 for in vivo gene editing,' oligonucleotides, such as antisense therapies or RNAi
to modulate gene expression,*’ or peptides, such as protein-protein interaction inhibitors or
proteolysis targeting chimeras.® These molecules vary in terms of size and chemical properties,
and interact with biological barriers differently.

The second question of the target tissue within the body also governs which biological
barriers must be considered. Does the molecule act extracellularly on a receptor or does it need to
pass the plasma membrane and enter cells? Does the molecule need to access a poorly vascularized
site? Does the molecule need to accumulate in a tumor? Does the molecule carry out its effect on
the central nervous system? Some oligonucleotide therapeutics must cross the plasma membrane
and enter the nucleus to mediate their effects. Chemotherapeutics for brain cancer must cross the
blood-brain barrier and accumulate within the tumor if they are given intravenously.

Both the physicochemical properties of the molecule of interest and the target location

impact the final consideration, the approach to delivery. For intracellular delivery, the methods
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can be broken down into methods that rely on disrupting the cellular membrane and methods that
utilize carriers to traverse the membrane, leaving the membrane intact.' Membrane-disruption
techniques, as the name would suggest, typically involve the physical compromise of the plasma
membrane through various mechanical, chemical, electrical, thermal, or optical means. While
these methods allow the rapid delivery of diverse materials ex vivo, the non-specific physical
disruption makes in vivo application difficult.

To cross biological barriers in vivo, carrier-mediated approaches to delivery drugs are safer
and more effective. Carriers can include synthetic nanoparticles, viral vectors, micelles, liposomes,
and peptides.'"!? The path of carrier-drug conjugates involves uptake of the conjugate into cells
through endocytosis. After endocytosis, the drug must escape the endosome and reach the desired
subcellular compartment where it mediates its effect. In this thesis, we will specifically address
peptide carriers and the peptide-mediated delivery of cargos across biological barriers. The rest of
this introduction will cover detailed background information on the topics relevant to our

approach.
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1.2. Cell-Penetrating Peptides for Delivery

In 1988, back-to-back papers in Cell demonstrated that the frans-activator protein from
HIV-1, tat, was rapidly taken up into cells.'*'* The spontaneous cell entry of this protein fueled
investigation over which part of the protein was necessary to observe cellular uptake.'> Many
deletion mutants were studied to identify the minimal peptide needed for cellular uptake, the nine
residue sequence RKKRRQRRR. !¢ In the same period of time, the Antennapedia gene homeobox
from Drosophila melanogaster was synthesized and shown to enter differentiating nerve cells and
drive morphological differentiation.!” Eventually, it was determined that the third helix of the
Antennapedia homeodomain was the portion responsible for cell entry; the peptide fragment
corresponding to this helix was named “penetratin.”'® Given their origins, these special peptide
sequences that could cross biological barriers were initially termed protein transduction domains.
Eventually, as more and more reports of peptide sequences with these capabilities emerged, the
peptides became known as cell-penetrating peptides (CPPs).

Over the past few decades, several hundred CPPs have been described. An exact definition
is difficult, but generally CPPs are peptide sequences of 5-40 amino acid residues that can enter
cells. The lack of a cogent definition stems from the variations in the experiments performed to
determine if a sequence is a CPP. Often, CPPs are evaluated through the covalent attachment of a
fluorophore and the measurement of cellular fluorescence by flow cytometry and confocal
microscopy. However, the devil can be in the details in these types of studies. Does a fluorescence
measurement by flow cytometry confirm intracellular delivery or could the peptide be embedded
in the cell membrane or trapped in endosomes? Does the fluorophore remain attached to the
peptide? Does the fluorophore alter the physicochemical properties of the peptide? What
concentrations are used? Are those concentrations physiologically relevant? Were the cells fixed
prior to confocal imaging, as fixation can lead to artefactual results?'® Fortunately, CPP sequences
are often utilized in several contexts and for several applications over time, thus increasing
confidence that a particular sequence is efficacious. Yet, the efficacy of a CPP for the delivery of
a particular cargo will always be context-dependent.

CPP sequences can be grouped in several ways based on their origin or physicochemical
properties. Many CPPs are derived from fragments of proteins, such as viral proteins, DNA- or
RNA-binding proteins, or heparin-binding proteins. Others have come from rational design based

on structure activity relationships, computational prediction based on the CPP literature,
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antimicrobial peptides, or DNA-encoded libraries. In terms of physicochemical properties, the
CPPs can be roughly broken down into cationic, amphipathic, and hydrophobic. However, even
within these classifications there are gray areas of classification. For example, several cationic
CPPs with net charges over +5 have amphipathic stretches that can adopt alpha helices.

The applications of CPPs to delivery are varied. CPPs have been used in the delivery of
nanoparticles, proteins, peptides, antisense oligonucleotides, small molecules, small interfering
RNA, and double stranded DNA. The CPP conjugates can have different properties from the parent
CPP alone. Additionally, several mechanisms of cell entry exist for CPPs and CPP-cargo
conjugates.??! The mechanism is often highly dependent on the treatment concentrations and the
type of cargo attached.?>?3 At low, physiologically-relevant concentrations, uptake is primarily
endocytic. However, several different endocytic mechanisms can potentially be engaged including
micropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis and

clathrin/caveloae-independent endocytosis.?*
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1.3. Peptide Cyclization Strategies

Macrocyclization is one attractive method to improve the in vivo stability of peptides and
increase delivery across biological barriers. Linear peptides composed of natural amino acids are
highly susceptible to proteolysis. Cyclizing the peptides improves stability by shielding the peptide
backbone from endoproteases. Further, there is often the benefit of improved cellular uptake when
a peptide is cyclized with a hydrophobic moiety. In several cases, this effect may be related to
stabilizing an alpha-helical structure.?>?¢ However, improved effects on intracellular delivery can
be observed even with non-helical macrocyclic peptides, and therefore development of peptide
macrocycles for delivery should not focus on helical promotion alone.

Most broadly, peptide macrocycles can be formed in four configurations: head to tail (N-
terminus to C-terminus), head to side-chain, tail to side-chain, and side-chain to side-chain.?’
Macrocyclization reactions are typically performed under dilute conditions to favor intramolecular
cyclization over intermolecular multimerization. The most common methods include
lactamization,?® lactonization,?’ and disulfide bridge formation, all of which use natural amino acid
residues. Side-chain to side-chain lactamization can be performed by a condensation reaction
between lysine and either aspartic or glutamic acid. Lactonization results from a condensation
between a serine or threonine and either an aspartic or glutamic acid. Disulfide bridge formation
simply requires two cysteine residues.

The unique nucleophilic reactivity of cysteine can be leveraged for macrocyclization using
exogenous linkers. For example, a dibromide linker will react with a peptide containing two thiols
and the bis-alkylation will yield a stable macrocycle.’®3? Brown er al. have described a
photoreversible macrocyclization between cysteines with s-tetrazine.>> Wang et al. have shown
that a diene can be used to macrocyclize two cysteine residues with thiol-ene chemistry.>* The
Pentelute and Buchwald groups have described palladium-mediated arylation of cysteine for
macrocyclization.’>*¢ Additionally, the Pentelute group has shown that nucleophilic aromatic
substitution can be employed to generate a macrocycle between two cysteine residues with a
perfluoroaromatic linker.*”-3® This perfluoroaryl macrocyclization represents a promising approach
to improve delivery across biological barriers. In subsequent chapters, perfluoroaryl
macrocyclized peptides are applied to the delivery of both oligonucleotides and

chemotherapeutics.
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The physicochemical properties of an ideal delivery vehicle differ based on the therapeutic
cargo, and some macrocyclization techniques that employ unnatural amino acids yield distinct
linkages with unique properties. If an azide and an alkyne are incorporated into a peptide, a copper-
catalyzed 1,3-dipolar cycloaddition can be used to form a peptide macrocycle with a triazole.’®> An
intramolecular oxime ligation can yield a macrocycle with a peptide containing an oxyamino and
aldehyde pair.*® Finally, ring closing metathesis with Grubbs catalyst is commonly employed to

create macrocycles between two alpha-alpha disubstituted olefin-bearing amino acids.?>*!
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1.4. Antisense Oligonucleotide Therapeutics for Duchenne Muscular Dystrophy
One compelling application for peptide-mediated delivery is antisense oligonucleotides
(ASOs). ASOs are single-stranded oligonucleotide analogues, 5-10 kDa in size, that hybridize to
DNA and RNA via Watson-Crick base pairing. ASOs can be designed to target mRNA and form
an ASO-mRNA heteroduplex. The heteroduplex can trigger mRNA degradation by RNAse H.*?
translational arrest by sterically blocking ribosomal access, modulation of splicing affecting the
spliceosome, or destabilization of pre-mRNA leading to downregulation of protein expression.*

If ASOs had an unmodified phosphodiester backbone, they would be rapidly degraded by
nucleases. To increase nuclease resistance, several generations of backbone chemistries have been
developed. The first-generation ASOs had a phophorothioate backbone in which one of the non-
bridging oxygen atoms of the phosphodiester bond was replaced by sulfur. The second-generation
involved 2’-alkyl modifications of either a methyl (2’-OMe) or methoxyethyl (2’-MOE) to the
ribose. Third-generation ASOs began modifying the furanose ring to further enhance target
affinity, serum stability, and pharmacokinetics. The three most common third-generation
chemistries are peptide nucleic acids, locked nucleic acids, and phosphorodiamidate morpholino
oligonucleotides. Peptide nucleic acids have a N-(2-aminoethyl)glycine backbone and nucleobases
are attached to the backbone via a methylene carbonyl linkage.** Locked nucleic acids are
conformationally restricted with a 2’-O,4’-C-methylene bridge in the -D-ribofuranosyl
configuration.***5 Finally, phosphorodiamidate morpholino oligonucleotides (PMOs) contain a
backbone consisting of methylenemorpholine rings instead of ribose and phosphorodiamidate
linkages instead of phosphodiester linkages.

Eteplirsen, commercially marketed as Exondys 51, is a PMO from Sarepta Therapeutics
designed to restore the reading frame of dystrophin in a subset of patients with Duchenne muscular
dystrophy (DMD). DMD is an X-linked recessive genetic disorder affecting around 1 in 3500 boys
that has a debilitating clinical phenotype of severe muscular degeneration. Typically, patients rely
on wheelchairs for mobility by their early teens and die prematurely in their thirties due to either
cardiomyopathy or respiratory infections.*>*” DMD is caused by a variety of mutations that result
in the truncation of the muscular variant of the dystrophin protein. The muscular variant of
dystrophin is a 427 kDa protein consisting of four domains: an N-terminal domain, a rod domain
with spectrin-like repeats, a cysteine-rich domain, and a C-terminal domain.**4° Approximately

80% of DMD mutations occur in the portion of the gene encoding the rod domain. The rod domain
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contains repetitive sequences of limited individual functional importance but is cumulatively
critical for dystrophin. The absed of an exon from the pre-mRNA encoding the rod domain still
yields a functional protein product.®® As a result, DMD is conducive to exon skipping, in which an
exon is removed from the mature mRNA in order to eliminate a mutation or restore the reading
frame.

Although PMOs are attractive molecules to trigger exon skipping and gene correction in
DMD patients, their chemical properties impede effective delivery across the cell membrane and
into the nucleus.?'? In fact, data from skeletal muscle cells in the mouse model of DMD suggest
that most PMO entry into cells results from plasma membrane disruption in the absence of
functional dystrophin.®* In the case of Eteplirsen, systemic intravenous administration is inefficient
and weekly dosing at 30 mg/kg of PMO is required. Even with this large dose, only moderate
improvement in clinical phenotype is observed.’* If the dose could be lowered by improving
cellular delivery, additional clinical benefit may result.

Conjugating the PMO to a cell-penetrating peptide can improve cellular delivery.’>=>7
PMOs conjugated to highly charged, arginine-rich peptides have been shown to restore dystrophin
expression to ~50% of normal levels in skeletal muscle. While this level is sufficient for
phenotypic improvement, these compounds have also been shown to have considerably increased
toxicity.>® Later chapters describe the development of PMO-CPP conjugates that ideally will lead
to lower dosages for restoring dystrophin expression without conferring additional toxicity. The
experiments described focus on a model PMO that has exon skipping activity in a facile in vitro
assay. Using this assay, advancements were made in identifying peptide sequences apt for PMO
delivery, as well as chemical modifications for improving uptake and stability. Hopefully these

discoveries will be translated to Eteplirsen in the future.
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1.5. Blood-Brain Barrier

Cell-penetrating peptides and macrocyclic peptides can also be applied to enhancing the
transport of molecules, such as chemotherapeutics, across the blood-brain barrier. There are many
parallels between intracellular delivery and delivery across the blood-brain barrier. Just as some
delivery methods disrupt the plasma membrane and some methods leave the membrane intact, for
penetration across BBB some methods temporarily disrupt the BBB, while others leave the BBB
intact. Delivery methods that leave the BBB intact often rely on the process of transcytosis, in
which molecules are actively transported through brain endothelial cells to the brain parenchyma.
The first step in transcytosis across the BBB is intracellular uptake by brain endothelial cells, so
carriers like cell-penetrating peptides that improve intracellular delivery are also potentially good
delivery vehicles for crossing the BBB. However, for BBB penetration, the vehicle-cargo
conjugate also needs to leave the endothelial cell on the other side and be trafficked to the brain.

The BBB arises from the complex interplay between three main components: the brain
endothelial cells that line the lumen of the brain blood vessels, the pericytes that sit on the basal
lamina, and the associating astrocytic end-feet and microglia.®® The cellular architecture that
develops between these different components tightly regulate molecular trafficking. The BBB is
distinguished from the peripheral blood vessels by the upregulation of tight junctions that limit
paracellular traffic and the upregulation of efflux pumps that actively extrude foreign substances
from the brain into the blood.®>! Although the BBB most likely arose evolutionarily to protect
our brains from harmful substances in the blood, the BBB also prevents most therapeutics from
accessing the brain and limits treatment options for central nervous system diseases.

Strategies for delivery across the BBB can be clustered into those that disrupt the barrier
and those that engage transcytosis. Osmotic disruption with mannitol is one disruption technique
and allows for the nonspecific passage of molecules through based on size.®* However, osmotic
disruption can be difficult to perform in a confined way and has largely fallen out of favor. Another
disruption technique is focused ultrasound, in which microbubbles are injected and then irradiated
in a defined area with ultrasound to locally disrupt the barrier.®® In transcytosis, the specific
molecule of interest is endocytosed into brain endothelial cells and then exocytosed on the other
side, leaving the barrier intact.

Transcytosis can be receptor-mediated or nonspecific, relying on a general adsorptive

affinity for endothelial cells. Approaches that utilize receptor-mediated transcytosis involve the
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conjugation of a therapeutic cargo to antibodies or nanobodies with affinity for a receptor, such as
the transferrin or insulin receptors. While the insulin and transferrin receptors are not unique to the
brain endothelial cell surface, they are two of the few targetable receptors.’* A few peptides have
been developed to bind to receptors on the endothelial surface, such as the peptide Angiopep-2
which binds to the lipoprotein receptor-related protein 1 (LRP1) receptor.®® Other peptides have
been described that cross the blood-brain barrier through adsorptive-mediated transcytosis,
wherein peptides nonspecficially adsorb to the plasma membrane of braine endothelial cells and
subsequently undergo transcytosis.®® Several cell-penetrating peptides fall in this category.®’

One challenge with BBB research is how to prove that a molecule has entered the brain.
For example, some molecules are endocytosed into brain endothelial cells but remain trapped
without undergoing exocytosis to the brain parenchyma. Many of the methodologies available to
examine the amount of uptake into the brain are unable to distinguish between the brain
endothelium and the brain parenchyma. When the molecule of interest is labeled with a radiotracer
or a fluorophore, the analysis is still difficult. Brains must be removed from mice, cryosectioned
ex vivo, and imaged (e.g. - confocal microscopy if fluorophore-labeled). However, the relative
concentration of the molecule is typically quite low, especially if its localization is diffuse. This
coupled with high amounts of autofluorescence in brain tissue from lipofuscins complicates
analysis.®®$% One approach to thesis challenges is to combine multiple different techniques that

independently assess brain penetration.
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1.6. Overview of Thesis

The unifying theme of this work is peptide-mediated delivery across biological barriers.
Chapters 2-4 focus on improving the intracellular delivery of phosphorodiamidate morpholino
oligonucleotides. Chapters 5-6 are devoted to developing methodology to increase the delivery of
therapeutics to the brain. Each chapter looks to address a separate challenge in the field.

Chapter 2 addresses the question of how to select a cell-penetrating peptide sequence for a
particular therapeutic cargo. When starting the project, we knew we wanted to improve the delivery
of PMOs. However, only a fraction of CPPs in the literature have been tested in the context of
PMO delivery. Further, the conditions under which researchers test CPPs can be highly variable
in terms of concentration, whether or not a macromolecular cargo is attached, and whether or not
there is serum in the media. In addition to these considerations, it is likely that the ideal peptide
sequence for the delivery of a large protein with significant surface charge density is different from
the ideal peptide sequence for the delivery of a charge-neutral 18-mer PMO. We propose one
solution to this challenge in Chapter 2, in which 64 literature-reported CPPs are conjugated to
PMO and tested in a cellular assay for PMO activity under standardized conditions. This
systematic approach allows examination of trends in the CPPs that are optimal for PMO. From
these data, we use ensemble learning methods to develop a predictive model for whether or not a
given peptide sequence would improve PMO activity at least three-fold. The model is about 70%
accurate using a held-out test set from the data. However, when we use the model to identify novel
peptide sequences for PMO delivery, all five of the predicted positive sequences improve PMO
activity in the assay. The combination of screening and predicting could be one way to engineer
peptide delivery tools for a cargo of interest. One drawback of this approach is that the outputs are
a result of the inputs and therefore the predictions are unlikely to exceed the range of PMO activity
present in the input data set.

One trend in the data from Chapter 2 is that positive charge in the peptide is the single
greatest predictor of CPP-PMO conjugate activity in the assay. However, we became curious why
the amphipathic CPPs did not perform well. For a conjugate to have activity, it must associate with
the cell membrane, be endocytosed, escape the endosome, enter the nucleus, bind to RNA, and
alter splicing. It is possible that a peptide could be efficient for a few of these steps yet fail
somewhere upstream of RNA binding. We hypothesize that if we combine CPPs of different

classes, we could potentially leverage the benefits of each. In Chapter 3, we describe chimeras of
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CPPs that synergistically promote PMO activity. We investigate the design principles of how to
favorably combine CPPs and we examine the mechanism of uptake of these chimeras. Our best
conjugates increased PMO activity around 20-fold compared with unconjugated PMO.

Both Chapters 2 and 3 utilize linear peptides composed of all L-amino acids. As a result,
the peptides are relatively susceptible to proteolysis. In Chapter 4, we sought to improve the
stability of CPPs for intracellular delivery with perfluoroaryl-cysteine cyclization chemistry. We
also sought to move beyond single macrocycles to see if we could extend perfluoroaryl-cysteine
cyclization chemistry to bicyclic structures. We hypothesized that the bicyclization of arginine-
rich peptides would improve their stability and their ability to deliver PMO into the nucleus.
Chapter 4 introduces two methods for the synthesis of arginine-rich bicyclic peptides using
cysteine perfluoroarylation chemistry. The bicyclic peptides were covalently linked to PMO and
assayed for exon skipping activity. The perfluoroaryl cyclic and bicyclic peptides improve PMO
activity roughly 14-fold over the unconjugated PMO. The bicyclic peptides exhibited increased
proteolytic stability relative to the monocycle, demonstrating that perfluoroaryl bicyclic peptides
are potent and stable delivery agents.

Given our success with the perfluoroaryl cyclization as a means for improving intracellular
delivery, we reasoned that perfluoroaryl cyclization could potentially enhance delivery across the
BBB. As previously discussed, intracellular delivery to brain endothelial cells is the first step of
transcytosis across the BBB. In Chapter 5, we describe the utility of perfluoroaryl macrocyclization
to improve the ability of peptides to cross the BBB. Multiple macrocyclic analogues of the peptide
transportan-10 were investigated that displayed increased uptake in brain endothelial cells and
improved proteolytic stability. One of these analogues (TP10 M13) exhibited substantially
increased delivery across a cellular spheroid model of the blood-brain barrier. Through ex vivo
imaging of mouse brains, we demonstrated that this perfluoroarene-based macrocycle of TP10
exhibits increased penetration of the brain parenchyma following intravenous administration in
mice. Finally, we evaluated macrocyclic analogues of the BH3 domain of the BIM protein to assess
if our approach would be applicable to a peptide of therapeutic interest. We identified a BIM BH3
analogue that showed increased penetration of the brain tissue in mice.

In Chapter 5, all studies with TP10 M13 were completed with a fluorophore. However, we
wished to extend our findings to a chemotherapeutic cargo of interest. We designed a conjugate

between a platinum (IV) prodrug and TP10 M13 with glioblastoma therapy in mind. One of the

30



many factors that limits drug development for brain tumors is delivery to the brain and across the
blood-brain barrier. We hypothesized that a conjugate between a platinum (IV) prodrug of cisplatin
and TP10 M13 could overcome this challenge. We performed in vitro experiments illustrating the
efficacy of our conjugate against two patient-derived glioma cell lines. Finally, we studied the
pharmacokinetics and biodistribution of the conjugate after tail vein injection in mice. The amount
of platinum in the brain after treatment with our conjugate is 15-fold greater than cisplatin at five
hours.

Taken together, the ideas in this thesis offer different strategies for the advancement of
peptide-mediated delivery. The three highlights are the combination of screening and
computational methodology, the creation of chimeric sequences, and the cyclization of peptides
with a perfluoroaryl linker. The studies contained within are among the first examples of using
perfluoroaryl linkers for delivery applications and we are excited to see how this impacts drug

design and delivery in the future.
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Chapter 2: Machine Learning to Predict Cell-Penetrating Peptides for
Antisense Delivery

The work presented in this chapter was published in the following manuscript and is reproduced
with permission from the American Chemical Society:

Wolfe, J.M..* Fadzen, C.M.,* Choo, Z-N., Holden, R.L., Yao, M., Hanson, G.J., & Pentelute,
B.L. Machine Learning to Predict Cell-Penetrating Peptides for Antisense Delivery ACS Central
Science. DOI: 10.1021/acscentsci.8b00098

*: denotes authors contributed equally

37



2.1. Introduction

Although small molecules can generally diffuse through the plasma membrane, many large
molecules have limited uptake into cells.!* These macromolecules are unable to diffuse across the
plasma membrane and, if endocytosed, often remain trapped in endosomes. For example, gene-
editing proteins, antisense oligonucleotides, and peptide-based proteolysis targeting chimeras
(PROTACS) all mediate their effects on intracellular targets, and poor delivery limits their
therapeutic potential.*> One promising solution to improve the intracellular delivery of these
macromolecules is the covalent conjugation of cell-penetrating peptides.®

Over the past few decades, hundreds of cell-penetrating peptides (CPPs) have been
documented in the literature and yet predicting which peptide sequences improve cytosolic
delivery remains difficult. Due in part to the diverse nature of CPPs, the properties and
characteristics that are necessary for cell penetration are not well understood. CPPs range from 5
to 40 residues in length, and the sequences can be highly cationic, amphipathic, or hydrophobic.®
8 Many CPPs are derived from fragments of natural proteins, such as viral proteins, DNA- or RNA-
binding proteins, heparin-binding proteins, or antimicrobial peptides.” Some sequences were
rationally designed after recognizing that cationic residues or amphipathicity can improve cell-
penetration, while others were discovered using DNA-encoded peptide libraries.'®'3 Taking
advantage of machine learning techniques, one recent strategy to predict new CPPs combines
experimental datasets of known CPPs with computational models, such as support vector machines
or neural networks.'+17

Unfortunately, it is generally acknowledged that the existing computational models to
predict CPPs are intrinsically limited.'*!>!® These models were all trained on a similar
heterogeneous dataset compiled from multiple experimental papers on CPPs.'*!7 Since the
original papers investigated CPPs for different applications, different experimental parameters
were employed. For example, CPP treatment concentrations ranged from 0.1-400 uM, some
included serum in the media and others did not, and different cell types were utilized including
HeLa cells and primary rat cortex cells.!®!*2! All of these variables affect cellular uptake, and
therefore standardized treatment conditions should be used to improve model accuracy.

Additionally, there is a need for computational models that predict CPPs specifically for
macromolecule delivery. Experiments to determine putative CPP sequences generally involve the

conjugation of a small-molecule fluorophore to the CPP, and the uptake of the fluorophore-CPP is
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then analyzed by flow cytometry or live-cell confocal imaging.?>** However, experiments with
fluorophore-labeled CPPs do not assess whether or not the CPP is suitable for the delivery of
macromolecular cargo. Further, it is likely that the optimal CPP for the delivery of one type of
macromolecule is different from the optimal CPP for a different type of macromolecule. One
approach to manage this cargo dependence is to evaluate CPPs in the context of a functional
readout for a specific macromolecule. For example, several activity-based assays have been
developed to evaluate successful delivery of peptides, proteins, and antisense oligonucleotides.?*
27

Phosphorodiamidate morpholino oligonucleotides (PMOs) are one particular type of
macromolecule that benefits from conjugation to CPPs. PMOs are a charge-neutral antisense
oligonucleotide therapeutic in which the ribose sugar is replaced with a methylenemorpholine ring
and the phosphodiester backbone is replaced with a phosphorodiamidate backbone (Figure
2.1A).22 PMOs can be designed to bind to pre-mRNA and can alter gene splicing, resulting in the
exclusion or inclusion of particular genetic fragments in the mature mRNA. To improve PMO
delivery, arginine rich CPPs and their derivatives have been covalently conjugated to PMO and
investigated using gene-splicing assays, where cellular fluorescence increases in the presence of
PMO.2%-32 Other types of neutral antisense oligonucleotides, such as peptide nucleic acids, have
also been investigated after conjugation to CPPs.33-3

Here, we seek to predict CPPs specifically for PMO delivery. We hypothesized that PMO-
CPP conjugates evaluated in a functional assay with standardized conditions would provide a data
set for training a computational model. We synthesize a library of 64 PMO-CPP conjugates,
utilizing previously reported cell-penetrating peptides. To benchmark each CPP, we measure the
amount of PMO activity in an exon-skipping assay. We test all PMO-CPP conjugates using the
same concentration, cell-line, amount of serum in the media, and treatment time. Using select CPP
sequences from our library, we directly compare the relative effectiveness of a given CPP for the
delivery of small-molecule fluorophore to the delivery of PMO. We then develop a random forest
classifier that can discriminate whether or not a given peptide sequences can improve PMO activity
more than 3-fold. Lastly, we predict custom peptides for PMO delivery and experimentally

validate the sequences for successful delivery.
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2.2. Results and Discussion

We began by measuring the effectiveness of literature-reported CPPs specifically for PMO
delivery. We synthesized a library of CPPs consisting of the sequences listed in the comprehensive
review by Milleti in 2012.° All the CPPs were capped at the N-terminus with an alkyne for further
conjugation. Peptides that synthesized poorly or exhibited limited solubility were discarded from
the library. After purification using reverse-phase high-performance liquid chromatography (RP-
HPLC), we used copper-catalyzed click chemistry to conjugate the peptides to a 6,212 Da, 18-mer
PMO. The PMO we chose can trigger functional eGFP expression in a modified HeLa cell line
(Figure 2.1B).?7 After another round of purification, we obtained a library of 64 PMO-CPP
conjugates (Table 2.1). The library included all of the canonical CPPs, including TAT, pVEC,
TP10, penetratin, and polyarginine. Other less commonly reported peptides, such as the heparin
binding proteins (DPV3-15) and proline-rich CPPs such as Bac7, were also included. With regards
to classes of CPPs, our library contained 25 sequences generally classified as cationic sequences,
8 classified as hydrophobic, and 23 classified as amphipathic.

For a functional readout, the PMO-CPP conjugates were tested in the eGFP HeLa PMO
assay (Figure 2.1B). In this assay, HeLa-654 cells are stably transfected with an eGFP coding
sequence interrupted by an intron from the human B-globin gene (IVS2-654) containing a mutation
that alters the normal pre-mRNA splice site to a formerly cryptic splice site. The change in splicing
leads to retention of an unnatural mRNA fragment in the spliced eGFP mRNA and the translation
of a non-fluorescent form of eGFP. The PMO 1VS2-654 hybridizes to the mutant $-globin exon in
the stably transfected HeLa cells, altering gene splicing and leading to full-length eGFP
expression. The amount of PMO delivered is therefore correlated to the amount of functional eGFP
expressed. In the experiment, eGFP HeLa cells are incubated with 5 uM of each PMO-CPP
conjugate in media containing 10% fetal bovine serum (FBS) for 24 hours. Then the cellular
fluorescence is analyzed by flow cytometry. Given that the effectiveness of CPPs can be sensitive
to treatment conditions such as the amount of serum in the treatment media and the amount of time
treated, we kept these variables constant, enabling us to directly compare all of the CPPs under
similar conditions.

Testing the library under these unified conditions led to the observation that several
literature CPPs had little effect on promoting PMO delivery (Table 1). While seven peptides

increased PMO activity above five-fold, many peptides exhibited marginal improvement for PMO
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Figure 2.1. PMOs alter gene splicing. (A) The backbone structure of phosphorodiamidate
morpholino oligonucleotides, a type of antisense oligonucleotide. (B) The exon-skipping assay
used in this study. HeLa-654 cells are stably transfected with a split eGFP construct which contains
a mutant intron. In the absence of PMO, a non-fluorescent truncated protein is expressed. If PMO
IVS2-654 is present, it hybridizes to the mutant intron, alters pre-mRNA splicing, and produces
functional message that is translated into fluorescent eGFP.
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delivery. Twenty-seven CPPs (42% of library) led to under a two-fold increase in eGFP
fluorescence and five CPPs actually decreased the amount of eGFP fluorescence compared to
unconjugated PMO. In particular, the commonly used CPP transportan-10 (TP10) exhibited a
negative effect on eGFP fluorescence, suggesting it is ineffective for PMO delivery under these
conditions.

Additionally, we observed that net positive charge was one of the strongest predictors of a
successful CPP. Cationic sequences represented 70% of the CPPs with over a three-fold
improvement in PMO activity (19 out of 27 sequences). This trend is specific for the number
arginine residues, with more arginine residues leading to more observed eGFP fluorescence. In
particular, attachment of the Arginine-12 CPP led to the greatest enhancement of PMO activity.
However, high net charge is by no means necessary — the CPP MPG has just one arginine residue
and a relatively minor theoretical net charge of +5, yet it exhibited the second most activity of all
the CPPs that we tested.

To understand if the trends in CPP effectiveness were specific for PMO delivery, we
evaluated select members of our CPP library for fluorophore delivery (Figure 2.2A). The chosen
CPPs cover the range of physiochemical properties present in our library, as well as the most
commonly utilized CPP sequences. Again, we used copper-catalyzed click chemistry to conjugate
the CPPs to cyanine 5.5 (Cy5.5 — kex 684 nm, Aem 710 nm). Next, eGFP HelLa cells were treated
for 2 hours with 5 uM of each Cy5.5-CPP conjugate in media containing 10% FBS and the cellular
fluorescence was analyzed by flow cytometry. The amount of Cy5.5 fluorescence was normalized
to mean fluorescence intensity of Cy5.5-YTA-4, the conjugate with the highest fluorescence
intensity. Then, the amount of Cy5.5 fluorescence measured for each Cy5.5-CPP conjugate was
compared to the relative amount of eGFP fluorescence for the equivalent PMO-CPP conjugate.
We observed little correlation between the relative effectiveness of PMO and Cy5.5 delivery for a
given CPP (Figure 2.2B). For example, Arginine-12 led to the highest eGFP fluorescence of the
CPPs evaluated, yet only moderate Cy5.5 fluorescence. On the other hand, YTA4 and TP10 both
led to substantial Cy5.5 fluorescence but demonstrated no practical improvement in PMO delivery.

It is important to note that the PMO assay does not distinguish between cellular uptake and
other downstream effects that influence exon skipping (e.g. nuclear delivery or mRNA splicing).
The amount of eGFP fluorescence is not a measure of intracellular concentration, even though they

are correlated. We focused on an activity measurement because we believe that, in the context of
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. . Theoretical | Activity Relative

CPP Name CPP Class Amino Acid Sequence Net Charge to PMO
Arginine-12 Cationic |RRRRRRRRRRRR 12 10.4
MPG Amphipathic GLAFLGFLGAAGSTMGAWSQPKKKRKYV 5 7.5
Bac7 Proline rich RRIRPRPPRLPRPRPRPLPFPRPG g 6.1
TAT Cationic RKKRRQRRR 8 6.0
Arginine-10 Cationic RRRRRRRRRR 10 5.8
DPV6 Cationic GRPRESGKKRKRKRLKP 9 54
$413-PVrev Amphipathic ALWKTLLKKVLKAPKKKRKV 9 5.2
HRSV Cationic RRIPNRRPRR 6 4.9
HTLV-Il Rex Cationic TRRQRTRRARRNR 8 4.7
L-2 Amphipathic HARIKPTFRRLKWKYKGKFW 9 4.6
Melittin Amphipathic GIGAVLKVLTTGLPALISWIKRKRQQ 5 45
DPV15 Cationic LRRERQSRLRRERQSR 6 4.3
Arginine-9 Cationic RRRRRRRRR 9 4.2
Penetratin Cationic RQIKIWFQNRRMKWKK 7 4.2
Yeast GCN4 Cationic KRARNTEAARRSRARKLORMKQ 9 4.2
PDX-1 Cationic RHIKIWFQNRRMKWKK 8 4.1
|Arginine-8 Cationic RRRRRRRR 8 4.0
BMV Gag Cationic KMTRAQRRAAARRNRWTAR 8 3.9
SynB1 Amphipathic RGGRLSYSRRRFSTSTGR 6 39
Knotted-1 Cationic KQINNWFINQRKRHWK 6 38
IVW-14 Hydrophobic KLWMRWYSPTTRRYG 4 3.7
WIR Amphipathic RRWWRRWRR 6 3.5
Engrailed-2 Cationic SQIKIWFQNKRAKIKK 6 34
DPV15b Cationic GAYDLRRRERQSRLRRRERQSR i 3.3
Yeast PrP6 Cationic TRRNKRNRIQEQLNRK 6 33
DPV7 Cationic GKRKKKGKLGKKRDP 8 3.2
HoxA-13 Cationic RQVTIWFQNRRVKEKK 5 3.1
AIP6 Amphipathic RLRWR 3 2.9
(PPR)S Cationic PPRPPRPPRPPRPPR 5 P
CAYH - CAYHRLRRC 4 2.6
DPV10 Cationic SRRARRSPRHLGSG 6 25
(PPR)4 Amphipathic PPRPPRPPRPPR 4 2.4
P22 N Cationic NAKTRRHERRRKLAIER 7 2.4
DPV1047 Cationic VKRGLKLRHVRPRVTRMDV 7 2.4
SVM4 Amphipathic LYKKGPAKKGRPPLRGWFH 7 2.2
@21N(12-29) Cationic TAKTRYKARRAELIAERR 5 2.1
SVM3 Amphipathic KGTYKKKLMRIPLKGT 6 2.1
(PPR)3 Amphipathic PPRPPRPPR 3 1.9
SVM2 - RASKRDGSWVKKLHRILE 5 19
Buforin 2 Amphipathic TRSSRAGLQWPVGRVHRLLRK 7 1.9
SVM1 - FKIYDKKVRTRVVKH _ 6 1.7
SAP Amphipathic VRLPPPVRLPPPVRLPPP 3 1.7
435b Hydrophobic GPFHFYQFLFPPV 1 i
Pept1 Hydrophobic PLILLRLLRGQF 2 1.7
YTA2 ¥ YTAIAWVKAFIRKLRK 5 1.5
Pep-1 Amphipathic KETWWETWWTEWSQPKKRKY 2 1.4
EB-1 Amphipathic LIRLWSHLIHIWFQNRRLKWKKK 9 14
Pyrrhocoricin Proline rich VDKGSYLPRPTPPRPIYNRN 3 1.4
AN(1-22) Cationic MDAQTRRRERRAEKQAQWKAAN 4 14
439a Hydrophobic GSPWGLQHHPPRT 3 1.3
MAP Amphipathic KLALKALKALKAALKLA 5 1.3
[Bip Hydrophobic IPALK 1 1.3
Bip Hydrophobic VPALR 1 1.3
pVEC Amphipathic LLIILRRRIRKQAHAHSK 8 1.2
YTA4 - IAWVKAFIRKLRKGPLG 5 1.2
K-FGF + NLS Amphipathic AAVLLPVLLAAPVQRKRQKLP 4 1.2
HN-1 Hydrophobic TSPLNIHNGQKL 2 12
Bip Hydrophobic VPTLK 1 12
Bip Hydrophobic VSALK 1 1.1
VT5 Amphipathic DPKGDPKGVTVTVTVTVTGKGDPKPD 0 0.8
Transportan 10 Amphipathic AGYLLGKINLKALAALAKKIL ’ 4 0.8
SAP(E) Amphipathic VELPPPVELPPPVELPPP -3 0.8
CADY Amphipathic _|GLWRALWRLLRSLWRLLWRA 5 0.6
PreS2-TLM Amphipathic PLSSIFSRIGDP 0 0.6

Table 2.1. List of CPPs that were conjugated to PMO and tested in the eGFP assay. Each
previously reported CPP was synthesized, purified, and conjugated to PMO IVS2-654. The
conjugates were tested for functional PMO activity in the HeLa-654 cell assay. Individual CPPs
are ranked by their activity relative to unconjugated PMO.
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Figure 2.2. Cargo identity alters relative CPP efficacy. (A) Each CPP sequence analyzed for
delivery of both a fluorophore (Cy5.5, MW=665 Da) and a PMO (IVS2-654, MW=6212 Da). For
Cy5.5-CPP conjugates, HeLa-654 cells were treated with 5 uM of the conjugate in media
containing 10% FBS. After two hours, the Cy5.5 fluorescence was measured by flow cytometry.
For PMO-CPP conjugates, HeLa-654 cells were treated with 5 uM of the conjugate in media
containing 10% FBS. After twenty-two hours, the eGFP fluorescence was measured by flow
cytometry. (B) The cargo dependency of a given CPP, normalized to the activity of the highest-
performing CPP for each type of cargo. There is little relationship between the CPPs that led to
the most cellular Cy5.5 fluorescence and the CPPs that led to the most eGEFP fluorescence.
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macromolecule delivery, the final functional output of a cargo represents the most relevant
criterion for judging a CPP.

After benchmarking literature CPPs and noting the cargo dependency, we sought to
develop a method to identify efficacious CPPs for PMO delivery. We hypothesized that we could
leverage the consistency of our data set (identical concentrations, treatment times, serum-
containing media, and assay) along with techniques from machine learning to build a predictive
computational model for PMO delivery. While the algorithms we employed are standard in the
computer science field, this is the first time they have been applied to the prediction task of peptides
for antisense oligonucleotide delivery.

We chose to train a random forest classifier to select CPPs specific to PMO delivery (Figure
2.3A). Random forests are sets of decision trees, each fit to a randomly selected subset of features
and training examples, and we selected this ensemble learning method due to its scalability and
robustness to overfitting.>> We calculated twenty-three features for each peptide sequence. Two
features were peptide molecular weight and sequence length (total number of residues). The
theoretical net charge of the sequence was averaged across the five N-terminal residues, the five
C-terminal residues, and the entire peptide sequence to give three features. The remaining eighteen
features were derived from six previously described amino acid physicochemical descriptors.
These six descriptors were produced by factor analysis of 384 molecular properties calculated for
22 natural and 593 non-natural amino acids.*® For each peptide sequence, the six descriptors were
also averaged across five N-terminal residues, five C-terminal residues, and the entire peptide
sequence.

The CPP sequences were classified as either positive or negative examples based on
whether or not they exhibited above a three-fold change in eGFP fluorescence with respect to the
unconjugated PMO. Forty-four sequences were used as the training set for the random forest
model. The other twenty sequences were held out to serve as a test set to evaluate the degree to
which the model properly fit the data and could successfully predict the exon skipping activity of
a sequence. The performance metrics of the model are shown in Figure 2.3A.

After testing our model computationally, we sought to validate it experimentally. Random
peptide sequences were generated by selecting a peptide length and amino acid composition with
probability proportional to the distribution observed in the training data set from the CPP library.

Of the random peptides, we selected five positive sequences predicted to lead to above a three-
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fold increase in eGFP fluorescence and two negative sequences (NSs). We selected more positive
sequences as our goal was to develop novel peptide sequences for PMO delivery, which we have
termed predicted PMO carriers (PPCs). These PPCs were synthesized by solid-phase peptide
synthesis, conjugated to PMO 1VS2-654, and purified by RP-HPLC.

We tested the PPCs in the eGFP assay and all five PPCs had a greater than three-fold
change in cellular fluorescence with respect to unconjugated PMO (Figure 2.3B and 2.3C). In fact,
PMO-PPC3 increased fluorescence 4.4-fold, which is a larger increase than 80% of the literature
CPPs. The negative sequences demonstrated less than a three-fold change, indicating that our
model could accurately discriminate between positive and negative sequences.

To demonstrate that our model is sensitive to the effects of cargo on CPP effectiveness, we
next assessed whether or not our novel PPCs were CPPs with regards to small-molecule
fluorophore delivery. We prepared variants of our PPCs labeled with CyS5.5, rather than the PMO,
and measured the uptake by flow cytometry (Figure 2.4). Here, the trends were completely
different, as CyS5.5-labeled NS2 treated cells exhibited fluorescence similar to cells treated with
our positive control Cy5.5-YTA-4 and twice the fluorescence of Cy5.5-PPC1. These data parallel
our observations of the literature CPPs and suggest that our computational model is truly specific
for PMO-based cargo, providing further evidence that CPPs must be chosen in the context of the
cargo of interest.

Next, we sought to characterize the mechanisms by which our PMO-PPC conjugates are
internalized into cells, focusing on PPC3 and PPC5. All mechanistic studies were conducted at
concentrations of 5 pM to remain consistent with the conditions with which we evaluated our
PMO-PPC library. The experiments were performed in a pulse-chase format, in which the cells
were pre-incubated in a particular treatment condition for thirty minutes followed by addition of
PMO-PPC. After three hours, the media was exchanged for fresh media that did not contain the
conjugate and the cells were allowed to incubate for an additional 22 hours at 37 °C.

First, we compared eGFP fluorescence after three hours of treatment at 4 °C vs. 37 °C. We
found that for PMO alone and both PMO-PPC conjugates, eGFP fluorescence decreased when
treatment occurred at 4 °C, suggesting that energy-dependent mechanisms play a role in the uptake
of our conjugates (Figure 2.5A). One plausible explanation for the residual fluorescence in the 4

°C condition is that the cells incubate for an additional 22 hours at 37 °C after treatment, so any
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Figure 2.3. Random forest ensemble learning methods can be used to predict peptide
sequences that facilitate PMO delivery. (A) Scheme of the workflow for the development of
computationally derived peptide sequences for antisense delivery. One component of the workflow
was random forest training using the properties of the CPPs in the library to build a model. Another
component was randomly generating peptide sequences and using the model to predict the
predicted PMO carrier (PPC) activity. Lastly, select sequences were synthesized for experimental
validation. Performance metrics for the model based on the test set are given in the table. (B) Table
of five PPCs and two predicted negative sequences (NS). All five PMO-PPC conjugates exhibited
above a three-fold improvement in eGFP fluorescence, whereas both PMO-NS conjugates
exhibited less than a three-fold change with respect to PMO. (C) The mean fluorescence intensity
of eGFP HeLa cells treated at a concentration of 5 uM with each of the PMO-PPCs and PMO-NSs
in serum-containing media. Each individual experiment consisted of the average of three different
wells with the same treatment conditions, and the experiment was repeated three times. The error
bars represent the standard deviation across the experimental replicates.
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Figure 2.4. Uptake of fluorophore-labeled PPCs. The seven novel sequences were conjugated
to Cy5.5. YTA-4 was used as a positive control, since it is a known CPP sequence that we tested
as part of our library. HeLa-654 cells were treated with 5 pM of each conjugate in media containing
10% FBS. After two hours, the fluorescence was measured by flow cytometry. There is little
correlation between PMO delivery with the PPCs and uptake of Cy5.5-labeled PPCs. For example,
PPC1, PPC3, and PPCS5 all had the same or lower mean fluorescence intensity than NS2.
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Figure 2.5. The PMO-PPC conjugates engage endocytic mechanisms in their uptake into
cells. (A) Effect of temperature on PMO-PPC activity. eGFP HelLa cells were incubated at 4 °C
for 30 minutes before incubation with either PMO or PMO-PPC conjugates at 4 °C at a
concentration of 5 uM. After 3 hours, the treatment media was replaced with fresh, untreated media
and the cells were allowed to grow for an additional 22 hours at 37 °C. CO refers to cell-only. (B)
Effect of cytochalasin D on PMO-PPC activity. eGFP HeLa cells were treated with cytochalasin
D for 30 minutes in serum-containing media before the addition of either PMO or PMO-PPC
conjugates at a concentration of 5 uM. After 3 hours, the treatment media was replaced with fresh,
untreated media and the cells were allowed to grow for an additional 22 hours. The cells were
analyzed for eGFP fluorescence by flow cytometry and the results are shown in terms of the mean
fluorescence intensity. These experiments were conducted on a plate alongside several other
inhibitors and the full results are in section 2.4.
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conjugate that binds to the surface of the cells during treatment at 4 °C may be subsequently
internalized and trigger eGFP expression.

We also treated the HeLa eGFP cells with a panel of endocytosis disruptors and assessed
the effects on internalization (Figure 2.5B). While eGFP fluorescence was relatively unchanged
after pre-incubation with many of the inhibitors, pre-incubation with cytochalasin D led to a
notable decrease in eGFP fluorescence. Cytochalasin D binds to the barbed, fast growing ends of
actin microfilaments, which prevents assembly and disassembly of actin monomers.?” This affects
not only the cytoskeleton of the cell, but also the ability of the membrane to ruffle and reorganize
to facilitate macropinocytosis. While it is possible that the decrease in eGFP fluorescence is due
to effects downstream in the exon skipping pathway, these results suggest that macropinocytosis

plays a significant role in the internalization of our conjugates.

49



2.3. Experimental
2.3.1. Materials

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-
Richelieu,  Quebec,  Canada).  1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium-3-oxid-hexafluorophosphate (HATU), 4-pentynoic acid, S5-azidopentanoic acid,
Fmoc-B-Ala-OH, Fmoc-6-aminohexanoic acid, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-His(Trt)-OH,
Fmoc-L-Lys(Boc)-OH, Fmoc-L-Asp(tBu)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-L-Ser(tBu)-OH,
Fmoc-L-Thr(tBu)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-GIn(Trt)-OH, Fmoc-L-Cys(Trt)-OH,
Fmoc-L-Gly-OH, Fmoc-L-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, Fmoc-L-Ile-OH, Fmoc-
L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH, Fmoc-L-Tyr(tBu)-OH, and Fmoc-L-Trp(Boc)-
OH were purchased from Chem-Impex International (Wood Dale, IL). PyAOP was purchased
from P3 BioSystems (Louisville, KY). Cy5.5-azide was purchased from Lumiprobe Corporation
(Hallandale Beach, FL). Peptide synthesis-grade N,N-dimethylformamide (DMF), CH>Cl,, diethyl
ether, ¢-butanol and HPLC-grade acetonitrile were obtained from VWR International (Radnor,
PA). Cytochalasin D was obtained from Santa Cruz Biotech. All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO). Milli-Q water was used exclusively. The PMO-CPP library
was tested at Sarepta Therapeutics and follow-up experiments with the PMO-PPC conjugates were
performed at MIT using HelLa-654 cells obtained from the University of North Carolina Tissue
Culture Core facility.

2.3.2. Methods for LC-MS Analysis

The following methods were used on an Agilent 6520 ESI-Q-TOF mass spectrometer
equipped with a C; Zorbax column (300SB C3, 2.1 x 150 mm, 5 um). Mobile phases were: 0.1%
formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The following
LC-MS methods were used for characterization:

Method A: 5% B from 0 to 2 min, linear ramp from 5% B to 65% B from 2 to 11 min, 65% B from
11 to 12 min and finally 3 min of post-time at 5% B for equilibration, flow rate: 0.8 mL/min.
Method B: 1% B from 0 to 2 min, linear ramp from 1% B to 61% B from 2 to 11 min, 61% B to
99% B from 11 to 12 min and finally 3 min of post-time at 1% B for equilibration, flow rate: 0.8
mL/min.

Additionally, some chromatograms were acquired using an Agilent 6550 ESI-Q-TOF mass
spectrometer equipped with a C3 Zorbax column (Poroshell 300SB C3, 1.0 x 75 mm, 5 pum).
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Mobile phases were: 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B).

Method C: 5% B from 0 to 1 min, linear ramp from 5% B to 65% B from 1 to 11 min, 65% B from
11 to 12 min and finally 2 min of post-time at 5% B for equilibration, flow rate: 0.4 mL/min.

All data were processed using Agilent MassHunter software package. Y-axis in all
chromatograms shown represents total ion current (TIC) unless noted.
2.3.3. General Method for Peptide Preparation

Fast-flow Peptide Synthesis: Peptides were synthesized on a 0.1-mmol scale using an
automated flow peptide synthesizer.’® A 200 mg portion of ChemMatrix Rink Amide HYR resin
was loaded into a reactor maintained at 90 °C. All reagents were flowed at 80 mL/min with HPLC
pumps through a stainless-steel loop maintained at 90 °C before introduction into the reactor. For
each coupling, 10 mL of a solution containing 0.2 M amino acid and 0.17 M HATU in DMF were
mixed with 200 pL diisopropylethylamine and delivered to the reactor. Fmoc removal was
accomplished using 10.4 mL of 20% (v/v) piperidine. Between each step, DMF (15 mL) was used
to wash out the reactor. Special coupling conditions were used for arginine, in which the flow rate
was reduced to 40 mL/min and 10 mL of a solution containing 0.2 M Fmoc-L-Arg(Pbf)-OH and
0.17 M PyAOP in DMF were mixed with 200 pL diisopropylethylamine and delivered to the
reactor. To cap the peptide with 4-pentynoic acid, the resin was incubated for 30 min at room
temperature with 4-pentynoic acid (1 mmol) dissolved in 2.5 mL 0.4 M HATU in DMF with 500
uL diisopropylethylamine. After completion of the synthesis, the resins were washed 3 times with
DCM and dried under vacuum.

Peptide Cleavage and Deprotection: Each peptide was subjected to simultaneous global
side-chain deprotection and cleavage from resin by treatment with 5 mL of 94% trifluoroacetic
acid (TFA), 2.5% 1,2-ethanedithiol (EDT), 2.5% water, and 1% triisopropylsilane (TIPS) (v/v) for
7 min at 60 °C. For arginine-rich sequences, the resin was treated with a cleavage cocktail
consisting of 82.5% TFA, 5% phenol, 5% thioanisole, 5% water, and 2.5% EDT (v/v) for 14 hours
at room temperature. The TFA was evaporated by bubbling N; through the mixture. Then ~40 mL
of cold ether (chilled at —80°C) was added to precipitate and wash the peptide. The crude product
was pelleted through centrifugation for three minutes at 4,000 rpm and the ether decanted. The

ether precipitation and centrifugation was repeated two more times. After the third wash, the pellet
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was redissolved in 50% water and 50% acetonitrile containing 0.1% TFA, filtered through a fritted
syringe to remove the resin and lyophilized.

Peptide Purification: The peptides were redissolved in water and acetonitrile containing
0.1% TFA, filtered through a 0.22 pm nylon filter and purified by mass-directed semi-preparative
reversed-phase HPLC. Solvent A was water with 0.1% TFA additive and Solvent B was
acetonitrile with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min was
used. Most of the peptides were purified on an Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5
um. Extremely hydrophilic peptides, such as the arginine-rich sequences were purified on an
Agilent Zorbax SB C18 column: 9.4 x 250 mm, 5 um. Using mass data about each fraction from
the instrument, only pure fractions were pooled and lyophilized. The purity of the fraction pool
was confirmed by LC-MS.
2.3.4. PMO Azide Synthesis

PMO 1VS-654 (200 mg, 32 umol) was dissolved in 600 nL. DMSO. To the solution was
added a solution containing 4 equivalents of 5-azidopentanoic acid (13.6 uL, 128 pmol) activated
with HBTU (320 uL of 0.4 M HBTU in DMF, 128 umol) and DIEA (22.3 pL, 128 pmol) in 244
puL DMF (Final reaction volume = 1.2 mL). The reaction proceeded for 25 minutes before being
quenched with 1 mL of water and 2 mL of ammonium hydroxide. The ammonium hydroxide will
hydrolyze any ester formed during the course of the reaction. After 1 hour, the solution was diluted
to 40 mL and purified using reversed-phase HPLC (Agilent Zorbax SB C3 column: 21.2 x 100
mm, 5 pm) and a linear gradient from 2 to 60% B (solvent A: water; solvent B: acetonitrile) over
58 minutes (1% B / min). Using mass data about each fraction from the instrument, only pure
fractions were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-MS.
2.3.5. PMO-Peptide Conjugation with Cu(I)-Catalyzed Azide-Alkyne Cycloaddition

PMO-peptide conjugates were synthesized using Cu(l)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition using copper(I) bromide in DMF. PMO-azide (0.95 pmol), Peptide-alkyne (1.1
umol), and copper(l) bromide (0.05 mmol) powders were added to a septum vial (note: the amount
of PMO-azide ranged from 0.63-0.95 umol). The vial was flushed with N> for 2 minutes, 1 mL
dry DMF was added, and the vial was vortexed. The reaction was allowed to proceed for 1 hour.
The reaction was quenched with the addition of 10 mL of 50 mM Tris (pH 8).

Our optimized purification procedure was using reversed-phase HPLC with a linear

gradient from 5-45% B over 20 minutes (Agilent Zorbax SB C3 9.4 x 50 mm, 5 pm). Mobile phase
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A: 100 mM ammonium acetate pH 7.2 in water. Mobile phase B: acetonitrile. Using mass data
about each fraction from the instrument, only pure fractions were pooled and lyophilized. The
purity of the fraction pool was confirmed by LC-MS. Prior to optimization, the mobile phases were
slightly different. Mobile phase A: 5 mM ammonium acetate pH 8 in water. Mobile phase B: 5
mM ammonium acetate pH = 8 in 90% acetonitrile 10% water.

The first set of PMO-peptide conjugates was worked-up by solid phase extraction rather
than purification by reversed-phase HPLC. This method requires accurate reaction stoichiometry,
as it is difficult to purify away any excess PMO or peptide. The conjugates purified by solid phase
extraction are denoted with a * in the appendix. Disposable columns were packed with
Amberchrom CG300 and conditioned. After the click reaction was quenched with 10 mL of 50
mM Tris (pH 8), the reaction mixture was loaded onto the column by gravity. Next, the column
was rinsed with 1 M sodium chloride (3 mL), followed by three successive washes with water (3
x 12 mL). Then, the column was rinsed once with 90:10 water:acetonitrile (3 mL). Finally, the
product was eluted with two successive treatments with 50:50 water:acetonitrile (2 x 3 mL) and
collected. The eluant was analyzed by LC-MS, flash frozen in liquid N> and lyophilized.

For chromatograms and mass spectra of all PMO-peptide conjugates, please see Section
2.6.

2.3.6. Fluorophore Conjugation with Cu(I)-Catalyzed Azide-Alkyne Cycloaddition

Cy5.5 azide was conjugated to peptide alkyne by copper-catalyzed azide alkyne
cycloaddition using copper sulfate and ascorbic acid. Briefly, 0.5 umol of peptide alkyne was
dissolved in 200 pL 50:50 t-butanol:water in a 1.7 mL microcentrifuge tube. The following
solutions were added in order: 10 pL of 50 mM Cy5.5 azide in DMSO, 100 pL of 500 mM Tris
pH 8 in water, 50 pL of 100 mM copper(ll) sulfate in water, 10 pL of 10 mM
Tris(benzyltriazolylmethyl)amine (TBTA) in DMSO, 530 pL 50:50 t-butanol:water, and 100 pL
of 1 M ascorbic acid in water. After 1 hour, the reactions were purified by reverse-phase HPLC
using a linear gradient from 5-45% B over 80 minutes. Mobile phase A: water with 0.1% TFA.
Mobile phase B: acetonitrile with 0.1% TFA. For LC-MS characterization of Cy5.5-PPC
conjugates, please see Section 2.6.

2.3.7. Computational Model Selection and Feature Importance
Random forest classifier hyperparameters were optimized through grid search with

classification accuracy estimated with three-fold cross validation. The selected number of features
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Number Number Maximum Mean
of features of estimators tree depth test accuracy
0.75 50 20 0.72
0.5 50 20 0.72
0.25 50 20 0.69
0.5 10 20 0.71
0.5 250 20 0.69
0.5 1000 20 0.70
0.5 50 5 0.69
0.5 50 10 0.69

Table 2.2. Variation in mean test accuracy according to selected hyperparameters. The
number of features (as a fraction of total available features), the number of estimators in the
random forest, and the maximum tree depth were varied and mean test accuracy was computed
through three-fold cross validation to select a final random forest model.

Test accuracy was not very sensitive to hyperparameters and the bolded model was selected for
the classification test.

0.200 A

0.175 A

o _E = — — = — —
- — = — = - = = =
FESREEERCEEEGSEEEGSTEEETET
05 0 £ 30 U0 g OO0 UZEGgUUgUag
Yo o2 v VY EEC2cEE=2Y>0C0C 2102
= o L= £ = o 5 ) ) o
g E

T o 7]

> 15 k9]

o

Figure 2.6. Mean decrease in accuracy due to removal of each feature in the final random
forest ensemble. “nterm” and “cterm” refer to a feature derived from principal component
analysis averaged across the five N-terminal and C-terminal amino acids, respectively. The
numbers 1-6 refer to the principal component number as described in Liang et al.
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per tree, number of trees, and maximum tree depth were eleven, fifty, and twenty respectively. The
change in accuracy from varying select hyperparameters is shown in Table 2.2. Performance
metrics from classifier evaluation on a held-out test set of twenty sequences are given in Figure
2.2A. The performance metrics are defined below, where TP refers to true positive, TN refers to

true negative, FP refers to false positive, and FN refers to false negative.

TP+TN
TP+TN+ FP+FN

Accuracy =

procision — 1T
TQCLSlOn—T—PW
TP

TP+ FN

The importance of each feature in our selected random forest classifier is shown in Figure

Recall =

2.6. Feature importance is defined as the mean decrease in accuracy of an estimator in the random
forest ensemble after the feature is removed. The model was implemented in Python 2.7.6 with the
scikit-learn library.?® All the code used for the model has been uploaded to Github:
https://github.com/zining01/cpp_classification
2.3.8. Flow Cytometry Assay for PMO-Peptide Conjugates

For testing the library of PMO-CPP conjugates, flow cytometry analysis of GFP
fluorescence was conducted as previously described.?” For testing the PMO-PPC conjugates, HeLa
654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum (FBS) and
1% (v/v) penicillin-streptomycin at 37 °C and 5% COs. Stocks of each PMO-PPC conjugate were
prepared in phosphate-buffered saline (PBS). The concentration of the stocks was determined by
measuring the absorbance at 260 nm and using an extinction coefficient of 168,700 L mol-' em.
Cells were incubated with each respective conjugate at a concentration of 5 uM in MEM
supplemented with 10% FBS and 1% penicillin-streptomycin for 22 hours at 37 °C and 5% COa.
Next, the treatment media was aspirated. The cells were incubated with Trypsin-EDTA 0.25 % for
15 min at 37 °C and 5% CO», washed 1x with PBS, and resuspended in PBS with 2% FBS and 2
pg/mL propidium iodide.

Flow cytometry analysis was carried out on a BD LSRII flow cytometer. Gates were

applied to the data to ensure that cells that were highly positive for propidium iodide or exhibited
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Figure 2.7. Representative histograms from the flow cytometry analysis of PMO-PPC
conjugates. The red histogram is the cell-only control, the blue histogram is the PMO control,
and the green is the PMO conjugate. Each histogram is the result from one treatment well. Each
experiment contained three treatment wells for each construct. and the experiment was repeated
three times.
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forward/side scatter readings that were sufficiently different from the main cell population were
excluded. Each histogram contained at least 10,000 gated events. Representative histograms are
shown in Figure 2.7.
2.3.9. Flow Cytometry Assay for Cy5.5-Labeled Peptides

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) Pen Strep at 37 °C and 5% COa. Twelve hours before treatment, HeLa cells were
plated at a density of 50,000 cells per well in a 24-well plate. 1 mM stocks of each of the peptides
were prepared in DMSO. Concentration of the stocks was quantified by absorbance using a
UV/Vis spectrophotometer after dilution into 95:5 water:acetonitrile containing 0.1% TFA. A
CyS.5 extinction coefficient of ¢ = 60,000 M'cm™!' at 2=680 nm was used (determined
experimentally by creating a standard curve of Cy5.5 azide dissolved in 95:5 water:acetonitrile
containing 0.1% TFA. The extinction coefficient is sensitive to the amount of acetonitrile in
solution). Then, each peptide was diluted to a final concentration of 5 uM in MEM supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) Pen Strep. To treat the cells, the overnight growth
media was aspirated from each well and 250 pL of a given 5 uM peptide stock was applied to each
well. Cells were incubated for 2 hours at 37 °C and 5% CO» with the peptide treatment, and then
the treatment media was aspirated. Trypsin-EDTA 0.25 % (150 pL) was added to the cells and
incubated for 10 min at 37 °C and 5% CO,. To quench the trypsin, 600 pL. of MEM supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) Pen Strep was added to each well. The dissociated
cells in media were transferred to microcentrifuge tubes and spun at 500 rcf for 3 min. The
supernatant was removed and the pellets were each washed with 1 mL of phosphate-buftered saline
(PBS), and the tubes were spun again. The supernatant was again removed and the pellets were
resuspended in 500 pL. PBS with 2% FBS (v/v) and 2 pg/mL propidium iodide in water. Flow
cytometry analysis was carried out on a BD LSRII flow cytometer. Gates were applied to the data
to ensure that only data from healthy, living cells were taken into account. Cells that were highly
positive for propidium iodide or had forward/side scatter readings that were sufficiently different
from the main cell population were excluded. Each histogram contains at least 10,000 gated events.
2.3.10. Flow Cytometry Analysis with Endocytosis Inhibitors

To inhibit a variety of endocytic mechanisms, a pulse-chase experiment was performed.
Cells were treated using stock solutions of each inhibitor dissolved in the following solutions:

chlorpromazine - 10 mM in water; cytochalasin D - 10 mM in DMSO; wortmannin - 2 mM in
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DMSO; MBCD - 5 mM in cell culture media; EIPA - 10 mM in DMSO; dynasore - 10 mM in
DMSO. Briefly, HelLa 654 cells were plated at a density of 5,000 cells per well in a 96-well plate
in MEM supplemented with 10% FBS and 1% penicillin-streptomycin. The next day, the cells
were treated with each inhibitor at the indicated concentration. After 30 minutes, PMO-peptide
conjugate was added to each well at a concentration of 5 uM. After incubation at 37 °C and 5%
COs for 3 hours, the treatment media was replaced with fresh media (containing neither inhibitor
nor PMO-peptide) and the cells were allowed to grow for another 22 hours at 37 °C and 5% COs..
For the 4 °C experiments, the day after plating, the cells were pre-incubated for 30 minutes at 4
°C, followed by the addition of PMO-peptide conjugate to each well at a concentration of 5 uM.
After incubation at 4 °C for 3 hours, the treatment media was replaced with fresh media and the
cells were allowed to grow for another 22 hours at 37 °C and 5% CO». Sample preparation and
flow cytometry were then performed as described above. Each histogram contains at least 2,000

gated events, with the exception of treatment with 20 pM cytochalasin D and 200 nM wortmannin.
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Figure 2.8. Effect of endocytosis inhibitors on PPC efficacy. HelLa-654 cells were treated with
cach inhibitor in a pulse-chase experiment. After treatment, the mean fluorescence intensity of
eGFP is measured by flow cytometry. PMO is the unconjugated PMO, and here PPC3 and PPC5
are used as shorthand for the PPC3-PMO and PPC5-PMO conjugates. (MBCD = methyl-f3-
cyclodextrin and EIPA = 5-(N-Ethyl-N-isopropyl)amiloride)
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2.4. Conclusions
Serendipity is not necessary to discover new cell-penetrating peptide sequences for

macromolecule delivery. Although many CPPs have been discovered using peptide fragments
from natural proteins, computational models challenge the notion that CPP sequences must be
found in nature. Here, we generated a random forest classifier that could accurately predict whether
or not conjugation of a given peptide sequence would increase PMO activity 3-fold. Our model
enabled the discovery of five completely novel sequences that increased PMO activity, and
accurately discriminated between active and inactive sequences. A BLAST search revealed that
these new sequences are not found in nature.

One key component of our computational model is the standardized assay conditions used
in the data set for training. Multiple experimental variables influence cellular uptake, including
treatment concentration and the presence of serum. To enable the accurate classification of
multiple CPPs, the peptides must be tested under similar conditions. Additionally, as noted
previously in the CPP field, the computational models are only as valuable as the data used to train
a given model. By testing a PMO-CPP library under standardized conditions, we obtained a high-
quality training set to improve the accuracy of the predictions from the model.

The second key component of our model is the type of cargo utilized to assess cell
penetration. Functional macromolecules have diverse chemical structures, mechanisms of action,
and sites of activity inside of cells. Although many CPPs are investigated using only an attached
fluorophore as a metric of their efficacy, our experiments indicated that fluorophore studies have
little predictive value with regards to the optimal CPP for macromolecular delivery. Therefore, to
develop an optimal computational model, the training set should involve CPPs tested in the
appropriate context. For our experiments, we investigated a library of PMO-CPP conjugates to
focus on the context of improving PMO delivery and promoting exon skipping.

Combining these two components leads to a computational model that enables exploration
of the design space for cell-penetrating peptides. Although many, potentially infinite, peptide
sequences may facilitate PMO delivery, our model can be employed to select sequences based on
certain desirable parameters. For example, peptide sequences with a large number of arginine
residues can lead to toxicity in vivo and so, in our computational model, sequence space can be
restricted to sequences containing fewer than 3 arginine residues. Similar approaches can be

utilized for identifying and avoiding peptide sequences that are immunogenic (e.g. by referencing
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a database of immunogenic sequences), or peptide sequences that will be synthetically challenging
(e.g. peptides with multiple B-branched residues). We envision that using our computational
model, vast numbers of putative sequences can be tested in silico, reducing experimental burden
and drastically increasing the chemical space that can be investigated. Then, only the optimized
sequences that meet the desired criteria can be evaluated experimentally.

Moving forward, we seek to understand the generalizability of our current computational
model. If our model extends to clinically-relevant PMO sequences, it could serve as a valuable
resource to optimize therapeutic PMO-peptide conjugates. Additionally, we will investigate the
utility of our computational model for improving the delivery of different classes of antisense
oligonucleotides. Understanding the strengths and limitations of computational prediction will be
critical for applying machine learning to the challenge of intracellular delivery. We envision that
careful experimental design coupled with the appropriate machine learning algorithm will

significantly increase the portfolio of CPPs for macromolecule delivery.
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2.6. Appendix of LC-MS Characterization

PMO-azide: LC-MS chromatogram obtained using Method A
Mass expected: 6337.5 Da
Mass observed: 6337.9 Da
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PMO-CPP Conjugate Library: All chromatograms obtained with Method A unless otherwise

noted.

PMO-R12

Mass expected: 8307.7 g/mol

Mass observed: 8309.6 g/mol
Amount: 4.8 mg (61%)

Peptide Sequence: RRRRRRRRRRRR
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PMO-MPG

Mass expected: 9223.9 g/mol

Mass observed: 9224.3 g/mol

Amount: 4.0 mg (55%)

Peptide Sequence: GLAFLGFLGAAGSTMGAWSQPKKKRKYV

x10 7 |* TIC Scan 111075 pmo31 hplc.d
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PMO-Bac7

Mass expected: 9355.2 g/mol

Mass observed: 9355.6 g/mol

Amount: 7.2 mg (81%)

Peptide Sequence: RRIRPRPPRLPRPRPRPLPFPRPG

x102|* TIC Scan 111043 pmo cpp12 hpic 182-89.d

1
0.9
0.8
0.7
0.6
05
0.4
0.3
0.2
0.1

0
0.1

4.5 5 5.5 6 6.5

7 T 8 9
Counts &,) VS, Acquisitionaf?me (min)

9.5

10

10.5

x10 5 +ESI Scan (7 min) Frag=175.0V 111043 pmo cpp12 hplic f82-89.d

780.6085
851.4767

3.5
3
25

2

15 720.6376 936.5190

1
1040.4692

05
| l 11703867 0000
L .

1560.4022

O - 1 - e & e - - .
500 600 700 800 900 1000 1100 1200 1300 _ 1400

Counts vs. Mass-to-Charge (m/z

67

1600

1700

1800

1900

2000

2100




PMO-TAT

Mass expected: 7756.2 g/mol
Mass observed: 7756.4 g/mol
Amount: 4.7 mg (64%)*

Peptide Sequence: RKKRRQRRR

+ TIC Scan 111013 b pmo93.d
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PMO-R10

Mass expected: 7996.4 g/mol

Mass observed: 7996.7 g/mol
Amount: 2.8 mg (74%)

Peptide Sequence: RRRRRRRRRR

x10 7 * TIC Scan 111075 pmo115 hplc.d
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PMO-DPV6

Mass expected: 8494.0 g/mol
Mass observed: 8494.6 g/mol
Amount: 6.8 mg (84%)

Peptide Sequence: GRPRESGKKRKRKRLKP

%10 7 |* TIC Scan 111055 pmo 84 hplc.d
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PMO-S413-PVrev

Mass expected: 8793.7 g/mol

Mass observed: 8793.9 g/mol

Amount: 2.8 mg (33.5%)

Peptide Sequence: ALWKTLLKKVLKAPKKKRKV
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PMO-HRSV

Mass expected: 7793.1 g/mol
Mass observed: 7793.7 g/mol
Amount: 1.4 mg (19%)

Peptide Sequence: RRIPNRRPRR
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PMO-HTLV-II Rex

Mass expected: 8199.5 g/mol

Mass observed: 8200.0 g/mol

Amount: 3.8 mg (98%)

Peptide Sequence: TRRQRTRRARRNR

x107
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PMO-L-2

Mass expected: 9063.8 g/mol

Mass observed: 9064.1 g/mol

Amount: 2.6 mg (30.2%)

Peptide Sequence: HARIKPTFRRLKWKYKGKFW

xi02|* TIC Scan 111043 pmo cpp22 hplc {89-93.d
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PMO-Melittin
Mass expected: 9264.1 g/mol
Mass observed: 9265.1 g/mol
Amount: 7.6 mg (86%)
Peptide Sequence: GIGAVLKVLTTGLPALISWIKRKRQQ
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PMO-DPV15

Mass expected: 8599.0 g/mol

Mass observed: 8599.6 g/mol

Amount: 6 mg (73%)*

Peptide Sequence: LRRERQSRLRRERQSR

x10 8 * TIC Scan 104-037cpppmoclick_amberchromeelute_91.d
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PMO-R9

Mass expected: 7840.2 g/mol
Mass observed: 7840.8 g/mol
Amount: 5.4 mg (73%)

Peptide Sequence: RRRRRRRRR

x10 7 |* TIC Scan 111067 hplc pmo cpp114 {83-96.d
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PMO-Penetratin

Mass Expected: 8663.3 g/mol
Mass Observed: 8663.9 g/mol
Amount: 1.3 mg (16%)

Peptide Sequence: RQIKIWFQNRRMKWKK

%10 2 |+ TIC Scan 104-106_posthplc_38-41 RLH.d
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PMO-Yeast GCN4

Mass expected: 9128.6 g/mol

Mass observed: 9129.6 g/mol

Amount: 7.4 mg (85%)

Peptide Sequence: KRARNTEAARRSRARKLQRMKQ

x10 8 |* TIC Scan 111055 pmo 105 hplc.d
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PMO-PDX-1
Mass expected: 8672.3 g/mol
Mass observed: 8673.0 g/mol
Amount: 5.4 mg (66%)
Peptide Sequence: RHIKIWFQNRRMKWKK

x108
28

26
2.4
22
2
1.8
1.6
14
1:2
14
0.8
0.6 1
0.4
0.2
0

x10 2

0.8+
0.6
0.4

0.2

+ TIC Scan 111055 pmo 112 hplc.d
7
45 5 5.5 6 6.5 ' 5 8 85 95 10 105 1 115
Counts vs. Acquisition Time (min)
+ Scan (6.842 min) 111055 pmo 112 hplc.d
789.44
723.74
868.28
96463 1085.03
668.14 1239.89
[ 1446.35
L I I
S00 800 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

Counts (%) vs. Mass-to-Charge (m/z)

80




PMO-R8

Mass expected: 7684.0 g/mol
Mass observed: 7684.2 g/mol

Amount: 5.0 mg (68%)*

Peptide Sequence: RRRRRRRR

x10 8 * TIC Scan 094138 pmo r8 saved 5 65 more.d
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PMO-BMV Gag

Mass expected: 8773.2 g/mol

Mass observed: 8773.8 g/mol

Amount: 7.5 mg (90%)

Peptide Sequence: KMTRAQRRAAARRNRWTAR

x107|* TIC Scan 111067 hplc pmo cpp97 f84-96.d
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PMO-SynBI1
Mass expected: 8516.9 g/mol

Mass observed: 8517.5 g/mol
Amount: 3.8 mg (47%)*
Peptide Sequence: RGGRLSYSRRRFSTSTGR

x10 8 |* TIC Scan 094183 pmo cpp19 powder.d
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PMO-Knotted-1

Mass expected: 8613.1 g/mol

Mass observed: 8612.3 g/mol

Amount: 6.8 mg (83%)

Peptide Sequence: KQINNWFINQRKRHWK

x107|* TIC Scan 111017 hplc pmo111 f31-36.d
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PMO-1VV14

Mass Expected: 8417.8

Mass Observed: 8418.4

Amount: 2.7 mg (34%)

Peptide Sequence: KLWMRWYSPTTRRYG

%10 2 |* TIC Scan 104-083_posthpic_63_F88-90.d
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PMO-W/R

Mass expected: 7930.4 g/mol

Mass observed: 7930.8 g/mol
Amount: 6.7 mg (89%)

Peptide Sequence: RRWWRRWRR

<108 [* TIC Scan 111027 pmo34 hplc.d
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PMO-Engrailed-2

Mass expected: 8433.1 g/mol

Mass observed: 8433.4 g/mol

Amount: 5.6 mg (70%)

Peptide Sequence: SQIKIWFQNKRAKIKK
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PMO-DPV15b

Mass expected: 9317.7g/mol

Mass observed: 9318.8 g/mol

Amount: 7.7 mg (87%)

Peptide Sequence: GAYDLRRRERQSRLRRRERQSR
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PMO-Yeast PrP6

Mass expected: 8526.9 g/mol
Mass observed: 8527.6 g/mol
Amount: 6.8 mg (84%)
Peptide Sequence: TRRNKRNRIQEQLNRK
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PMO-DPV7

Mass expected: 8140.6 g/mol
Mass observed: 8141.0 g/mol
Amount: 6.1 mg (79%)

Peptide Sequence: GKRKKKGKLGKKRDP

x107 [t TIC Scan 111067 hplc pmo cpp85 f31-43.d
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PMO-HoxA-13

Mass expected: 8533.1 g/mol

Mass observed: 8533.0 g/mol

Amount: 3.6 mg (44%)

Peptide Sequence: RQVTIWFQNRRVKEKK

+TIC Scan 111017 hplc pmo110 f90-95.d
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PMO-AIP6

Mass
Mass

expected: 7202.5 g/mol
observed: 7203.0 g/mol

Amount: 5.3 mg (77%)
Peptide Sequence: RLRWR
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PMO-(PPR)s

Mass Expected: 8186.7

Mass Observed: 8188.2

Amount: 6.8 mg (87%)

Peptide Sequence: PPRPPRPPRPPRPPR
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PMO-CAYH

Mass Expected: 7591.9

Mass Observed: 7592.0

Amount: 4.9 mg (68%)

Peptide Sequence: CAYHRLRRC (oxidized disulfide)
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PMO-DPV10

Mass expected: 8009.3 g/mol

Mass observed: 8009.7 g/mol

Amount: 7.5 mg (99%)

Peptide Sequence: SRRARRSPRHLGSG
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PMO-(PPR)4
Mass Expected: 7836.3

Mass Observed: 7836.8
Amount: 6.0 mg (81%)

Peptide Sequence: PPRPPRPPRPPR
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PMO-P22 N

Mass expected: 8607.0 g/mol

Mass observed: 8607.7 g/mol

Amount: 3.8 mg (87%)

Peptide Sequence: NAKTRRHERRRKLAIER
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PMO-DPV1047

Mass expected: 8733.4 g/mol
Mass observed: 8733.8 g/mol

Amount: 8.1 mg (98%)
Peptide Sequence: VKRGLKLRHVRPRVTRMDV
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PMO-SVM4

Mass expected: 8653.2 g/mol
Mass observed: 8653.6 g/mol
Amount: 4.5 mg (55%)*

Peptide Sequence: LYKKG PAKKG RPPLR GWFH
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PMO-021N(12-29)

Mass expected: 8606.0 g/mol
Mass observed: 8606.7 g/mol
Amount: 5.0 mg (61%)

Peptide Sequence: TAKTRYKARRAELIAERR
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PMO-SVM3

Mass expected: 8278.9 g/mol

Mass observed: 8279.4 g/mol

Amount: 3.5 mg (45%)

Peptide Sequence: KGTYKKKLMRIPLKGT
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PMO-PPR3

Mass expected: 7485.9 g/mol
Mass observed: 7486.2 g/mol
Amount: 2.8 mg (39%)*
Peptide Sequence: PPRPPRPPR
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PMO-SVM2

Mass expected: 8596.1 g/mol

Mass observed: 8596.5 g/mol

Amount: 4.8 mg (59%)

Peptide Sequence: RASKRDGSWVKKLHRILE
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N i
0.8
0.6-
04
0.2

04—

i ' 1 0 ] [ '

4 45 5 55 & 65 7 75

Counts (%) vs. Acquisibon Time (min)

8

85 9

x10 & |+ESI Scan (6.962 min) Frag=175.0V cpp-pmoconj_6520_46.d

2.4

221 1075.4336

2 860.5894

1.8

1.6 | 782.4445 956.0962
1.4

1.2

0.8
0.6 717.3387

0.4 |
0.2 |

o i N Y W LA LA

1228.9230

1433.5639

ik

500 600 700 800 900 1000 1100

1200 1300

Counts vs. Mass-to-Charge (m/z)

103

1400

1500

1600 1700




PMO-Buforin 2

Mass expected: 8890.5 g/mol
Mass observed: 8891.1 g/mol
Amount: 7.6 mg (90%)
Peptide Sequence: TRSSRAGLQWPVGRVHRLLRK
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PMO-SVMI1

Mass expected: 8333.8 g/mol
Mass observed: 8329.3 g/mol
Amount: 4.4 mg (56%)

Peptide Sequence: FKIYDKKVRTRVVKH
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PMO-SAP

Mass expected: 8414.0 g/mol

Mass observed: 8414.6 g/mol

Amount: 7 mg (88%)*

Peptide Sequence: VRLPPPVRLPPPVRLPPP

x108 [* TIC Scan 104-037cpppmoclick_amberchromeelute_43.d
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PMO-435b

Mass expected: 8012.4 g/mol

Mass observed: 8012.8 g/mol
Amount: 3.4 mg (45%)

Peptide Sequence: GPFHFYQFLFPPV
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PMO-Peptl
Mass expected: 7855.3 g/mol

Mass observed: 7854.8 g/mol
Amount: 6.0 mg (80%)
Peptide Sequence: PLILLRLLRGQF
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1642
1.5
1.4
1.3
1.2
1.1

1
09
0.8
0.7
0.6
05
0.4
0.3
0.2
0.1

0,

45 5 55 6 6.5

7

75 8 85
Counts vs. Acquisition Time (min)

9.5 10

105

11

1.5

x10 2 |* Scan (8.519 min) 111067 hplc pmo cpp61f96-101.d

1 87367 98276
0.8
0.6
- 786.40

0.2

715.00
|

1123.00

1310.00

1571.70
L

500 600 700 800 900 1000

1100 1200 1300 1400 1500
Counts (%) vs. Mass-to-Charge (m/z)

108

1600 1700 1800

1900

2000

2100



PMO-YTA2

Mass Expected: 8380.9

Mass Observed: 8381.6

Amount: 3 mg (38%)

Peptide Sequence: YTAIAWVKAFIRKLRK
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PMO-Pep-1

Mass expected: 9136.7 g/mol

Mass observed: 9136.8 g/mol

Amount: 3.6 mg (30%)*

Peptide Sequence: KETWWETWWTEWSQPKKRKV
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PMO-EB-1

Mass expected: 9517.4 g/mol

Mass observed: 9517.8 g/mol

Amount: 2.6 mg (29%)

Peptide Sequence: LIRLWSHLIHIWFQNRRLK WKKK
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PMO-Pyrrhocoricin

Mass expected: 8757.3 g/mol
Mass observed: 8757.7 g/mol
Amount: 6.3 mg (76%)

Peptide Sequence: VDKGSYLPRPTPPRPIYNRN
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PMO-AN(1-22)

Mass expected: 9117.5 g/mol
Mass observed: 9117.9 g/mol
Amount: 4.9 mg (75%)

Peptide Sequence: MDAQTRRRERRAEKQAQWKAAN
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PMO-439a

Mass expected: 7886.1 g/mol

Mass observed: 7886.9 g/mol

Amount: 8.3 mg (111%)*

Peptide Sequence: GSPWGLQHHPPRT
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PMO-MAP

Mass expected: 8180.9 g/mol
Mass observed: 8181.6 g/mol
Amount: 3.6 mg (46%)

Peptide Sequence: KLALKALKALKAALKLA
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PMO-Bip

Mass Expected: 6957.3
Mass Observed: 6957.8
Amount: 5.5 mg (83%)*
Peptide Sequence: IPALK
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PMO-Bip

Mass expected: 6971.3 g/mol
Mass observed: 6971.6 g/mol
Amount: 2.5 mg (38%)*
Peptide Sequence: VPALR

+ TIC Scan 111013 b pmo72.d
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PMO-pVEC

Mass expected: 8626.2 g/mol
Mass observed: 8624.9 g/mol

Amount: 1.3 mg (16%)*

Peptide Sequence: LLIILRRRIRKQAHAHSK

x108 * TIC Scan 094183 pmo cpp66 powder more.d
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PMO-YTA-4

Mass expected: 8369.9 g/mol

Mass observed: 8370.1 g/mol

Amount: 4 mg (50%)*

Peptide Sequence: IAWVKAFIRKLRKGPLG

x108 * TIC Scan 104-037cpppmoclick_amberchromeelute_51.d
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PMO-K-FGF+NLS

Mass expected: 8698.4 g/mol

Mass observed: 8698.8 g/mol

Amount: 2.5 mg (30%)

Peptide Sequence: AAVLLPVLLAAPVQRKRQKLP

xi02|* TIC Scan 111043 pmo cpp10 hplc f38-41.d
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PMO-HN-1

Mass expected: 7738.0 g/mol

Mass observed: 7738.6 g/mol
Amount: 1.4 mg (19%)

Peptide Sequence: TSPLNIHNGQKL

x10 2 |+ESI TIC Scan Frag=175.0V cpp57_posthplc_32.d
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PMO-Bip

Mass expected: 6973.3 g/mol
Mass observed: 6973.8 g/mol
Amount: 5.4 mg (81%)
Peptide Sequence: VPTLK

«108[* TIC Scan 111027 pmo70 hplc.d
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PMO-Bip

Mass expected: 6933.2 g/mol
Mass observed: 6933.7 g/mol
Amount: 3.2 mg (49%)*
Peptide Sequence: VSALK

x10 8 |* TIC Scan 094139 pmo cpp73 saved.d
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PMO-VT5

Mass expected: 9025.5 g/mol

Mass observed: 9026.0 g/mol

Amount: 5.5 mg (64%)

Peptide Sequence: DPKGDPKGVTVTVTVTVTGKGDPKPD

x10 8 |* TIC Scan 111075 pmo29 hplc.d
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PMO-TP10

Mass expected: 8599.4 g/mol

Mass observed: 8599.7 g/mol

Amount: 9.0 mg (110%)*

Peptide Sequence: AGYLLGKINLKALAALAKKIL

x10 8 * TIC Scan 094139 pmo tp10 saved.d
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PMO-SAP(E)
Mass expected: 8332.8 g/mol

Mass observed: 8331.6 g/mol
Amount: 3.4 mg (43%)*
Peptide Sequence: VELPPPVELPPPVELPPP

x10 8 * TIC Scan 094183 pmo cpp44.2 powder.d
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PMO-CADY

Mass Expected: 9038.8

Mass Observed: 9039.3

Amount: 3.3 mg (38%)

Peptide Sequence: GLWRALWRLLRSLWRLLWRA

+ TIC Scan 104-083 posthplc 38 F103-104.d
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PMO-PreS2-TLM

Mass expected: 7705.1 g/mol
Mass observed: 7705.5 g/mol

Amount: 8.4 mg (115%)*
Peptide Sequence: PLSSIFSRIGDP

X108 + TIC Scan 111013 b pmo28.d
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PMO-PPC and PMO-NS Conjugates: All chromatograms obtained with Method B.

PMO-PPC]

Mass expected: 7598.3

Mass observed: 7598.6

Amount: 1.4 mg (23%)

Peptide Sequence: KQPRIKRKK

x10 8 [* TIC Scan 161089 pmo rp29 hplc f28-29.d
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PMO-PPC2

Mass expected: 8577.2

Mass observed: 8577.8

Amount: 4.1 mg (61%)

Peptide Sequence: LKKRRKLPKKKPIRNEQ

x108 |* TIC Scan 161089 pmo p31hplcf27-28.d
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PMO-PPC3

Mass expected: 7898.3

Mass observed: 7898.7

Amount: 2.9 mg (47%)

Peptide Sequence: KKYRGRKRHPR

x108 * TIC Scan 161089 pmo rp32 hplcf80-81.d
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PMO-PPC4

Mass expected: 7816.3

Mass observed: 7816.8

Amount: 3.4 mg (55%)

Peptide Sequence: APKRKKLKKRF

x108 * TIC Scan 161089 pma rp37 hplcf83-84.d
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PMO-PPCS5
Mass expected: 7868.2
Mass observed: 7868.7
Amount: 3.4 mg (55%)
Peptide Sequence: GRKAARAPGRRKQ

x108 * TIC Scan 161089 pmorp40 hplcf28-29.d
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PMO-NSI

Mass expected: 7139.3

Mass observed: 7139.8
Amount: 4.0 mg (71%)
Peptide Sequence: HDLPKGG

x108 |* TIC Scan 161089 pmorp41 hplc{80-81.d
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PMO-NS2

Mass expected: 7212.4

Mass observed: 7212.9
Amount: 3.7 mg (65%)
Peptide Sequence: AGSHRRL

xt07 * TIC Scan 161089 pmo rpd2 hplc 28-30.d
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Cy3.5-PPC and Cy5.5-NS Conjugates: All chromatograms obtained with Method B.

CyS5.5-PPCl1
Mass expected: 1925.2

Mass observed: 1925.3
Sequence: KQPRIKRKK

%107 + TIC Scan 29.d
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Note: the minor peak has a mass of 1796.1, which represents a single lysine deletion.
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Cy5.5-PPC2
Mass expected: 2903.8

Mass observed: 2903.8
Peptide Sequence: LKKRRKLPKKKPIRNEQ

10 7 |* TIC Scan 31.d
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Note: the small shoulder has a mass of 2774.8, which represents a single lysine deletion.
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Cy5.5-PPC3
Mass expected: 2225.3

Mass observed: 2225.4
Peptide Sequence: KKYRGRKRHPR

x107 + TIC Scan 32.d
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major peak.
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Cy5.5-PPC4
Mass expected: 2143.4

Mass observed: 2143.4
Peptide Sequence: APKRKKLKKRF

<107 |+ TIC Scan 37.d
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Cy5.5-PPC5
Mass expected: 2195.3

Mass observed: 2195.4
Peptide Sequence: GRKAARAPGRRKQ

xi07 |* TIC Scan 40.d
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Cy5.5-NS1
Mass expected: 1466.8

Mass observed: 1466.8
Peptide Sequence: HDLPKGG

x107 + TIC Scan 41.d
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Cy5.5-NS2
Mass expected: 1539.9

Mass observed: 1539.9
Peptide Sequence: AGSHRRL

x107|* TIC Scan 42.d
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Cy5.5-YTA4
Mass expected: 2696.6

Mass observed: 2696.7
Peptide Sequence: IAWVKAFIRKLRKGPLG
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Chapter 3: Chimeras of Cell-Penetrating Peptides Demonstrate Synergistic
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3.1. Introduction

Phosphorodiamidate morpholino oligonucleotides (PMOs) are attractive therapeutic
molecules for genetic diseases. Designed to recognize targets by Watson-Crick base pairing,
PMOs exhibit a high level of specificity for their complimentary nucleotide sequence. Depending
on the type of sequence targeted, PMOs can mediate a variety of effects, including blocking protein
translation or modifying gene splicing. Eteplirsen, a PMO conditionally approved by the FDA to
treat Duchenne muscular dystrophy, causes a mutation-containing exon in the pre-mRNA
encoding for dystrophin to be excluded from the final protein transcript, restoring protein
functionality.'

In terms of structure, PMOs are neutral oligonucleotide analogues in which the ribosyl ring
has been replaced with a morpholino ring and the negatively-charged phosphodiester backbone
has been replaced with the uncharged phosphorodiamidate.? The altered backbone structure
prevents degradation in both serum and by intracellular nucleases.>* Yet the relatively large size
and neutral charge of PMOs can lead to inefficient delivery to the cytosol and nucleus.’

Cell-penetrating peptides (CPPs) are a promising strategy to improve the delivery of PMO
to the nucleus.®!! CPPs are relatively short sequences of 5-40 amino acids that ideally access the
cytosol and can promote the intracellular delivery of cargo.'!* CPPs can be classified into
different groups based on their physicochemical properties. One common CPP class consists of
repetitive, arginine-based peptides such as Ri; and Bpep (RXRRBRRXRRPR, in which X is
aminohexanoic acid and P is B-alanine). These oligoarginine peptides are often random coils.'*
When conjugated to PMO, the oligoarginine peptides have been some of the most effective
peptides in promoting PMO delivery.”~® Other CPPs, such as Penetratin, pVEC, and melittin, are
more amphipathic in nature. While these sequences do contain cationic residues, the defined
separation of charged and hydrophobic residues can promote amphipathic helix formation.
However, amphipathic CPPs have not been demonstrated to significantly improve PMO efficacy.

No universal mechanism of cell entry exists for CPPs or CPP-PMO conjugates.'>!¢ The
mechanism is often highly dependent on the treatment concentrations and the type of cargo
attached.!”'® Above a certain threshold concentration (generally low micromolar), energy-
independent cytosolic uptake can be observed faster than the time scale of endocytosis and cell
surface recycling.'”!" The fast uptake rate provides evidence for a direct translocation mechanism

similar to what is observed for a small molecule. However, at low, physiologically-relevant
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concentrations, uptake is primarily endocytic. Even within the category of endocytosis, CPPs and
CPP-PMO conjugates can enter cells using one or multiple endocytic mechanisms.'®?° These
endocytic mechanisms include micropinocytosis, clathrin-mediated endocytosis, caveolae-
mediated endocytosis and clathrin/caveloae-independent endocytosis.?! CPP-PMO conjugates are
primarily endocytosed at low concentrations, and the CPPs that are poor for PMO delivery are
likely trapped in endosomes or excluded from the nuclear compartment.

Given that different CPPs can engage different endocytic mechanisms and that some CPPs
are better at escaping endosomes than others, each individual CPP has strengths and weaknesses.
One way to harness the benefits of various peptides is to combine them into chimeric peptides and
Jeverage the strengths of each component. Yin and coworkers created covalent chimeras between
a muscle targeting peptide and Bpep to combine muscle targeting with cell-penetration for PMO
delivery.?? Abes ef al. utilized one chimera composed of penetratin and a polyarginine peptide to
improve the delivery of peptide nucleic acids, a different class of antisense oligonucleotide.?}
However, there has yet to be an extensive examination of the design space of chimeras composed
of two CPPs. A thorough understanding of this space is necessary in order to apply these hybrid
molecules to improve PMO delivery.

To begin our investigations, we envisioned that chimeric peptides composed of a random-
coil, oligoarginine CPP with an amphipathic CPP could improve PMO activity. If each CPP
utilizes distinct mechanisms of endocytosis, the chimera may be able to access multiple
mechanisms of cellular entry. Further the different CPPs may have beneficial effects on processes
downstream of uptake, such as endosomal escape or nuclear entry. Here, we present several
amphipathic/oligoarginine CPP chimeras that exhibited a synergistic, rather than additive, gain in
PMO efficacy in a biological assay. The CPP chimeras outperform the potent CPP standard (Bpep)
for PMO activity in this assay. We investigate several of the design principles for the success of

these conjugates and probe the mechanism of uptake for one particular conjugate.
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3.2. Results and Discussion

Our initial proof-of-concept experiments were aimed at determining if chimeric CPPs
could improve PMO efficacy. We designed a set of three constructs that combine an arginine-rich
CPP with an amphipathic CPP. Each construct has three components: the two CPPs and the PMO.
The two CPPs were linked through an amide bond to generate one long, linear peptide. The C-
terminal peptide for each construct was Bpep, an arginine-rich CPP that has consistently been one
of the highest performing CPPs for PMO delivery >!!2?* For the N-terminal peptide, we chose three
known amphipathic CPPs: pVEC, penetratin, and mellitin>>*” One additional construct was
generated with Bpep as the N-terminal peptide to serve as a standard of comparison in which the
chimera is two arginine-rich peptides (Figure 3.1A). The PMO cargo employed was a 6 kDa, 18-
base pair PMO that can trigger increased eGFP expression in a HeLa cell line stably transfected
with a split eGFP construct (Figure 3.1B).

To synthesize the constructs, the two-component, chimeric peptide was prepared by
automated fast-flow solid-phase peptide synthesis.?® The N-terminus of the peptide was capped
with 4-pentynoic acid to provide a click chemistry handle. The PMO was provided by Sarepta
Therapeutics and functionalized at the 3’-amine with 5-azidopentanoic acid. The PMO was
conjugated to the chimeric peptide using copper-catalyzed click chemistry and the PMO-chimera
conjugates were purified by reversed-phase high-performance liquid chromatography (RP-
HPLC)(Figure 3.1B).

Next, the conjugates were evaluated in the HelLa-654 eGFP assay to assess if the chimeric
CPPs would improve PMO efficacy. In this assay, the HeLa cells are stably transfected with an
eGFP sequence that is interrupted with a mutated intron of the human -globin gene (IVS2-654).
The mutation creates a cryptic splice site that leads to retention of a B-globin fragment in the eGFP
mRNA sequence. Upon translation, the eGFP is nonfluorescent. The 1VS2-654 PMO utilized in
the conjugates hybridizes to the mutated intron and prevents the aberrant gene splicing, leading to
an eGFP mRNA sequence that encodes for functional, fluorescent eGFP. The amount of PMO
delivered is therefore correlated to the amount of functional eGFP expressed.

The HeLa-654 eGFP cells were treated with 5 uM of each conjugate in serum-containing
media. After 22 hours, the fluorescence of the cells was analyzed by flow cytometry (Figure 3.1C).
All four CPP chimeras performed better than Bpep, the consistently high-performing CPP for
PMO delivery. Our top chimera, PMO-Penetratin-Bpep had an approximately 70-fold increase in
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Figure 3.1. Design and evaluation of PMO activity for PMO-Peptide chimera conjugates. A)
Amino acid sequences of the four cell-penetrating peptide chimeras used in this work. Each
chimera includes one cell-penetrating peptide on the N-terminus followed by Bpep on the C-
terminus. X = aminohexanoic acid, B = beta-alanine and J = norleucine. B) General scheme of a
PMO-chimera conjugate. C) Plot showing mean eGFP fluorescence of a population of stably
transfected HeLa 654 cells after continuous treatment for 22 hours with 5 uM of each PMO-peptide
conjugate (n=3). The mean eGFP fluorescence was normalized to the eGFP fluorescence of
untreated cells. Both PMO-Penetratin-Bpep and PMO-pVEC-Bpep demonstrated synergistic
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improvement in activity over the base PMO-peptide conjugates.
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eGFP fluorescence compared to the background fluorescence of untreated cells. For reference, this
is over a 20-fold improvement with respect to the unconjugated PMO and a two-fold improvement
with respect to PMO-Bpep.

Both PMO-Penetratin-Bpep and PMO-pVEC-Bpep displayed synergy, in which the
activity of the PMO-chimeric CPP was greater than the sum of the expected activities from each
of the PMO-CPPs individually. For example, PMO-Penetratin demonstrated a 7-fold increase and
PMO-Bpep demonstrated a 35-fold increase in eGFP fluorescence. An additive effect would lead
to a 42-fold increase in eGFP fluorescence for PMO-Penetratin-Bpep. However, the PMO-
Penetratin-Bpep chimera had an almost 70-fold increase in eGFP fluorescence, meaning it
performed approximately 1.5 times better than an additive effect. A similar synergy was also
observed for PMO-pVEC-Bpep, in which the measured eGFP fluorescence was also 1.5 times
greater than the sum of the parts.

The existence of a synergistic effect in two of the chimeras supports the notion that
combining an arginine-rich CPP with an amphipathic CPP can improve PMO efficacy. However,
other variables could be responsible for the observed effects. In the context of the design space,
the order of the individual peptides may influence PMO activity. Therefore, for each construct, we
synthesized the peptide sequences with the order reversed where Bpep is on the N-terminal end
and the other CPP is on the C-terminal end. After conjugation to PMO and purification by RP-
HPLC, these conjugates were tested in the eGFP assay along with their counterparts that had Bpep
on the C-terminal end. Interestingly, for both synergistic chimeras (PMO-Penetratin-Bpep and
PMO-pVEC-Bpep), switching the order of the peptides decreased the mean fluorescence observed
(Figure 3.2A). This observation suggests that it is critical to have Bpep as the C-terminal
component to observe synergy.

One consequence of this result is that it raises the question of whether or not the N-terminal
peptide has functional significance. Alternatively, the N-terminal peptide could serve as a spacer
between the PMO and Bpep that amplifies the effect of Bpep. If this were true, it would explain
why all four chimeras with Bpep on the C-terminal end performed similarly. To address this
question, we prepared a chimera in which the N-terminal peptide was a polyproline spacer of
similar length to the amphipathic CPPs (15 residues). PMO-P15-Bpep was evaluated in the eGFP
assay, along with PMO-P15 and PMO-Bpep (Figure 3.2B). PMO-P15 exhibited lower efficacy
than unconjugated PMO and PMO-P15-Bpep performed approximately the same as PMO-Bpep.
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Figure 3.2. Design principles of CPP chimeras. A) For each chimera, the order of the sequences
was reversed and the activity of the PMO-peptide conjugate was measured in the eGFP assay. The
plot shows the mean fluorescence intensity of eGFP (n=3). B) Plot of the mean fluorescence
intensity of eGFP for cells treated with 5 uM of PMO, PMO-P15. PMO-Bpep or PMO-P15-Bpep
for 22 hours (n=3). C) Comparison of eGFP mean fluorescence intensity for HeLa 654 cells treated
with 5 uM of each base PMO-CPP for 22 hours in the presence or absence of 5 uM Bpep (n=3).
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Given that the P15 spacer did not improve the effect of Bpep at all, these results support the notion
that the identity of the N-terminal peptide has a functional consequence on the outcome of the
chimeric CPP.

Next, we investigated the necessity of covalent attachment. The increase in PMO activity
may or may not require the two component peptides of the chimera to be covalently attached. The
eGFP assay was repeated with PMO-Penetratin, PMO-pVEC, PMO-Melittin and PMO-Bpep in
the presence and absence of 5 uM Bpep (Figure 3.2C). In all cases, the PMO-CPP conjugates
performed identically in the presence and absence of Bpep. This result demonstrates that
covalently linking the two CPPs is necessary to observe an improvement in activity. Co-incubation
with Bpep did not result in any change in eGFP fluorescence.

Given concerns over the size and net charge of the constructs, a lactate dehydrogenase
assay was performed to assess if the plasma membrane of the cells had been compromised in any
way during treatment with the chimeric constructs (Figure 3.3). None of the constructs except for
the PMO-Melittin-Bpep construct caused additional lactate dehydrogenase release compared to
untreated cells, suggesting the majority of our chimeras do not disrupt the cell membrane.

We probed the mechanism by which these chimeric CPPs improve PMO efficacy. The
eGFP HeLa cells provide a functional assay for PMO activity, yet many mechanistic steps
contribute to this final read-out. Any of the PMO conjugates must be internalized into cells, escape
endosomes if endocytosed, localize to the nucleus, and bind to pre-mRNA to generate any effect.
The different parts of the chimera may be aiding in one or many of these steps. While it is
challenging to conclusively demonstrate the exact mechanism given the complexity of the
biological processes involved, we chose one model chimera to thoroughly study to gain additional
insight. We chose to use PMO-pVEC-Bpep for this purpose, since it demonstrated synergy and
did not disrupt the plasma membrane. Additionally, the poor performance of PMO-pVEC made
the strong performance of PMO-pVEC-Bpep a surprising and intriguing result.

We commenced these mechanistic studies with experiments to assess cellular uptake
pathways. To examine if energy-dependent pathways are involved, PMO activity was measured
after treatment at 4 °C vs. 37 °C. The experiments were performed in a pulse-chase format in which
the HeLa eGFP cells were incubated with 5 uM PMO-pVEC, PMO-Bpep, or PMO-pVEC-Bpep
for 3 hours at either 4 °C or 37 °C (Figure 3.4A). Then, the treatment media was exchanged for

fresh media and the cells were allowed to grow for an additional 22 hours. For all compounds
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Figure 3.3. LDH release from HeLa 654 cells upon treatment with 5 pM PMO-peptide
conjugate. HelLa-654 cells were treated with each construct at 5 uM for twenty-two hours. The y-
axis is the ratio of LDH release compared with the cell lysis control. The only construct that
demonstrated compromise of the cell membrane and early signs of cytotoxicity was PMO-
Melittin-Bpep.
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Figure 3.4: Evaluation of mechanism of endocytosis for PMO-pVEC-Bpep conjugate. A) Plot
of eGFP mean fluorescence intensity for cells treated at either 37 °C and 4 °C (n=3). The cells were
allowed to equilibrate to their respective temperatures for 30 minutes prior to treatment with 5 pM
PMO, PMO-pVEC, PMO-Bpep, or PMO-pVEC-Bpep. After treatment with the constructs for 3
hours, the media was exchanged for fresh, untreated media and the cells from both conditions were
incubated for another 22 hours at 37 °C. Both PMO-pVEC and PMO-pVEC-Bpep exhibited a
reduction in uptake at 4 °C, suggesting that energy-dependent processes are relevant for uptake.
B) Plot of eGFP mean fluorescence intensity for cells treated with different concentrations of
chlorpromazine (n=3). The cells were pre-incubated for 30 minutes with chlorpromazine and then
5 uM PMO, PMO-pVEC, PMO-Bpep, or PMO-pVEC-Bpep was added. After treatment with the
constructs for 3 hours, the media was exchanged for fresh, untreated media and the cells from both
conditions were incubated for another 22 hours at 37 °C. At 10 uM chlorpromazine, eGFP
fluorescence decreased only in the cells treated with the PMO-pVEC-Bpep chimera, suggesting
that clathrin-mediated endocytosis plays a unique role in the uptake of the chimera.
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except PMO-Bpep, there was a decrease in eGFP fluorescence when treated at 4 °C. This result
suggests that energy-dependent mechanisms are relevant to the uptake of the PMO-pVEC-Bpep
chimera. Of note particularly to the PMO-Bpep results is that any conjugate that binds to the
surface of the cells during treatment at 4 °C could be subsequently internalized and trigger eGFP
expression when the cells are incubated for an additional 22 hours at 37 °C after treatment.

In addition, we studied the effect of multiple endocytosis inhibitors on the internalization
of PMO-pVEC, PMO-Bpep, and PMO-pVEC-Bpep into cells (Figure 34B). The experiments
were performed in a pulse-chase format in which the eGFP HeLa cells were pre-incubated with
the inhibitors. After thirty minutes of pre-incubation, the peptide was added and after three hours,
the treatment media was exchanged with fresh media and the cells were left to grow for another
22 hours. The majority of the inhibitors had no effect. However, at high concentrations of
chlorpromazine, eGFP fluorescence decreased in the cells treated with the PMO-pVEC-Bpep
chimera. While chlorpromazine is considered an inhibitor of clathrin-mediated endocytosis, it may
possibly affect downstream components of the process too. Beyond the possible role of clathrin-
mediated endocytosis in the uptake of the chimera, these data demonstrate that the chimera is
accessing a unique internalization mechanism since no appreciable decrease was observed with
either PMO-pVEC or PMO-Bpep.

Finally, the constructs were labeled with a small molecule organic dye orthogonal to eGFP
to allow simultaneous monitoring of the uptake of the compounds and functional exon-skipping
activity. Experiments of this format could help deconvolute cellular internalization from PMO
efficacy. To prepare these compounds, pVEC, Bpep and pVEC-Bpep were synthesized with a
cysteine residue on the N-terminus of the sequence and the terminus was then capped with 4-
pentynoic acid as before. After purification by RP-HPLC, the peptides were dissolved in water
with equimolar Sulfo-Cyanine5 maleimide and purified again by RP-HPLC. Finally, the
SulfoCy5-labeled peptides were all conjugated to the PMO-azide through copper-catalyzed click
chemistry and purified by RP-HPLC.

Using the SulfoCy5-labeled constructs, we performed a flow cytometry experiment with
the eGFP HelLa cells. The cells were treated with 5 uM of each conjugate in serum-containing
media for 22 hours and then analyzed by flow cytometry (Figure 3.5A). For eGFP fluorescence,
the 488 nm excitation laser and 530 nm emission filter were used, and for the SulfoCy5, the 561

nm excitation laser and 695 nm emission filter were used. The separation of channels enabled
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fluorescence from both fluorophores to be simultaneously recorded. We also treated with
unlabeled PMO-pVEC, PMO-Bpep, and PMO-pVEC-Bpep to determine if the fluorophore was
perturbing the effect of a given conjugate. In all cases, eGFP fluorescence was slightly decreased
with the fluorophore attached suggesting that while the fluorophore may affect the efficacy of the
conjugate, it does so uniformly (Figure 3.6).

In terms of SulfoCy5 fluorescence, PMO-SulfoCy5-Bpep exhibited less fluorescence than
PMO-SulfoCy5-pVEC or PMO-SulfoCy5-pVEC-Bpep. However, PMO-SulfoCy5-Bpep had a
relatively high ability to facilitate eGFP expression. This result suggests that while the overall
cellular uptake of PMO-Bpep is less than PMO-pVEC, Bpep has a beneficial downstream effect.
Perhaps improved endosomal escape, nuclear entry, RNA binding, or splice-modification results
in the relatively high eGFP fluorescence for PMO-Bpep. On the other hand, PMO-SulfoCy5-
pVEC had high SulfoCy5 fluorescence, but poor eGFP expression, which indicates that the
compound has good cellular uptake but has limitations elsewhere downstream. The pVEC-Bpep
chimera exhibited both the highest eGFP expression and the highest SulfoCy5 fluorescence,
though the SulfoCy5 fluorescence was on a similar scale to pVEC. Therefore, our hypothesis for
the basis of the chimera’s synergy is that the pVEC component is improving cellular uptake
without interfering with the beneficial downstream effects of Bpep.

To further test this hypothesis and examine to what extent the material localized to
endosomes, we did live cell confocal microscopy imaging experiments on the HeLa eGFP cells.
The same treatment conditions as the flow cytometry assay were used except that a Rab5a-RFP
fusion protein was used to label early endosomes. After treatment and sixteen hours prior to
imaging, the HeLa eGFP cells were transiently transfected with a Rab5a-RFP fusion construct
utilizing a baclovirus vector. We reasoned that if PMO-SulfoCyS-pVEC had poor efficacy in
triggering eGFP expression due to endosomal entrapment, the RFP signal would be co-localized
with the SulfoCyS5 signal.

The imaging data correlate very well with the flow cytometry data (Figure 3.5B). With
both PMO-SulfoCy5-pVEC and PMO-SulfoCy5-pVEC-Bpep, the bright SulfoCy5 signal is
concentrated in punctae. Some SulfoCy5 signal is co-localized with RFP signal, demonstrating
localization to the early endosome, while other SulfoCy5 punctae are likely late endosomes and

lysosomes. These images provide further evidence that the primary mechanism of internalization
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Figure 3.5. Study of mechanism of synergy with fluorophore-labeled conjugates. A) Plot
showing the mean fluorescence intensity in each respective channel for eGFP and SulfoCy5 for
HeLa 654 cells treated with 5 uM PMO-SulfoCy5-pVEC, PMO-SulfoCy5-Bpep, or PMO-
SulfoCy5-pVEC-Bpep for 22 hours at 37 °C (n=3). The left axis pertains to ¢eGFP fluorescence
and the right axis pertains to SulfoCy5 fluorescence. *Peptide is a figure abbreviation for a PMO-
SulfoCy5-Peptide construct. B) Live-cell confocal microscopy images of Hel.a 654 cells after
treatment with the same conditions as the flow cytometry experiments. The cells were also
transiently transfected with an RFP-Rab35a fusion construct to label early endosomes (green - eGFP
- PMO activity, red — RFP — early endosomes, cyan — SulfoCy5 — conjugates). For visualization

20 ym

of nuclei and brightfield images, see Section 3.6.
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is endocytosis and that endosomal entrapment can limit PMO activity for certain constructs,
despite significant cellular uptake.

Further experiments will be necessary to precisely define the effects downstream of
internalization that are involved in the synergistic performance of the chimeras. However, here we
show with our mechanistic studies that individual CPPs may be helpful with different elements of
macromolecule delivery. We show that chimeric peptides composed of CPPs can exhibit
synergistic improvements in PMO delivery and exon skipping efficiency. We show that the
relative position of the sequences affects the degree of uptake, that both peptides must be CPPs,
and that they must be covalently attached to observe the effect. One issue with this strategy is the
large molecular weight of the resultant conjugates. One way to overcome this would be to create
deletion analogues to identify the minimal necessary sequence to observe synergy. This will be
the subject of future investigations with the Penetratin-Bpep and pVEC-Bpep chimeras.

Given that poor intracellular delivery has largely limited the therapeutic application of
antisense oligonucleotides, we believe this strategy could help improve conjugate therapies for the
treatment of several genetic diseases, such as Duchenne muscular dystrophy. More generally, we
envision that the approach of combining CPPs from different classes can be applied to the

intracellular delivery of a variety of macromolecular cargoes.
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Figure 3.6. Comparison of PMO activity of unlabeled PMO-peptide conjugates with
SulfoCy5-labeled PMO-peptide conjugates. The original unlabeled PMO-peptide conjugates
were run side-by-side in the flow cytometry assay with the Sulfo-Cy5-labeled PMO-peptide
conjugates to determine the extent to which SulfoCy5 perturbs the effect of the conjugates. In all
cases, eGFP fluorescence was slightly decreased with SulfoCy5 attached, suggesting that while
the fluorophore may affect the efficacy of the conjugate, it does so in a relatively uniform fashion.
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3.3. Experimental
3.3.1. Materials

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-
Richelieu, Quebec, Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium-3-oxid-hexafluorophosphate (HATU), 4-pentynoic acid, 5-azidopentanoic acid,
Fmoc-B-Ala-OH, and Fmoc-6-aminohexanoic acid were purchased from Chem-Impex
International (Wood Dale, IL). Fmoc-L-Arg(Pbf)-OH, Fmoc-L-His(Trt)-OH, Fmoc-L-Lys(Boc)-
OH, Fmoc-L-Asp(tBu)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-Thr(tBu)-
OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-GIn(Trt)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gly-OH,
Fmoc-L-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, Fmoc-L-1le-OH, Fmoc-L-Met-OH, Fmoc-
L-Phe-OH, Fmoc-L-Pro-OH, Fmoc-L-Tyr(tBu)-OH, and Fmoc-L-Trp(Boc)-OH were purchased
from Advanced ChemTech (Louisville, KY). PyAOP was purchased from P3 BioSystems
(Louisville, KY). Sulfo-Cy5-Maleimide was purchased from Lumiprobe Corporation (Hallandale
Beach, FL). Peptide synthesis-grade N,N-dimethylformamide (DMF), CH,Cl, diethyl ether, and
HPLC-grade acetonitrile were obtained from VWR International (Radnor, PA). Cytochalasin D
was obtained from Santa Cruz Biotech. The LDH Assay kit was purchased from Promega
(Madison, WI). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q
water was used exclusively. HeLa-654 cells were obtained from the University of North Carolina
Tissue Culture Core facility.

3.3.2. Methods for LC-MS Analysis

LC-MS analyses were performed on an Agilent 6520 ESI-Q-TOF mass spectrometer
equipped with a C3 Zorbax column (300SB C3, 2.1 x 150 mm, 5 um). Mobile phases were: 0.1%
formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The following
LC-MS methods were used for characterization:

Method A: 5% B from 0 to 2 min, linear ramp from 5% B to 65% B from 2 to 11 min,
65% B from 11 to 12 min and finally 3 min of post-time at 5% B for equilibration, flow rate: 0.8
mL/min.

Method B: 1% B from 0 to 2 min, linear ramp from 1% B to 61% B from 2 to 11 min,
61% B to 99% B from 11 to 12 min and finally 3 min of post-time at 1% B for equilibration, flow

rate: 0.8 mL/min.
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Chromatograms were obtained using Method B unless otherwise noted. All data were
processed using Agilent MassHunter software package. Y-axis in all chromatograms shown
represents total ion current (TIC) unless noted.

3.3.3. General Method for Peptide Preparation

Fast-flow Peptide Synthesis: Peptides were synthesized on a 0.1-mmol scale using an
automated flow peptide synthesizer.?® A 200 mg portion of ChemMatrix Rink Amide HYR resin
was loaded into a reactor maintained at 90 °C. All reagents were flowed at 80 mL/min with HPLC
pumps through a stainless-steel loop maintained at 90 °C before introduction into the reactor. For
each coupling, 10 mL of a solution containing 0.2 M amino acid and 0.17 M HATU in DMF were
mixed with 200 pl diisopropylethylamine and delivered to the reactor. Fmoc removal was
accomplished using 10.4 mL of 20% (v/v) piperidine. Between each step, DMF (15 mL) was used
to wash out the reactor. Special coupling conditions were used for arginine, in which the flow rate
was reduced to 40 mL/min and 15 mL of a solution containing 0.2 M Fmoc-L-Arg(Pbf)-OH and
0.17 M PyAOP in DMF were mixed with 200 pl. diisopropylethylamine and delivered to the
reactor. To cap the peptide with 4-pentynoic acid, the resin was incubated for 30 min at room
temperature with 4-pentynoic acid (1 mmol) dissolved in 2.5 mL 0.4 M HATU in DMF with 500
uL diisopropylethylamine. After completion of the synthesis, the resins were washed 3 times with
DCM and dried under vacuum.

Peptide Cleavage and Deprotection: Each peptide was subjected to simultaneous global
side-chain deprotection and cleavage from resin by treatment with 5 mL of 94% trifluoroacetic
acid (TFA), 2.5% 1.2-ethanedithiol (EDT). 2.5% water, and 1% triisopropylsilane (TIPS) (v/v) for
7 min at 60 °C. For arginine-rich sequences, the resin was treated with a cleavage cocktail
consisting of 82.5% TFA, 5% phenol, 5% thioanisole, 5% water, and 2.5% EDT (v/v) for 14 hours
at room temperature. The TFA was evaporated by bubbling N> through the mixture. Then ~40 mL
of cold ether (chilled at —80°C) was added to precipitate and wash the peptide. The crude product
was pelleted through centrifugation for 3 min at 4,000 rpm and the ether decanted. The ether
precipitation and centrifugation was repeated two more times. After the third wash, the pellet was
redissolved in 50% water and 50% acetonitrile containing 0.1% TFA, filtered through a fritted
syringe to remove the resin and lyophilized.

Peptide Purification: The peptides were redissolved in water and acetonitrile containing

0.1% TFA, filtered through a 0.22 um nylon filter and purified by mass-directed semi-preparative
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reversed-phase HPLC. Solvent A was water with 0.1% TFA additive and Solvent B was
acetonitrile with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min was
used. Most of the peptides were purified on an Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5
um. Extremely hydrophilic peptides, such as the arginine-rich sequences were purified on an
Agilent Zorbax SB C18 column: 9.4 x 250 mm, 5 um. Using mass data about each fraction from
the instrument, only pure fractions were pooled and lyophilized. The purity of the fraction pool
was confirmed by LC-MS.
3.3.4. PMO Azide Synthesis

PMO IVS-654 (200 mg, 32 pumol) was dissolved in 600 pL. DMSO. To the solution was
added a solution containing 4 equivalents of 5-azidopentanoic acid (13.6 pL, 128 pmol) activated
with HBTU (320 pL of 0.4 M HBTU in DMF, 128 pumol) and DIEA (22.3 pL, 128 pmol) in 244
puL DMF (Final reaction volume = 1.2 mL). The reaction proceeded for 25 min before being
quenched with 1 mL of water and 2 mL of ammonium hydroxide. The ammonium hydroxide will
hydrolyze any ester formed during the course of the reaction. After 1 hour, the solution was diluted
to 40 mL and purified using reversed-phase HPLC (Agilent Zorbax SB C3 column: 21.2 x 100
mm, 5 um) and a linear gradient from 2 to 60% B (solvent A: water; solvent B: acetonitrile) over
58 min (1% B / min). Using mass data about each fraction from the instrument, only pure fractions
were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-MS.
3.3.5. SulfoCy5-Maleimide Conjugation

For fluorophore-labeled PMO-peptide conjugates, the organic dye was attached prior to
conjugation to PMO. Equimolar SulfoCy5-maleimide was conjugated to cysteine-containing
peptides in 1 mL of H,0. After 30 minutes, the reactions were purified by reversed-phase HPLC
using a linear gradient from 5-45% B over 80 minutes for pVEC and pVEC-Bpep and a linear
gradient from 1-31% B over 60 minutes for Bpep. Mobile phase A: water with 0.1% TFA. Mobile
phase B: acetonitrile with 0.1% TFA. For LC-MS characterization of SulfoCy5-peptide
conjugates, please see Section 3.5.
3.3.6. PMO-Peptide Conjugation with Cu(I)-Catalyzed Azide-Alkyne Cycloaddition

PMO-peptide conjugates were synthesized using Cu(I)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition using copper(I) bromide in DMF. PMO-azide (0.95 pmol), Peptide-alkyne (1.1
umol), and copper(l) bromide (0.05 mmol) powders were added to a septum vial (note: the amount

of PMO-azide ranged from 0.63-0.95 umol). The vial was flushed with N2 for 2 min, 1 mL dry
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DMF was added, and the vial was vortexed. The reaction was allowed to proceed for 1 hour. The
reaction was quenched with the addition of 10 mL of 50 mM Tris in water (pH 8).

Our optimized purification procedure was using reversed-phase HPLC with a linear
gradient from 5-45% B over 20 min (Agilent Zorbax SB C3 9.4 x 50 mm, 5 um). Mobile phase A:
100 mM ammonium acetate pH 7.2 in water. Mobile phase B: acetonitrile. Using mass data about
each fraction from the instrument, only pure fractions were pooled and lyophilized. The purity of
the fraction pool was confirmed by LC-MS.

3.3.7. Flow Cytometry Assay for PMO-Peptide Conjugates

HeLa 654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin at 37 °C and 5% COs. Eighteen hours prior to
treatment, the cells were plated at a density of 5,000 cells per well in a 96-well plate in MEM
supplemented with 10% FBS and 1% penicillin-streptomycin. The day of the experiment, stocks
of each PMO-peptide conjugate were prepared in phosphate-buffered serum (PBS). The
concentration of the stocks was determined by measuring the absorbance at 260 nm and using an
extinction coefficient of 168,700 L. mol-! cm™. Cells were incubated with each respective conjugate
at a concentration of 5 pM in MEM supplemented with 10% FBS and 1% penicillin-streptomycin
for 22 hours at 37 °C and 5% CO,. Next, the treatment media was aspirated the cells were incubated
with Trypsin-EDTA 0.25 % for 15 min at 37 °C and 5% CO;, washed 1x with PBS, and
resuspended in PBS with 2% FBS and 2 pg/mL propidium iodide. Flow cytometry analysis was
carried out on a BD LSRII flow cytometer. Gates were applied to the data to ensure that cells that
were highly positive for propidium iodide or had forward/side scatter readings that were
sufficiently different from the main cell population were excluded. Each histogram contains at
least 3,000 gated events, with the exception of cells treated with PMO-Melittin-Bpep.

3.3.8. Flow Cytometry Assay for SulfoCy5-Labeled PMO-Peptide Conjugates

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO,. Twenty-four hours before treatment,
HeLa cells were plated at a density of 5,000 cells per well in a 96-well plate. The next day, fresh
1 mM stocks of each of the SulfoCy5-PMO-peptide conjugates in DMSO, as well as the respective
unlabeled PMO-peptide controls in DMSO, were prepared. The concentration of the stocks was
determined by measuring the absorbance at 260 nm and using an extinction coefficient of 168,700

L mol! em™. The growth media was aspirated from the cells and treatment media consisting of
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each respective conjugate 5 uM concentration in MEM supplemented with 10% FBS and 1%
penicillin-streptomycin was added. The cells were incubated with treatment-containing media for
22 hours at 37 °C and 5% CO,. Next, the treatment media was aspirated. Trypsin-EDTA 0.25 %
(20 pL) was added to the cells and incubated for 15 min at 37 °C and 5% COa. To quench the
trypsin, 80 pL of MEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) Pen Strep
was added to each well. The dissociated cells in media were transferred with a multichannel pipet
to a polypropylene v-bottom 96-well plate (Falcon) and centrifuged at 500 rcf for 3 min. The
supernatant was removed, the cell pellets were resuspended with 200 pL of phosphate-buffered
saline (PBS), and the plate was centrifuged again. The supernatant was again removed and the
pellets were resuspended in 300 uL. PBS with 2% FBS (v/v) and 2 pg/mL propidium iodide in
water. Flow cytometry analysis was carried out on a BD LSRII flow cytometer. For eGFP
fluorescence, the 488 nm excitation laser and 530 nm emission filter were used, and for the
SulfoCy35, the 561 nm excitation laser and 695 nm emission filter were used. The separation of
channels enabled fluorescence from both fluorophores to be simultaneously recorded. Gates were
applied to the data to ensure that only data from healthy, living cells were taken into account. Cells
that were highly positive for propidium iodide or had forward/side scatter readings that were
sufficiently different from the main cell population were excluded. Each histogram contained at
least 3,000 gated events.
3.3.9. Flow Cytometry Analysis with Endocytosis Inhibitors

To inhibit a variety of endocytic mechanisms, a pulse-chase experiment was performed.
Cells were treated using stock solutions of each inhibitor dissolved in the following solutions:
chlorpromazine - 10 mM in water; cytochalasin D - 10 mM in DMSO; wortmannin - 2 mM in
DMSO; MBCD - 5 mM in cell culture media; EIPA - 10 mM in DMSO; dynasore - 10 mM in
DMSO. Briefly, HeLa 654 cells were plated at a density of 5,000 cells per well in a 96-well plate
in MEM supplemented with 10% FBS and 1% penicillin-streptomycin. The next day, the cells
were treated with each inhibitor at the indicated concentration. After 30 minutes, PMO-peptide
conjugate was added to each well at a concentration of 5 uM. After incubation at 37 °C and 5%
CO; for 3 hours, the treatment media was replaced with fresh media (containing neither inhibitor
nor PMO-peptide) and the cells were allowed to grow for another 22 hours at 37 °C and 5% CO..
For the 4 °C experiments, the day after plating, the cells were pre-incubated for 30 minutes at 4

°C, followed by the addition of PMO-peptide conjugate to each well at a concentration of 5 pM.
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3.7. Effect of endocytosis inhibitors on PMO-Bpep, PMO-pVEC, and PMO-pVEC-
Bpep efficacy. HelLa-654 cells were treated with each inhibitor in a pulse-chase experiment as
described in the main text. After treatment, the mean fluorescence intensity of eGFP is measured
by flow cytometry. Bpep, pVEC, and pVEC-Bpep are used as shorthand for the PMO-Bpep, PMO-
pVEC and PMO-pVEC-Bpep conjugates. EIPA is 5-(N-Ethyl-N-isopropyl)amiloride.
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After incubation at 4 °C for 3 hours, the treatment media was replaced with fresh media and the
cells were allowed to grow for another 22 hours at 37 °C and 5% CO». Sample preparation and
flow cytometry was then performed as described above. Each histogram contains at least 3,000
gated events, with the exception of treatment with 20 uM cytochalasin D.
3.3.10. Lactate Dehydrogenase (LDH) Assay

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO,. Eighteen hours before treatment, HeLa
cells were plated at a density of 5,000 cells per well in a 96-well plate. The next day, fresh 1 mM
stocks of each of PMO-peptide conjugate were prepared in PBS. The concentration of the stocks
was determined by measuring the absorbance at 260 nm and using an extinction coefficient of
168,700 L mol-! cm™'. The growth media was aspirated from the cells and treatment media was
added with each respective conjugate at a concentration of 5 pM in MEM supplemented with 10%
FBS and 1% penicillin-streptomycin. The cells were incubated with treatment-containing media
for 22 hours at 37 °C and 5% COa. Next, the supernatant treatment media was transferred to
another clear-bottom 96-well plate for the assay. The assay was performed using the CytoTox 96®
Non-Radioactive Cytotoxicity Assay (Promega) according to the included technical bulletin. After
completion of the assay, the final solution in each well was diluted 1:4 with PBS such that the
measured absorbance was in the linear range of the instrument. The absorbance was measured on
a BioTek Epoch Microplate Spectrophotometer at 490 nm. The positive control is a cell lysis and
the negative control is untreated cells. The data are worked up by subtracting the absorbance of
untreated cells from all of the treatment conditions, including the cell lysis, and then dividing by
the corrected lysis value. A value of 0 reflects no additional LDH release over cell baseline and a
value of 1 reflects total LDH release.
3.3.11. Live Cell Confocal Imaging

HeLa-654 cells were plated at a density of 5,000 cells per well in a #1.5 coverslip glass-
bottom 96-well plate in MEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin. The next day, fresh 1 mM stocks of each PMO-SulfoCy5-peptide
conjugate were prepared in DMSO. The concentration of the stocks was determined by measuring
the absorbance at 260 nm and using an extinction coefficient of 168,700 L mol-! cm™. Twenty-
four hours after plating, the growth media was aspirated and the cells were treated with media

containing each PMO-SulfoCy5-peptide conjugate at a concentration of 5 pM in MEM
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supplemented with 10% FBS and 1% penicillin-streptomycin. Six hours after that (sixteen hours
prior to imaging), 3 pL of CellLight™ Early Endosomes-RFP, BacMam 2.0 was added to each
well (corresponding to 30 particles per cell). After 22 hours of total PMO treatment, the treatment
media was aspirated, the cells were washed twice with PBS (5 min for each wash), and the cells
were stained for 10 min with 2 pg/mL Hoescht in PBS followed by two more PBS washes (5 min
for each wash). Finally, the cells were imaged in PBS on a spinning disk confocal microscope
composed of a Yokogawa CSU-22 spinning disk confocal scan head with Borealis modification,
Zeiss AxioVert 200M inverted microscope stand with DIC optics, six lasers, a Hamamatsu Orca-
ER cooled CCD camera, and MetaMorph acquisition software. The images were acquired with the

63x objective and processed using FIJI.
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3.5. Appendix of LC-MS Characterization

Note: Chromatograms were obtained using Method B unless otherwise noted.

PMO-Azide
Mass expected: 6337.5 Da
Mass observed: 6337.9 Da
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PMO-Bpep

Mass
Mass

Expected: 8052.5 Da
Observed: 8053.0 Da

Peptide Sequence: RXRRBRRXRRBR
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PMO-pVEC

Mass
Mass

Peptide Sequence: LLIILRRRIRKQAHAHSK
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PMO-pVEC-Bpep

Mass Expected: 10244.3 Da

Mass Observed: 10244.7 Da

Peptide Sequence: LLIILRRRIRKQAHAHSKRXRRBRRXRRBR
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PMO-Penetratin

Mass
Mass

Expected: 8645.3 Da
Observed: 8645.8 Da

Peptide Sequence: RQIKIWFQNRRIKWKK
J = norleucine
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PMO-Penetratin-Bpep

Mass Expected: 10263.3 Da
Mass Observed: 10263.6 Da
Peptide Sequence: RQIKIWFQNRRIKWKKRXRRBRRXRRBR
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PMO-Melittin

Mass Expected: 9264.1 Da

Mass Observed: 9264.6 Da

Peptide Sequence: GIGAVLKVLTTGLPALISWIKRKRQQ
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PMO-Melittin-Bpep
Mass Expected: 10882.1 Da
Mass Observed: 10882.7 Da

Peptide Sequence: GIGAVLKVLTTGLPALISWIKRKRQQRXRRBRRXRRBR
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PMO-P15

Mass Expected: 7891.3 Da

Mass Observed: 7891.7 Da

Peptide Sequence: PPPPPPPPPPPPPPP
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PMO-P15-Bpep

Mass Expected: 9509.2 Da

Mass Observed: 9509.7 Da

Peptide Sequence: PPPPPPPPPPPPPPPRXRRBRRXRRBR

<107 | *ESI TIC Scan Frag=175.0V 161125 pmo p15bpep hplc f28-29.d
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PMO-Bpep-pVEC

Mass Expected: 10244.3 Da

Mass Observed: 10244.6 Da

Peptide Sequence: RXRRBRRXRRBRLLIILRRRIRKQAHAHSK
LC-MS Method A
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PMO-Bpep-Penetratin

Mass Expected: 10263.3 Da

Mass Observed: 10263.7 Da

Peptide Sequence: RXRRBRRXRRBRRQIKIWFQNRRIKWKK
LC-MS Method A
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PMO-Bpep-Melittin

Mass Expected: 10882.1 Da
Mass Observed: 10882.5 Da
Peptide Sequence: RXRRBRRXRRBRGIGAVLKVLTTGLPALISWIKRKRQQ
LC-MS Method A
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PMO-Bpep-Bpep
Mass Expected: 9670.5 Da
Mass Observed: 9672.9 Da
Peptide Sequence: RXRRBRRXRRBRRXRRBRRXRRBR

LC-MS Method A
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PMO-SulfoCy5-Bpep

Mass Expected: 8921.7

Mass Observed: 8921.6

Peptide Sequence: C(SulfoCy5S)RXRRBRRXRRBR
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PMO-SulfoCy5-pVEC
Mass Expected: 9495.4
Mass Observed: 9495.0
Peptide Sequence: C(SulfoCy5)LLIILRRRIRKQAHAHSK
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PMO-SulfoCy5-pVEC-Bpep
Mass Expected: 11112.8 Da
Mass Observed: 11112.6 Da
Peptide Sequence: C(SulfoCy5)LLIILRRRIRKQAHAHSKRXRRBRRXRRBR
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3.6. Appendix of Confocal Images

PMO-SulfoCy5-pVEC-Bpep
Brightfield Hoescht - Nuclei eGFP

SulfoCy5 - RFP - Early Overlay: SulfoCy5
Conjugate Endosomes ¥ RFP
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Chapter 4: Perfluoroaryl Bicyclic Cell- Penetratmg Peptides for Delivery of
Antisense Oligonucleotides

The work presented in this chapter was published in the following manuscript and is reproduced
with permission from Wiley-VCH:
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4.1. Introduction

Exon-skipping antisense oligonucleotides have been developed into successful therapeutic
molecules for debilitating genetic diseases, such as Duchenne muscular dystrophy (DMD).!= To
promote exon-skipping, these molecules bind to pre-mRNA in the nucleus and sterically block
splice junctions or intraexonic ribonucleoprotein binding motifs. The steric blocking alters the
spliceosomal processing of pre-mRNA, and results in the exclusion of one or more exons from the
mature mRNA transcript. Thus, the oligonucleotide restores the in-frame mRNA and leads to
translation of a functional protein.!

Phosphorodiamidate morpholino oligonucleotides (PMOs) are one type of exon-skipping
oligonucleotide. PMOs are uncharged nucleic acid polymers in which the ribosyl ring is replaced
with a morpholino ring and the natural phosphodiester backbone is replaced with
phosphorodiamidate.* PMOs readily hybridize to DNA and RNA, and their altered backbone
structure prevents degradation by serum and intracellular nucleases.>® Eteplirsen, a PMO designed
to restore functional dystrophin, recently became the only FDA-approved therapy to address the
underlying genetic cause of DMD.

Unfortunately, PMOs, like all antisense oligonucleotides, exhibit limited delivery into the
nucleus of cells. To improve PMO delivery, multiple strategies have been explored, such as the
covalent attachment of cationic dendrimers or side-chains.”® Arginine-rich cell-penetrating
peptides have been widely utilized to improve cargo delivery, and these peptides are one of the
most promising strategies for PMO delivery.!*"* However, arginine-rich sequences suffer from
proteolytic instability.® Delivery tools with enhanced proteolytic stability and delivery efficiency
are therefore widely desired.

Bicyclic peptides are a unique class of peptides characterized by two intramolecular
linkages. Excluding disulfide-linked peptides, methods to bicyclize unprotected peptides include
bromomethylated aromatics, thiol-ene chemistry, tetrafluoroterephthalonitrile, or multiple

15—

orthogonal reactions.!>'” The constrained conformation of bicyclic peptides can lead to reduced

flexibility, improved binding properties, and protease resistance. Additionally, in the context of
cellular delivery, bicyclic peptides with certain sequences show robust uptake into cells.2%?!
However, bicyclic peptides have not been explored as tools to promote the intracellular delivery

of a large, covalently-attached cargo such as PMOs.
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We recently developed a new method for peptide macrocyclization which joins the cysteine
side-chains of unprotected peptides with perfluoroaromatic linkers.?>?* These perfluoroaryl
macrocyclic peptides have increased uptake into cells and increased proteolytic stability. Because
the synthesis of multiple sizes of macrocycles is facile, we envisioned this perfluoroarylation
chemistry could be extended towards the synthesis of bicyclic peptides. We anticipated that these
bicyclic peptides would have enhanced stability, and that when covalently attached to

oligonucleotides, would promote intracellular delivery.
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4.2. Results and Discussion

Our first peptide bicyclization strategy used a trithiol to link together three perfluoroarenes
covalently attached to an unprotected peptide (Figure 4.1). We began with Ri2 peptide 1. The
purified peptide was incubated with an excess of decafluorobiphenyl in dimethylformamide
(DMF) with N, N-diisopropylethylamine (DIEA) to generate the perfluoroarylated peptide 1a (35%
isolated yield). After purification of 1a, 1,3,5-benzenetrithiol (1 mM) was added to the peptide (1
mM) in DMF and after 2 hours the bicyclic peptide 1b was observed. The reaction was quenched
and the peptide was purified by high-performance liquid chromatography (HPLC) (62% isolated
yield). This strategy also enables the bicyclization of smaller peptides, demonstrated by its
applicability to Re peptide 2. This peptide was reacted with excess decafluorobiphenyl and then
bicyclized under similar conditions to generate peptide 2b (35% isolated yield) (Figure 4.2).

For a second bicyclization strategy, we performed a double macrocyclization of a linear
peptide. Initially, we synthesized the Ri2 peptide 3 and utilized orthogonal protection to install two
macrocycles sequentially (Figure 4.3). However, after final purification, the bicyclic peptide 3b
was obtained in an overall yield of 4.5%.

To improve the synthesis of 3b by eliminating deprotection and purification steps, we
developed an alternative method, which we refer to as kinetically controlled bicyclization (Figure
4.4A). Given the slow rates of i, i+/ cyclization with decafluorobiphenyl,?> we anticipated
unlinked perfluoroarenes could be pre-installed on resin and peptide cyclization would be favored
at specific sites after the addition of base. Peptide 3 was synthesized with two trityl-protected
cysteine residues and two fert-butylthiol- protected cysteine residues. The rert-butylthiol protected
cysteines were placed at positions 1 and 9 and deprotected on resin. Then, decafluorobiphenyl was
introduced and allowed to react with the free thiol. Cleavage and HPLC purification provided
peptide 3a. Next, the peptide was simply dissolved in DMF with 50 mM DIEA. Complete
conversion to the double cycle product 3b occurred in under 5 minutes (Figure 4.4B). HPLC
purification led to the isolation of 3b in 81% yield.

Importantly, both methods to synthesize 3b provided products with identical retention
times (Figure 4.4C), suggesting that a bicycle with two i, i+7 macrocycles is favored over the
bicycle with i, i+15 and i, i+1 macrocycles. To confirm our hypothesis that the i, i+ reaction is
slow, we synthesized the control peptide 4a containing one cysteine residue adjacent to a cysteine

residue linked to decafluorobiphenyl. When treated with 50 mM DIEA in DMF, less than 5% of
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Peptide | Sequence Cyclic Form
1 ZCRRRRRRCRRRRRRC 1b — Trithiol bicycle
Infb — Non-fluorinated bicycle
2 ZCRRRCRRRC 2b - Trithiol bicycle
3 ZCRRRRRRCCRRRRRRC 3b — Double macrocycle
4 ZRRRRRRCCRRRRRR 4¢ — Monocycle
5 ZRRRRRRRRRRRR None
6 ZCRRRRRRRRRRRRC 6¢ — Monocycle
7 XKRrRrRrRrRrE 7¢ — Lactam monocycle

Table 4.1. Arginine-rich peptides for bicyclization and control sequences. Z = 4-pentynoyl, X
= 5-azidopentyl, and all peptides are C-terminal amides.

HS SH
F F F
1mM
S S < SH
//\‘uﬁ e@@@@@@e@@@@@@e DMF, 2 hr
N-terminus 1mM 1a C-terminus
Starting material
Crude Reaction
Mass expected: 3335.1 Da Fmed
Mass observed: 3335.2 Da 5 6 7 8 9 10
Isolated yield: 62% Counts vs. Acquisition Time (min)

Figure 4.1. Multiple cysteine residues coupled to a perfluoroarene can be linked with 1,3,5-
benzenetrithiol to enable peptide bicyclization. Peptide 1 is perfluoroarylated to give peptide
la. Incubating 1a (1 mM) with equimolar 1,3,5-benzenetrithiol for 2 hours generates the bicyclic
peptide 1b. LC-MS analysis confirms complete conversion. All chromatograms are total ion
currents (TIC). HPLC purification affords 1b in 62% yield.
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Mass expected: 2398.5 Da
Mass observed: 2398.6 Da
Isolated yield: 35%

5 6 7 8 9 10 11
Counts (%) vs. Acquisition Time (min)

Figure 4.2. The 1,3,5-benzenetrithiol linking strategy can be applied to smaller bicycles.
Structure and LC-MS analysis of bicyclic peptide 2b. HPLC purification affords 2b in 35% yield.

M CRRRBRRCORRERRRO—om —gmoen > #~) 0 CORRRRRRXC)—con:
DMF, 2 hr BRER) @G’
50 mM DTT, S FF FF : 2 mM DECaﬂuDrDbmheny\ -F‘F—F.F_ _'!:_F.:
Water, 30miR ~ = CORRBRERRC-comwm. /\J" ©) €Xc) —CONH,

B e @e DMF2hr @@@@@@ @@@@@@

Figure 4.3. Double macrocycle prepared through orthogonal protection. Synthetic scheme of
bicyclic peptide 3b using orthogonal protection. PG refers to the tert-butylthiol protecting group.
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N-terminus 1mM 3a C-terminus

g S AR
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Mass expected: 3010.3 Da
3a Starting material Mass observed: 3010.3 Da

l Crude reaction
k Mass expected: 2970.5 Da

3b Purified (81% yield) Mass observed: 2970.3 Da

9 10
Counts VS, Acquusmon Time (min)

C D
3b
Orthogonal protection method

3b

Percent uncyclized
o
[4)]

| Controlled bicyclization method 0.25 —4-Monoaryl 4a
: : —e-Biaryl 3a
: 0
5 6 7 8 9 10 1 2 3
Counts vs. Acquisition Time (min) Time (min)

Figure 4.4. Kinetically controlled bicyclization enables high-yield synthesis of a double
perfluoroaryl macrocyclic peptide. (A) Two perfluoroarenes are selectively installed on the
peptide on resin. Peptide 3a undergoes intramolecular SnAr after addition of base to preferentially
form two i, i+7 cycles, due to the slow rate of linking adjacent i, i+/ residues. (B) LC-MS analysis
and TIC chromatogram demonstrating the conversion of 3a to 3b with the appropriate change of
mass. (C) TIC chromatogram for peptide 3b synthesized using orthogonal protection is identical
to the chromatogram of peptide 3b synthesized using kinetically controlled bicyclization. (D) The
rate of i, i+/ cyclization of peptide 4a was compared to cyclization of peptide 3a. Just 5% of
peptide 4a cyclized in the first 30 seconds, while peptide 3a shows 95% cyclization in 30 seconds,
indicating that the favored regioisomer for peptide 3b contains two i, i+7 cycles.
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4a cyclized in the first 30 seconds and less than 30% cyclized after 5 minutes (Figure 4.4D). In
comparison, peptide 3a shows 95% conversion in 30 seconds. The slow rate for i, i+ cyclization
indicates that the favored regioisomer for peptide 3b contains two i, i+7 cycles.

Next, we tested our bicyclic compounds for their ability to promote the intracellular
delivery of an 18-mer, 6 kDa PMO. The PMO-peptide conjugates were synthesized using copper-
catalyzed “click” chemistry (Figure 4.5A). In addition to the bicyclic peptides, the PMO was
conjugated to a monocyclic R12 peptide 6¢, linear R12 peptide 5, a non-fluorinated bicyclic
peptide 1nfb, and a recently-reported lactam-cyclized R10 peptide 7¢ (Figure 4.6).%*

We measured the activity of the conjugates in the HeLa-654 cell assay.?’ The HeLa-654
cells are stably transfected with an eGFP coding sequence interrupted by a mutant intron from the
human B-globin gene (IVS2-654). This intron contains a mutation that alters the normal pre-
mRNA splice site to a cryptic splice site, leading to retention of an unnatural exon fragment in the
spliced eGFP mRNA. This aberrant mRNA leads to the translation of a non-fluorescent form of
eGFP. The cargo PMO has a nucleobase sequence complementary to IVS2-654. When the PMO
hybridizes to the mutant 3-globin exon, it prevents the aberrant gene splicing from occurring and
leads to functional eGFP expression. Successful nuclear delivery of PMO leads to the observation
of green fluorescence.

To determine if bicyclic peptides improve PMO delivery, the cells were incubated with
each PMO-peptide conjugate at 2 and 5 pM in media containing 10% serum. After 22 hours,
cellular fluorescence was analyzed by flow cytometry (Figure 4.5B). At 5 uM treatment, the
perfluoroaryl cyclic and bicyclic peptide conjugates all led to an approximately 14-fold increase
in eGFP fluorescence relative to PMO. Both the lactam cyclized R10 and the non-fluorinated
bicycle exhibited lower fluorescence, demonstrating that the perfluoroarenes contribute to the
gains in PMO activity. Additionally, at 2 uM concentration, the bicyclic conjugate PMO-3b
outperformed all of the other conjugates.

To investigate the role of serum, the PMO conjugates were tested in the eGFP assay using
media containing 0, 5, and 10% fetal bovine serum. All conjugates exhibited only a mild reduction
in activity at higher serum concentrations, suggesting that the hydrophobic perfluoroarenes are not
sequestered by serum proteins (Figure 4.7). Additionally, a lactate dehydrogenase (LDH) assay

was performed to determine if these compounds disrupt the plasma membrane. For PMO-1b, LDH
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Figure 4.5. Bicyclic peptides conjugated to PMO show increased exon-skipping activity. (A)
Depiction of bicyclic peptide conjugate PMO-3b. (B) Conjugates between PMO and perfluoroaryl
cyclic or bicyclic peptides (6¢, 1b, and 3b) lead to more cellular fluorescence than conjugates to
linear R12 (5), an established cyclic peptide cR10 (7¢), or a non-fluorinated bicyclic peptide
(Infb). The PMO corrects eGFP splicing in a modified HeLa cell line. Cells were incubated with
2 uM or 5 uM of each PMO-peptide conjugate for 22 hours and the mean fluorescence intensity
was analyzed by flow cytometry. Error bars are standard deviation (n=3 independent replicates).

Figure 4.6. Structures of cyclic controls. Structures of peptide 1nfb, 6¢, and 7¢. The non-
fluorinated bicyclic peptide Infb was synthesized through the reaction between peptide 1 and
tris(bromomethyl)benzene. The cyclic peptide 6¢ was synthesized through the reaction between
peptide 6 and decafluorobiphenyl. The lactam-cyclized peptide 7¢ was cyclized on-resin using
standard active-ester chemistry.
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Figure 4.7. Effect of serum on level of PMO activity observed. Treatment of HeLa-654 cells
using media with different amounts of serum. HeLa-654 cells were treated in a pulse-chase style
experiment using 5 uM of each PMO conjugate in media containing 0, 5, or 10% fetal bovine
serum. After three hours, the treatment media was removed and replaced with untreated media
containing 10% FBS. The cells were allowed to grow for 22 hours, and then eGFP fluorescence
was analyzed by flow cytometry. Errors bars are standard deviation (n=3 biological replicates).
Both PMO-5 and PMO-6¢ showed a reduction in activity with increasing amounts of serum, while
PMO-3b and PMO-1b showed less reduction in activity.
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release was observed at both 5 uM and 2 pM, indicating early signs of cytotoxicity. At 2 uM,
PMO-3b exhibited no signs of LDH release while remaining highly active (Figure 4.8).

We examined if the increase in PMO activity resulted from structural characteristics of the
peptides or solely from the combination of arginine residues with a perfluoroarene. PMO-6¢ was
tested along with R12 variants cyclized along either the 6 N-terminal residues or the 6 C-terminal
residues. The C-terminal cyclized R12 led to less eGFP fluorescence than the fully cyclic peptide
6¢, demonstrating that macrocycle position affects activity (Figure 4.9). Similarly, for the related
arginine-rich peptide Bpep, the fully cyclic peptide led to more activity than the N- and C-terminal
cyclic variants (Figure 4.10). However, investigations with other peptide transporters confirmed
the importance of arginine residues (Figure 4.11).

Lastly, anticipating the peptide bicycles would exhibit enhanced stability, we measured the
proteolytic stability of bicyclic versus monocyclic peptides (Figure 4.12). The peptides (100 uM)
were incubated with trypsin (0.05 pug/mL) at 37 °C. After one hour, less than 5% of the cyclic
compound 6¢ remained, while 45% of bicycle 3b remained and nearly 70% of trithiol linked
bicycle 1b remained. Ultimately, both bicyclic peptides demonstrated greater stability than the
monocyclic peptide, and this stability could be necessary in therapeutic applications.

Here, we demonstrate multiple strategies for peptide bicyclization using cysteine SnAr
chemistry. A trithiol can link three perfluoroarenes on a single peptide together into a bicycle, or
two thiol pairs can be selectively crosslinked to synthesize a double macrocyclic peptide. In these
studies, our cysteine arylation chemistry is shown to modulate the biological properties of
arginine-rich peptides. The bicyclic peptides exhibit substantial protease resistance, and PMO-
conjugated 3b does not display signs of cytotoxicity at 2 pM concentration. The exon-skipping
activity of PMOs conjugated to perfluoroaryl cyclic or bicyclic peptides is greater than the activity
of PMOs conjugated to other cyclic or bicyclic peptides. Moving towards in vivo applications, this
control over stability, toxicity, and activity will enable the optimization of our lead compounds.
Given these results, we envision that perfluoroaryl CPPs represent next-generation delivery agents

for macromolecular cargo.
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Figure 4.8. Lactate dehydrogenase (LDH) release assay after treatment with PMO-Bicycle
conjugates and controls. Hela-654 cells were incubated with 2 or 5 uM of each PMO-peptide
conjugate for 22 hours. The media was removed and analyzed for the amount of LDH present. The
plot shows the percent of LDH released, compared to total cell lysis as 100% and untreated cells
as 0%. PMO-1b showed LDH release at both concentrations, suggesting membrane disruption and
early signs of cytotoxicity, while PMO-3b only showed LDH release at 5SuM concentration.
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Figure 4.9. Exon skipping activity of conjugates with R12 monocycles with different
cyclization configurations. The peptides were conjugated to the IVS2-654 PMO and assayed for
exon-skipping activity in HeLa-654 cells. Cells were treated with SuM of each PMO conjugate for
22 hours and the cellular fluorescence was analyzed by flow cytometry. Each sample was
normalized to the background fluorescence of untreated cells. Error bars are standard deviation
(three independent experimental replicates, each with n=3 biological replicates). The PMO R12
C-cycle conjugate exhibited reduced cellular fluorescence, suggesting that the increase in activity
for PMO-6¢ is not solely a result of hydrophobicity and cationic nature.
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Comparison of Cyclic Bpep Analogs at 5 yM >
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Figure 4.10. Exon skipping activity of conjugates with Bpep monocycles with different
cyclization configurations. The effect of cyclization for Bpep, another arginine-rich peptide.
Bpep was either cyclized across the entire sequence or cyclized on the 6 N-terminal or C-terminal
residues. Next, the peptides were conjugated to the IVS2-654 PMO and assayed for exon-skipping
activity in HeLa-654 cells. Cells were treated with SuM of each PMO conjugate for 22 hours and
the cellular fluorescence was analyzed by flow cytometry. Each sample was normalized to the
background fluorescence of untreated cells. Error bars are standard deviation (n=3 biological
replicates). The PMO Bpep cycle conjugate exhibited a two-fold increase in cellular fluorescence
relative to Bpep, Bpep N-cycle, and Bpep C-cycle. X = aminohexanoic acid; B = beta-alanine.
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Figure 4.11 Exon skipping activity of PMO conjugate to perfluoroaryl monocycles of cell-
penetrating peptides. Linear and perfluoroaryl-cyclic cell-penetrating peptides (CPPs) were
compared for PMO delivery. For 11 known CPPs, each peptide was synthesized both as a linear
peptide and as a cyclic variant with cysteine residues on the N and C-termini of the peptide and
linked across the sequence using decafluorobiphenyl. The peptides were conjugated to PMO and
assayed for activity in HeLa-654 cells. Cells were treated with SuM of each PMO conjugate for
22 hours and the cellular fluorescence was analyzed by flow cytometry. Each sample was
normalized to the background fluorescence of untreated cells. Error bars are standard deviation
(n=3 biological replicates). Many decafluorobiphenyl-cyclized CPPs did not improve PMO
activity relative to their linear counterparts. However, cyclic arginine-rich sequences (DPV6,
Bpep, and R12) all demonstrated roughly a 2-fold increase in activity relative to the linear
sequences. Amino acid sequences and LC-MS analysis in section 4.5. Notes for this figure: R12
is identical to PMO-5 and R12 cycle is identical to PMO-6¢. Penetratin is abbreviated as Pen. The
linear PMO-CPP conjugate control data shown here are from the library screen in Chapter 2.
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Figure 4.12. Bicyclic peptides demonstrate enhanced proteolytic stability relative to
monocyclic peptides. The bicyclic peptides 1b and 3b and monocyclic peptide 6¢ (100 pM) were
incubated with trypsin (0.05 pg/mL) at 37 °C. After 1 hour, less than 5% of 6¢ remained, while
45% of 3b and 70% of 1b remained, demonstrating that bicyclization improves proteolytic stability
relative to monocyclization.



4.3. Experimental
4.3.1. Materials

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-
Richelieu,  Quebec,  Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium-3-oxid-hexafluorophosphate (HATU), Fmoc-L-Cys(StBu)-OH, 4-pentynoic acid,
and 5-azidopentanoic acid were purchased from Chem-Impex International (Wood Dale, IL). All
other Fmoc-protected amino acids were purchased from Advanced ChemTech (Louisville, KY).
Peptide synthesis-grade N,N-dimethylformamide (DMF), dichloromethane (DCM), diethyl ether,
and HPLC-grade acetonitrile were obtained from VWR International (Philadelphia, PA).
Decafluorobiphenyl was purchased from Oakwood Products, Inc. (Estill, SC). IVS-654 PMO was
provided by Sarepta Therapeutics. All other reagents were purchased from Sigma-Aldrich (St.
Louis, MO), water was deionized before use, and reactions were conducted in open-air on bench.
For experiments performed at MIT, HelLa-654 cells were obtained from the University of North
Carolina Tissue Culture Core facility.
4.3.2. Methods for LC-MS Analysis

For all experiments except for the proteolysis assays, LC-MS chromatograms and
assoclated mass spectra were acquired using an Agilent 6520 ESI-Q-TOF mass spectrometer
equipped with a C; Zorbax column. Mobile phases were: 0.1% formic acid in water (solvent A)
and 0.1% formic acid in acetonitrile (solvent B). Column: Zorbax SB C3 column: 2.1 x 150 mm,
5 pm.
General Method: 1% B from 0 to 2 min, linear ramp from 1% B to 61% B from 2 to 11 min, 61%

B to 99% B from 11 to 12 min and 3 min of post-time at 1% B for equilibration, flow rate: 0.8
mL/min.

PMO Library method: 5% B from 0 to 2 min, linear ramp from 5% B to 65% B from 2 to 11 min,

65% B from 11 to 12 min and 3 min of post-time at 5% B for equilibration, flow rate: 0.8 mL/min

All data were processed using Agilent MassHunter software package. Y-axis in all
chromatograms shown represents total ion current (TIC) unless noted. For the proteolysis assays
and bicyclization comparison assay, LC-MS chromatograms and associated mass spectra were
acquired using an Agilent 6550 iFunnel Q-TOF mass spectrometer equipped with a Jupiter Cq

Phenomenex column. The following LC-MS method was used: Phenomenex Jupiter C4: 150 x 1.0
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mm [D, 5 um, linear gradient from 1% B to 61% B over 10 minutes, pre- and post-time: 2 minutes.
Flow rate: 0.1 mL/min.
4.3.3. General Method for Peptide Preparation and Purification

Fast-flow Peptide Synthesis: Peptides were synthesized on a 0.1-mmol scale using an
automated flow peptide synthesizer as previously described.?® ChemMatrix Rink Amide HYR
resin (200 mg) was loaded into a reactor maintained at 90 °C. All reagents were flowed at 80
mL/min with HPLC pumps through a stainless-steel loop maintained at 90 °C before introduction
into the reactor. For each coupling, 10 mL of a solution containing 0.2 M amino acid and 0.17 M
HATU in DMF were mixed with 200 pL diisopropylethylamine and delivered to the reactor. Fmoc
removal was accomplished using 10.4 mL of 20% (v/v) piperidine. Between each step, DMF (15
mL) was used to wash out the reactor. Special coupling conditions were used for arginine, in which
the flow rate was reduced to 40 mL/min and 10 mL of a solution containing 0.2 M Fmoc-L-
Arg(Pbf)-OH and 0.17 M PyAOP in DMF were mixed with 200 pL diisopropylethylamine and
delivered to the reactor. The final coupling was with 4-pentynoic acid, rather than an amino acid,
but using the same conditions for activation. After completion of the synthesis, the resins were
washed 3 times with DCM and dried under vacuum.

Peptide Cleavage and Deprotection: Each peptide was subjected to simultaneous global
side-chain deprotection and cleavage from resin by treatment with 6 mL of Reagent K (82.5%
trifluoroacetic acid, 5% phenol, 5% water, 5% thioanisole, and 2.5% 1,2-ethanedithiol (EDT)). For
arginine-rich peptides, cleavages were left at room temperature for 16 hours to ensure complete
removal of the Pbf protecting group. The cleavage cocktail was filtered to remove the resin and
the TFA was evaporated by bubbling N, through the mixture. Then ~35 mL of cold ether was
added and the crude product was pelleted through centrifugation for three minutes. This ether
trituration and centrifugation was repeated two more times. After the third wash, the pellet was
redissolved in 50% water and 50% acetonitrile and lyophilized.

Peptide Purification: Solvent A: water containing 0.1% TFA and Solvent B: acetonitrile
containing 0.1% TFA. Lyophilized peptide was dissolved into a minimum volume of mobile phase
(95% A, 5% B). The solution was loaded onto a reversed-phase HPLC column (Agilent Zorbax
SB C18 column: 9.4 x 250 mm, 5 pm or Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 um)

attached to a mass-based purification system. A linear gradient was run at 0.5% B / min from 5%
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B to 55% B. Using mass data about each fraction from the instrument, only pure fractions were
pooled and lyophilized. The purity of the fraction pool was confirmed by LC-MS.
4.3.4. Macrocyclization, Arylation, and Bicyclization

General Conditions for Peptide Macrocyclization: To the purified peptide dissolved in
DMF, decafluorobiphenyl and diisopropylethylamine (DIEA) were added such that the final
concentration in the reaction vessel was 1 mM peptide, 2 mM decafluorobiphenyl, and 50 mM
DIEA. After two hours, DMF was removed by rotary evaporation to a final volume of 1 mL and
the reaction was quenched by adding 39 mL of water containing 2% TFA. The crude reaction was
purified by mass-directed semi-preparative reversed-phase HPLC.

Procedure for Synthesis of 1a, 2a:_Peptides 1 (28 mg, 10 umol) or 2 (20 mg, 12 umol)
were dissolved in DMF, and stock solutions of decafluorobiphenyl in DMF and
diisopropylethylamine (DIEA) were added for a final concentration in the reaction vessel of 1 mM
peptide, 100 mM decafluorobiphenyl, and 50 mM DIEA. After two hours, DMF was removed by
rotary evaporation to a final volume of 1 mL and the reaction was quenched by adding 39 mL of
85:15 water:acetonitrile containing 2% TFA. The crude reaction was centrifuged, filtered, and
purified by mass-directed semi-preparative reversed-phase HPLC (C3 column) to provide 1a (13
mg, 35%) or 2a (11 mg, 35%).

Procedure for Synthesis of Bicycles 1b, 2b: Purified peptides 1a (10 mg, 2.56 pmol) or 2a
(5 mg, 1.9 umol) were dissolved in DMF, and stock solutions of 1,3,5-benzenetrithiol in DMF and
DIEA were added such that the final concentration in the reaction vessel was 1 mM peptide, | mM
1,3,5-benzenetrithiol, and 50 mM DIEA. After two hours, DMF was removed by rotary
evaporation to a final volume of 1 mL and the reaction was quenched by adding 39 mL of 85:15
water:acetonitrile containing 2% TFA. The crude reaction was purified by mass-directed semi-
preparative reversed-phase HPLC (C3 column) to provide 1b (6.4 mg, 62%) or 2b (1.8 mg, 35%).

Procedure for Synthesis of Non-fluorinated Bicyclic Peptide 1nfb: Purified peptide 1 (5
mg, 2.2 umol) was dissolved in 2.2 mL of a degassed solution containing 50 mM Tris buffer pH=8
in 2:1 water:acetonitrile. Then 23 pL of a 100 mM solution of tris(bromomethyl)benzene in
acetonitrile was added (2.3 pmol). After 1 hour, the reaction was diluted to 20 mL with water
containing 0.1% TFA and purified by mass-directed semi-preparative reversed-phase HPLC (C18
column) to provide 1nfb (4.7 mg, 89% yield)
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Procedure for Synthesis of bicycle 3b using Orthogonal Deprotection (Figure 4.3). Peptide
3 was synthesized using standard automated flow chemistry. 7ert-butyl thiol protected cysteine
was incorporated for cysteine residues 1 and 2 and trityl protected cysteine was incorporated for
cysteine residues 3 and 4. After cleavage and deprotection, the peptide was purified by reversed-
phase HPLC. The peptide was macrocyclized using the above procedure for macrocyclization with
a decafluorobiphenyl using 29 mg of peptide (9.5 mg, 30.3% yield). Next, tert-butylthiol protected
cysteine residues 1 and 2 were deprotected by incubating the peptide (1 mM) with DTT (50 mM)
and Tris (25 mM pH 8) in water for 30 minutes, followed by solid-phase extraction (SPE) to
remove residual DTT (6.5 mg, 73% yield). The remaining two free cysteine residues were
macrocyclized using the general procedure and purified by reversed-phase HPLC (C3 column)
(1.5 mg, 21% yield). Overall yield 4.5%.

Procedure for Synthesis of 3a: Peptide 3 was synthesized using standard automated flow
chemistry using 200 mg of resin. Tert-butyl thiol protected cysteine was incorporated for cysteine
residues 1 and 3 and trityl protected cysteine was incorporated for cysteine residues 2 and 4. The
tert-butyl thiol groups were deprotected on resin using 3.8 mmol DTT in 2.5 mL DMF with 0.25
mL DIEA. The reaction proceeded at 60 °C for 20 minutes. The resin was washed 3 times with
DMF, followed by the addition of decafluorobiphenyl (1 mmol) with 2.5 mL. DMF and 0.25 mL
DIEA. The reaction proceeded at room temperature for 2 hours, and then the resin was washed
with DMF (3x) and DCM (3x). The peptide was then cleaved from the resin and purified by
reversed-phase HPLC (C3 column) to afford 3a.

Procedure for Synthesis of Bicycle 3b using Kinetically Controlled Bicyclization: Peptide
3a (15 mg, 4 umol, assuming 6 coordinated TFA salts) was suspended in 4 mL. DMF. Neat DIEA
(35.4 uL) was added to achieve a concentration of 50 mM. The reaction was allowed to proceed
for 5 minutes, after which complete conversion is observed. DMF was removed by rotary
evaporation to a final volume of 1 mL and the reaction was quenched by adding 39 mL of water
containing 2% TFA. The reaction was purified by mass-directed semi-preparative reversed-phase
HPLC (C3 column) to provide peptide 3b (12.0 mg, 81% yield).

Procedure for Synthesis of Arylated Control Peptide 4a: Peptide 4 was synthesized using
standard automated flow chemistry using 200 mg of resin except fert-butyl thiol protected cysteine
was incorporated for cysteine residue 1 and trityl protected cysteine was incorporated for cysteine

residue 2. The fert-butyl groups were deprotected on resin using 3.8 mmol DTT in 2.5 mL. DMF
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with 0.25 mL DIEA. The reaction proceeded at 60 °C for 20 minutes. The resin was washed 3x
with DMF, followed by the addition of decafluorobiphenyl (I mmol) with 2.5 mL. DMF and 0.25
mL DIEA. The reaction proceeded at room temperature for 2 hours, and then the resin was washed
with DMF (3x) and DCM (3x). The peptide was then cleaved from the resin and purified using
mass-directed semi-preparative reversed-phase HPLC (C3 column) to afford 4a.

Procedure for Synthesis of Cyclic Peptide 6¢: Peptide 6 was synthesized using standard
automated flow chemistry using 200 mg of resin. Tert-butyl thiol protected cysteine was
incorporated for cysteine residue 1 and trityl protected cysteine was incorporated for cysteine
residue 2. The tert-butyl groups were deprotected on resin using 3.8 mmol DTT in 2.5 mL DMF
with 0.25 mL DIEA. The reaction proceeded at 60 °C for 20 minutes. The resin was washed with
DMF (3x), followed by the addition of decafluorobiphenyl (1 mmol) with 2.5 mL DMF and 0.25
mL DIEA. The reaction proceeded at room temperature for 2 hours, and then the resin was washed
with DMF (3x) and DCM (3x). The peptide was then cleaved from the resin and purified using
mass-directed semi-preparative reversed-phase HPLC (C3 column) to afford the monoaryl 6a.

Peptide 6a was macrocyclized by suspending the peptide (12 mg, 3.9 umol, assuming 6
coordinated TFA salts) in 3.9 mL DMF. Neat DIEA (33.8 puL) was added to achieve a
concentration of 50 mM. The reaction was allowed to proceed for 5 minutes, after which complete
conversion was observed. DMF was removed by rotary evaporation to a final volume of 1 mL and
the reaction was quenched by adding 39 mL of water containing 2% TFA. The reaction was
purified by mass-directed semi-preparative reversed-phase HPLC (C3 column) to provide peptide
6¢ (8.4 mg, 88% yield).

Procedure for Synthesis of Cyclic Peptide 7c: Peptide 7, XK(Alloc)RrRrRrRrRrE(OALlL)
was synthesized using a combination of standard manual flow solid-phase peptide synthesis and
published protocols synthesis of cR10 as detailed below.?*?” “R” refers to Fmoc-L-Arg(Pbf) while
“r’ refers to Fmoc-D-Arg(Pbf). Lysine was Alloc-protected and Glu was OAll-protected to enable
selective side-chain deprotection on resin for lactam cyclization. “X” is 5-azidopentanoic acid,
which was incorporated instead of 4-pentynoic acid to avoid side-reactions between palladium and
alkynes.

Synthesis proceeded as follows: 140 mg of H-Rink-Amide PEG resin was downloaded to
0.1667 mmol/g using a 1:2 mixture of Fmoc-Glu(OAll)-OH and Boc-Glu(OBnzl)-OH. The

remaining amino-acids were coupled using manual flow peptide synthesis conditions, as
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previously described.?”’” To remove Alloc- and OAll- protecting groups, the peptidyl resin was
mixed with 0.01 mmol tetrakis(triphenylphosphine) palladium and 2.5 mmol phenylsilane in dry
DCM. After 30 minutes, the resin was washed with DCM (3x), with 20% DIEA in DMF (3x), and
with DMF (3x). To cyclize, 1 eq. of HBTU (0.023 mmol, based upon resin loading) was diluted
into 6 mL of DMF with 8 pL. DIEA and added to the resin. After 2 hours, the resin was washed
with DMF (3x) and with DCM (3x). The peptide was then cleaved from the resin and purified
using mass-directed semi-preparative reversed-phase HPLC (C18 column) to afford the cyclic
peptide 7c. |

4.3.5. PMO-Peptide Conjugation

Procedure for Coupling 5-azidopentanoic to PMO: PMO 1VS2-654 (200 mg, 32 pmol)
was dissolved in 600 L DMSO. To the DMSO solution was added a solution containing 4
equivalents of 5-azidopentanoic acid (13.6 pL, 128 umol) activated with HBTU (320 uL of 0.4 M
HBTU in DMF, 128 umol) and DIEA (22.3 uL, 128 umol) in 244 uL DMF (Final reaction volume
= 1.2 mL). The reaction proceeded for 25 minutes before being quenched with 1 mL of water and
2 mL of ammonium hydroxide. The ammonium hydroxide will hydrolyze any ester formed during
the course of the reaction. After 1 hour, the solution was diluted to 40 mL and purified using
reversed-phase HPLC (Agilent Zorbax SB C3 column: 21.2 x 100 mm, 5 um) and a linear gradient
from 2 to 60% B (solvent A: water; solvent B: acetonitrile) over 58 minutes (1 %B / min). Using
mass data about each fraction from the instrument, only pure fractions were pooled and
lyophilized. The purity of the fraction pool was confirmed by LC-MS. Lyophilization afforded
171 mg of dry powder (84% yield).

Procedure for Coupling 4-pentynoic acid to PMO: PMO 1VS2-654 (200 mg, 32 pmol) was
dissolved in 600 pL. DMSO. To the DMSO solution was added a solution containing 4 equivalents
of 4-pentynoic acid (128 pumol) activated with HBTU (320 pL of 0.4 M HBTU in DMF, 128 pumol)
and DIEA (22.3 pL, 128 pmol) in 244 uL. DMF (Final reaction volume = 1.2 mL). The reaction
proceeded for 25 minutes before being quenched with 1 mL of water and 2 mL of ammonium
hydroxide. The ammonium hydroxide will hydrolyze any ester formed during the course of the
reaction. After 1 hour, the solution was diluted to 40 mL and purified using reversed-phase HPLC
(Agilent Zorbax SB C3 column: 21.2 x 100 mm, 5 um) and a linear gradient from 2 to 60% B

(solvent A: water; solvent B: acetonitrile) over 58 minutes (1 %B / min). Using mass data about

221



each fraction from the instrument, only pure fractions were pooled and lyophilized. The purity of
the fraction pool was confirmed by LC-MS.

General Procedure for PMO-peptide onjugation by azide/alkyne Huisgen Cycloaddition:
A 20 mL scintillation vial with a septum cap was charged with peptide alkyne (1.1 pmol), ISV2-
654 azide (0.95 umol), and copper bromide (0.05 mmol). The vial was purged with nitrogen for 5
minutes to ensure the removal of oxygen before the addition of ~ 1 mL of degassed DMF through
the septum. The reaction mixture was vortexed for 1 minute. After 2 hours, the reaction mixture
was diluted with 10 mL of 50 mM Tris (pH 8), and loaded onto a reversed-phase HPLC column
(Agilent Zorbax SB C3 9.4 x 50 mm, 5 pum). Chromatography was performed using a linear
gradient from 5-45 %B over 20 minutes. Solvent A: 100 mM ammonium acetate, pH = 8 in water;
solvent B: acetonitrile. Using mass data about each fraction from the instrument, only pure
fractions were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-MS.

Because peptide 7¢ contained an azide group, for the synthesis of PMO-7¢ an identical
protocol was followed using ISV2-654-alkyne.

PMO-3b and PMO-6¢ were purified a second time to remove co-eluting PMO, except now
using solvent A: water containing 0.1% formic acid and solvent B: acetonitrile containing 0.1%
formic acid. After lyophilization, the conjugates were then resuspended in water containing 100
mM ammonium acetate and lyophilized again.
4.3.6. Proteolysis Assay

For each peptide, 19.6 uL of PBS, 0.2 uL of Trypsin (0.005 mg/mL stock solution in 1 mM
HCI), and 0.2 pL of peptide (1 mM DMSO stock solution) were combined in a PCR tube. The
resulting reaction mixture was capped and incubated at 37 °C. At each time point, 1.0 pL of the
crude reaction was transferred to a LC-MS vial and quenched by addition of 99 pL of 50:50
water:acetonitrile containing 0.1% TFA. 1.0 puL of the quenched reaction was injected onto the
Agilent 6550 iFunnel Q-TOF MS. Time points were taken at t = 0 min, 20 min, 40 min, and 60
min. An extracted ion current (EIC) for the +5 charge state m/z was analyzed using the MassHunter
software. The EIC peak was integrated and percent peptide intact was determined by (EICti/EICto)
* 100 in which EICt is the peak integration at a given time point and EICto is the peak integration
at time t = 0.

4.3.7. Comparison of i, i+1 and i, i+7 Cyclization
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A 0.5 mL microcentrifuge tube was charged with 1 mM 3a in DMF. The cyclization
reaction began with the addition of DIEA (50 mM) and the reaction vessel was vortexed for 30
seconds. After 0, 30, 60, 120, and 300 seconds, a 1 puL aliquot was quenched with 19 uL of 50:50
water:acetonitrile containing 0.1% TFA and subjected to LC-MS analysis on an Agilent 6550
iFunnel Q-TOF MS. An extracted ion current (EIC) for the +5 charge state m/z was analyzed using
the MassHunter software. The EIC peak was integrated and percent peptide intact was determined
by (EICti/EICto) * 100 in which EICt; is the peak integration at a given time point and EICty is the
peak integration at time t = 0. The process was repeated exactly for 4a.

4.3.8. eGFP Exon Skipping Assay

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO,. Each PMO-peptide conjugate
stock solution was freshly prepared on the same day as the experiment using phosphate-buffered
serum (PBS). The concentration of the stocks was determined by measuring the absorbance at
A=260 nm (PMO extinction coefficient of €=168,700 L mol"' cm™). One day before treatment,
cells were plated in a 96-well plate at a density of 5,000 cells/well. For treatment, cells were
incubated with 100 uL of each respective conjugate at a concentration of either 2 or 5 uM in MEM
supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C and 5% COz for 22 hours.
Next, the treatment media was aspirated and each well was incubated with 20 pL. Trypsin-EDTA
0.25% for 15 min at 37 °C and 5% CO>. To quench the trypsin, 80 pL of media was added to each
well. The dissociated cells were transferred to a 96-well plate and spun at 500 rcf for 3 min. The
supernatant was removed and the pellets were each washed with 200 pL of phosphate-buffered
saline (PBS), and the 96-well plate was centrifuged again. The supernatant was again removed and
the pellets were resuspended in 300 uL PBS with 2% FBS (v/v) and 2 pg/mL propidium iodide in
water.

Flow cytometry analysis was carried out on a BD LSRII flow cytometer. Gates were
applied to the data to ensure that cells that were highly positive for propidium iodide or exhibited
forward/side scatter readings that were sufficiently different from the main cell population were
excluded. The gated cell population for each sample well contains at least 2,000 events, with the
exception of PMO-1b which contains 100-2,600 events for 5 uM treatment and 1,300-5,000 events
for 2 uM treatment.
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The mean fluorescence intensity was calculated for each sample and normalized to the
background cellular fluorescence of untreated cells. For each PMO-peptide conjugate, the mean
fluorescence intensity was averaged across the biological replicates (n=3). The experiment was
then repeated on 3 different days. The average normalized fluorescence data for each experiment
are shown in Tables 4.2 and 4.3.

All HeLa-654 experiments were performed in the Pentelute lab, with the exception of
experiments testing the additional linear and cyclic peptides shown in Figures 4.10 and 4.11. These
experiments were performed at Sarepta Therapeutics as part of a library screen. In these cases, the
mean fluorescence intensity was calculated for each sample and normalized to the background
cellular fluorescence of untreated cells. Then, for each PMO-peptide conjugate, the mean
fluorescence intensity was averaged across the biological replicates (n=3). The experiment was
not repeated.

4.3.9. eGFP Exon Skipping Assay with Varying Amounts of Serum

To test the role of serum in the treatment media, a pulse-chase experiment was performed.
Briefly, HelLa 654 cells were plated at a density of 5,000 cells per well in a 96-well plate in MEM
supplemented with 10% FBS and 1% penicillin-streptomycin. The next day, PMO-peptide
conjugate stocks were prepared in PBS and added to media supplemented with 0%, 5%, or 10%
(v/v) FBS to a final concentration of 5 uM. After preparation, the culture media was aspirated and
the treatment media was added to each well. After incubation at 37 °C and 5% COx for 3 hours,
the treatment media was replaced with fresh untreated media (containing 10% serum and no PMO-
peptide conjugate) and the cells were allowed to grow for another 22 hours at 37 °C and 5% CO..
Sample preparation and flow cytometry was then performed as described above. The gated cell
population for each sample well contains at least 2,000 events, with the exception of PMO-1b
which contained between 500 and 2500 events per sample.

4.3.10. Lactate Dehydrogenase Assay

This experiment was performed using the treatment media from the eGFP exon-skipping
assay experiment. After the 22-hour treatment, the supernatant treatment media was transferred to
another clear-bottom 96-well plate for the assay. The assay was performed using the CytoTox 96®
Non-Radioactive Cytotoxicity Assay (Promega) according to the included technical bulletin. After
completion of the assay, the final solution in each well was diluted 5x with PBS such that the

measured absorbance was in the linear range of the instrument. The absorbance was measured on
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a BioTek Epoch Microplate Spectrophotometer. Two sets of cell only wells were used as controls
- one set was the negative control and the other was a positive control in which the cells were lysed
using the assay lysis buffer to provide data for total LDH release. The results are expressed as a
ratio of (Absorbance of sample — absorbance of negative control)/(Absorbance of total lysis -

absorbance of negative control).
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Experiment 1 Experiment 2 Experiment 3
Construct at SyM ng’:l‘agrized Mean §Z$11:agfhed Mean ﬁz:ﬁ;?ffized Mean
Fluorescence Fluorescence Fluorescence
PMO 2.6 34 2.0
PMO-5 18.4 16.9 20.7
PMO-6¢ 33.2 39.2 43.1
PMO-1b 38.8 36.7 33.6
PMO-3b 39.5 37.3 39.3
PMO-1nfb 17.4 25.2 30.9
PMO-7¢ 13.3 17.8 17.3
PMO-R12 N-cycle 36.6 31.9 36.8
PMO-R12 C-cycle 18.7 259 30.6

Table 4.2. Data from three individual experiments after treatment with each construct at 5

HM.

Experiment 1 Experiment 2 Experiment 3
Construct at 2 M gz:irmaagleized Mean gz:':li‘aglized Mean ll::),:;?fl‘ized Mean
Fluorescence Fluorescence Fluorescence
PMO 2.0 1.3 1.7
PMO-5 3.5 3.3 8.3
PMO-6¢ 11.6 17.1 249
PMO-1b 9.2 8.8 16.8
PMO-3b 222 28.7 27.5
PMO-1nfb 6.9 7.6 6.6
PMO-7¢ 5.7 5.0 6.6

Table 4.3. Data from three individual experiments after treatment with each construct at 2

pM.
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4.5. Appendix of LC-MS Characterization

1a
45 5 55 6 65 7 75 8 85 9 95 10 105 11 115
Counts (%) vs. Acquisition Time (min)
538.04427
Mass expected: 3221.2 Da
Mass observed: 3221.3 Da
461.32431
64544826
806.55635
L T "
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650 700 750
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 1a (perfluoroarylated). TIC and mass spectrum of major peak.

2a

45 5 5.5 6 6.5 7 5 8 8.5 9 9.5 10 10.5 1 155
Counts (%) vs. Acquisition Time (min)
458.13436
w1530 Mass expected: 2284.6 Da
‘ Mass observed: 2284.7 Da
762.87635
381.94385
i1 ._.,L.‘ Pt o
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650 700 750
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 2a (perfluoroarylated). TIC and mass spectrum of major peak.
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1b

4.5 5 55 6 6.5 7 1.5 8 8.5 9 9.5 10 10.5 11 11.5
Counts (%) vs. Acquisition Time (min)
557.19853
Mass expected: 3335.1 Da
Mass observed: 3335.2 Da
477.74230
668.43460
835.28937
AJhL_ i i

—=——
350 400 450 500 550 600 650 700 75

0 800 850 900 950 1000 1050
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 1b (bicycle). TIC and mass spectrum of major peak.

2b

4.5 5 5.5 6 6.5 7 1.5 8 8.5 9 9.5 10 105 plul 11.5
Counts (%) vs. Acquisition Time (min)
480.91757
Mass expected: 2398.5 Da
Mass observed: 2398.6 Da
600.89477
800.85327
400.93369
uh il .

350 400 450 500 550 EED 650 800 850 900 950 1000 1050

700 750
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 2b (bicycle). TIC and mass spectrum of major peak.
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3b Orthogonal

i

4.5 5 5.5 6 6.5 7 15 8 8.5 9 9.5 10 10.5
Counts (%) vs. Acquisition Time (min)

496.22146 Mass expected: 2970.5 Da
Mass observed: 2970.3 Da

595.26393
425.47597

743.82844
991.43634

1 Y -

350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 3b (double macrocycle prepared through orthogonal
deprotection). TIC and mass spectrum of major peak.

3a

4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 105
Counts (%) vs. Acquisition Time (min)
502.88978
Mass expected: 3010.3 Da
Mass observed: 3010.3 Da
431.19137
603.26533
753.83077
377.41764 1004.77332

350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 3a (peptide 3 with decafluorobiphenyl at positions 1 and 9).
TIC and mass spectrum of major peak.
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3b

B3 ? P § E'SCnunts (7%) vs. Ac:'usisilion Tir?]e (min) Bb 8 L L 108
1§ 160
Mass expected: 2970.5 Da
Mass observed: 2970.3 Da
| —.‘&"‘L . -l‘- .

350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 3b (double macrocycle prepared through kinetic control). TIC
and mass spectrum of major peak.

4a
4.5 B 55 6 65 7 1.5 8 .85 9 95 10 10.5
Counts (%) vs. Acquisition Time (min)
416.21343
Mass expected: 2490.2 Da
Mass observed: 2490.3 Da
356.89859 499.256538
623.81749
. < 1 §

350 400 450 500 550 00 850 900 950 1000 1050

0 650 700 750 8
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 4a (peptide 4 with decafluorobiphenyl at position 9). TIC and
mass spectrum of major peak.
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6a

45 5 5.5 6 6.5 7 75 8 85 9 95 10 10.5
Counts (%) vs. Acquisition Time (min)
416.22128
Mass expected: 2490.2 Da
Mass observed: 2490.3 Da
499.26435
356.90446
623.82862
831.43821
e I N 1 |

350 400 450 500 550 600 00 850 900 950 1000 1050

650 700 750 8
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 6a. TIC and mass spectrum of major peak.

6c

4.5 5 55 6 6.5 7 75 8 .85
Counts (%) vs. Acguisition Time (min)

412.88450 495 25058
Mass expected: 2470.2 Da
Mass observed: 2470.3 Da

618.82176

I 824.76128
J | l
|
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650 700 750
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 6¢ (R12 Monocycle). TIC and mass spectrum of major peak.
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45 b B.5 6 6.5 7 7. 8.5 95 10 10.5
Response vs. Acquisition Time (min)
479.8795
400.0679
599.5980
1 79‘51 1289
i . 1198.1902

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of peptide 1nfb (R12 non-fluorinated bicycle). TIC and mass spectrum
of major peak. Mass expected: 2393.3 Da. Mass observed: 2393.4 Da.

4.5 5 55 6 6 7 7.5 8 8.5 9.5 10 10.5
Counts vs. Acquisition Time (min)
389 6460
486.8055
324.15?28
e [V 6487371

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Counts vs. Mass-to-Charge (v z)

LC-MS characterization of peptide 7¢ (¢R10). TIC and mass spectrum of major peak. Mass
expected: 1942.2 Da. Mass observed: 1942.3 Da. The peaks after 9 minutes result from column
background. The hydrophilic nature of peptide 7¢ requires a C18 column.
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- PMO 1VS2-654 azide

45 5 55 6 65 7 75 8 85
Counts (%) vs. Acquisition Time (min)

1057.17432
Mass expected: 6337.5 Da
Mass observed: 6337.9 Da

906.22288

1268.41229

793.07235

1585.26550
705,?590?

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of PMO-Azide. TIC and mass spectrum of major peak.

45 5 55 6 65 7 75 & 85 9 95 10 105
Response vs. Acquisition Time (min)

1049.7390
899.9162

787.5514 1259.4927

700.0472 L 1574.1218
Lo

| - "

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Counts (%) vs. Mass-to-Charge (m/z)

LC-MS characterization of PMO-Alkyne. TIC and mass spectrum of major peak. Mass expected:
6292.5 Da. Mass observed: 6293.6 Da
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45 5 5.5 6 6.5 7 75 8 85 9 9.5 10 105
Counts vs. Acquisition Time (min)

88(.5397
807.2460
968.4913
1075.9899 1210.3642
745 2217,
1383.0809
566 7058 s
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Counts vs. Mass-to-Charge (mv/z)

LC-MS characterization of PMO-1b (PMO-R 12 trithiol bicycle). TIC and mass spectrum of major
peak. Mass expected: 9674.9 Da. Mass observed: 9675.3 Da.
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45 5 55 6 6.5 7 7.5 8 8.5 9 95 10 105
Response vs. Acquisition Time (min)

794 8391
1092.5263
874.2223
971.2441
728.685
1248.3996
672,(064 ) ~ L 145&'4429

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Counts vs. Mass-to-Charge (m/ z)

LC-MS characterization of PMO-1nfb (PMO-R12 non-fluorinated bicycle). TIC and mass
spectrum of major peak. Mass expected: 8732.5 Da. Mass observed: 8732.9 Da.
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45 5 5.5 6 6.5 7 75 8 8.5 9 95 10 10.5
Response vs. Acquisition Time (min)
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500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Counts vs. Mass-to-Charge (nv z)

LC-MS characterization of PMO-3b (PMO-R12 double macrocycle). TIC and mass spectrum of
major peak. Mass expected: 9309.6 Da. Mass observed: 9309.8 Da.

4.5 5 55 6 6.5 7 75 8 8.5 9 95 10 10.5
Response vs. Acquisition Time (min)
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54011 54
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500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of PMO-5 (PMO-R12). TIC and mass spectrum of major peak. Mass
expected: 8309.0 Da. Mass observed: 8309.5 Da.
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45 5 5.5 6 6.5 7 15 8 8.5 ] 95 10 105
Counts vs. Acquisition Time (min)
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LC-MS characterization of PMO-6¢ (PMO-R12 monocycle). TIC and mass spectrum of major
peak. Mass expected: 8809.2 Da. Mass observed: 8809.6 Da.

4.5 5 55 6 6.5 7 75 8 8.5 9 9.5 10 105
Response vs. Acquisition Time (min)
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500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Counts vs. Mass-to-Charge (v 2)

LC-MS characterization of PMO-7¢ (PMO-cR10). TIC and mass spectrum of major peak. Mass
expected: 8235.8 Da. Mass observed: 8236.3 Da.
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4.5 5 55 6 6.5 7 75 8 8.5 9 9.5 10 105
Response vs. Acquisition Time (min)
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LC-MS characterization of PMO-R12 cyclized with decafluorobiphenyl across N-terminal 6
residues. TIC and mass spectrum of major peak. Mass expected: 8809.2 Da. Mass observed:
8809.7 Da.
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Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of PMO-R12 cyclized with decafluorobiphenyl across C-terminal 6
residues. TIC and mass spectrum of major peak. Mass expected: 8809.2 Da. Mass observed:
8809.7 Da.
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PMO-cyclic Cell-Penetrating Peptide Conjugates:

Bolded cysteines are linked with decafluorobiphenyl. All peptides had an N-terminal 4-pentanoyl
for conjugation to PMO. Note: the linear cell-penetrating peptide conjugate chromatograms can
be found in Chapter 2. The sequences of the linear peptide do not contain the cysteine residues.

x107 |* TIC Scan 104-173_posthplc_pmocon_8_45-52.d
1.2 112
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0.2 | J
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35 4 45 5 55 6 65 7 15 8 __ 85
Counts vs. Acquisition Time (min)

95 10

x10 4 |* Scan (6.992 min) 104-173_posthplc_pmocon_8_45-52.d
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700 800 900 1000 1100 1200
Counts vs. Mass-to-Charge (m/z)

1300

LC-MS characterization of PMO-Bac7 cyclized with decafluorobiphenyl. TIC and mass spectrum
of major peak. Peptide Sequence: CRRIRPRPPRLPRPRPRPLPFPRPGC. Mass expected: 9855.6

Da. Mass observed: 9856.0 Da.
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LC-MS characterization of PMO-MPG cyclized with decafluorobiphenyl. TIC and mass spectrum
of major peak. Peptide Sequence: CGLAFLGFLGAAGSTMGAWSQPKKKRKVC. Mass
expected: 9724.3 Da. Mass observed: 9724.7 Da.
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LC-MS characterization of PMO-CAYH cyclized with decafluorobiphenyl. TIC and mass
spectrum of major peak. Peptide Sequence: CAYHRLRRC. Mass expected: 7888.0 Da. Mass
observed: 7888.6 Da.
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LC-MS characterization of PMO-pVEC cyclized with decafluorobiphenyl. TIC and mass

spectrum of major peak. Peptide Sequence: CLLIILRRRIRKQAHAHSKC. Mass expected:
9126.7 Da. Mass observed: 9127.1 Da.
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LC-MS characterization of PMO-HRSV cyclized with decafluorobiphenyl. TIC and mass
spectrum of major peak. Peptide Sequence: CRRIPNRRPRRC. Mass expected: 8293.7 Da. Mass

observed: 8293.7 Da.
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LC-MS characterization of PMO-AIP6 cyclized with decafluorobiphenyl. TIC and mass spectrum
of major peak. Peptide Sequence: CRLRWRC. Mass expected: 7702.8 Da. Mass observed: 7704.0
Da.
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LC-MS characterization of PMO-DPV6 cyclized with decafluorobiphenyl. TIC and mass

spectrum of major peak. Peptide Sequence: CGRPRESGKKRKRKRLKPC. Mass expected:
8994.6 Da. Mass observed: 8995.1 Da.
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LC-MS characterization of PMO-TAT cyclized with decafluorobiphenyl. TIC and mass spectrum
of major peak. Peptide Sequence: CRKKRRQRRRC. Mass expected: 8255.4 Da. Mass observed:
8257.0 Da
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LC-MS characterization of PMO-Penetratin cyclized with decafluorobiphenyl. TIC and mass
spectrum of major peak. Peptide Sequence: CRQIKIWFQNRRMKWKKC. Mass expected:
9143.9 Da. Mass observed: 9145.7 Da. The shoulder in the LC-MS trace corresponds to minor
spontaneous oxidation products.
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LC-MS  characterization of PMO-Bpep cyclized with decafluorobiphenyl across the entire
sequence. TIC and mass spectrum of major peak. Peptide Sequence: CRXRRBRRXRRBRC.
Mass expected: 8553.0 Da. Mass observed: 8552.4 Da.
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LC-MS characterization of PMO-Bpep cyclized with decafluorobiphenyl across the N-terminal
six residues. TIC and mass spectrum of major peak. Peptide Sequence: CRXRRBRCRXRRBR.
Mass expected: 8553.0 Da. Mass observed: 8553.0 Da.
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LC-MS characterization of PMO-Bpep cyclized with decafluorobiphenyl across the C-terminal
six residues. TIC and mass spectrum of major peak. Peptide Sequence: RXRRBRCRXRRBRC.
Mass expected: 8553.0 Da. Mass observed: 8551.1 Da.

251



4.6. References

(D
)

3)
4)
(5)

(6)

(7

®)

€
(10)

ey

(12)

(13)

(14)
(15)

(16)
(17)

Kole, R.; Krainer, A. R.; Altman, S. RNA Therapeutics: Beyond RNA Interference and
Antisense Oligonucleotides. Nat. Rev. Drug Discov. 2012, 11 (2), 125-140.

van Roon-Mom, W. C.; Aartsma-Rus, A. Overview on Applications of Antisense-
Mediated Exon Skipping. In Exon Skipping; Aartsma-Rus, A., Ed.; Methods in Molecular
Biology; Humana Press, 2012; pp 79-96.

Siva, K.; Covello, G.; Denti, M. A. Exon-Skipping Antisense Oligonucleotides to Correct
Missplicing in Neurogenetic Diseases. Nucleic Acid Ther. 2014, 24 (1), 69-86.
Summerton, J.; Weller, D. Morpholino Antisense Oligomers: Design, Preparation, and
Properties. Antisense Nucleic Acid Drug Dev. 1997, 7 (3), 187-195.

Hudziak, R. M.; Barofsky, E.; Barofsky, D. F.; Weller, D. L.; Huang, S.-B.; Weller, D. D.
Resistance of Morpholino Phosphorodiamidate Oligomers to Enzymatic Degradation.
Antisense Nucleic Acid Drug Dev. 1996, 6 (4), 267-272.

Youngblood, D. S.; Hatlevig, S. A.; Hassinger, J. N.; Iversen, P. L.; Moulton, H. M.
Stability of Cell-Penetrating Peptide—Morpholino Oligomer Conjugates in Human Serum
and in Cells. Bioconjug. Chem. 2007, 18 (1), 50-60.

Li, Y.-F.; Morcos, P. A. Design and Synthesis of Dendritic Molecular Transporter That
Achieves Efficient in Vivo Delivery of Morpholino Antisense Oligo. Bioconjug. Chem.
2008, 19 (7), 1464-1470.

Wu, B.; Li, Y.; Morcos, P. A.; Doran, T. J.; Lu, P.; Lu, Q. L. Octa-Guanidine Morpholino
Restores Dystrophin Expression in Cardiac and Skeletal Muscles and Ameliorates
Pathology in Dystrophic Mdx Mice. Mol. Ther. 2009, 17 (5), 864-871.

Hanson, G. J.; Weller, D. D.; Cai, B. Z.; Zhou, M. Functionally-Modified
Oligonucleotides and Subunits Thereof. US9278987 B2, March 8, 2016.

Stanzl, E. G.; Trantow, B. M.; Vargas, J. R.; Wender, P. A. Fifteen Years of Cell-
Penetrating, Guanidinium-Rich Molecular Transporters: Basic Science, Research Tools,
and Clinical Applications. Acc. Chem. Res. 2013, 46 (12), 2944-2954.

Moulton, H. M.; Nelson, M. H.; Hatlevig, S. A.; Reddy, M. T.; Iversen, P. L. Cellular
Uptake of Antisense Morpholino Oligomers Conjugated to Arginine-Rich Peptides.
Bioconjug. Chem. 2004, 15 (2), 290-299.

Abes, S.; Moulton, H. M.; Clair, P.; Prevot, P.; Youngblood, D. S.; Wu, R. P_; Iversen, P.
L.; Lebleu, B. Vectorization of Morpholino Oligomers by the (R-Ahx-R)4 Peptide
Allows Efficient Splicing Correction in the Absence of Endosomolytic Agents. J.
Controlled Release 2006, 116 (3), 304-313.

Lebleu, B.; Moulton, H. M.; Abes, R.; Ivanova, G. D.; Abes, S.; Stein, D. A.; Iversen, P.
L.; Arzumanov, A. A.; Gait, M. J. Cell Penetrating Peptide Conjugates of Steric Block
Oligonucleotides. Adv. Drug Deliv. Rev. 2008, 60 (4), 517-529.

Hanson, G. J. Peptide Oligonucleotide Conjugates. US 9,161,948, October 20, 2015.
Timmerman, P.; Beld, J.; Puijk, W. C.; Meloen, R. H. Rapid and Quantitative Cyclization
of Multiple Peptide Loops onto Synthetic Scaffolds for Structural Mimicry of Protein
Surfaces. ChemBioChem 2005, 6 (5), 821-824.

Heinis, C.; Rutherford, T.; Freund, S.; Winter, G. Phage-Encoded Combinatorial
Chemical Libraries Based on Bicyclic Peptides. Nat. Chem. Biol. 2009, 5 (7), 502-507.
Chen, S.; Morales-Sanfrutos, J.; Angelini, A.; Cutting, B.; Heinis, C. Structurally Diverse
Cyclisation Linkers Impose Different Backbone Conformations in Bicyclic Peptides.
ChemBioChem 2012, 13 (7), 1032—-1038.

252



(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

Wang, J.; Zha, M.; Fei, Q.; Liu, W.; Zhao, Y.; Wu, C. Peptide Macrocycles Developed
from Precisely Regulated Multiple Cyclization of Unprotected Peptides. Chem. 2017, 23
(60), 15150-15155.

Sako, Y.; Morimoto, J.; Murakami, H.; Suga, H. Ribosomal Synthesis of Bicyclic
Peptides via Two Orthogonal Inter-Side-Chain Reactions. J. Am. Chem. Soc. 2008, 130
(23), 7232-7234.

Wallbrecher, R.; Depré, L.; Verdurmen, W. P. R.; Bovée-Geurts, P. H.; van Duinkerken,
R. H.; Zekveld, M. J.; Timmerman, P.; Brock, R. Exploration of the Design Principles of
a Cell-Penetrating Bicylic Peptide Scaffold. Bioconjug. Chem. 2014, 25 (5), 955-964.
Lian, W.; Jiang, B.; Qian, Z.; Pei, D. Cell-Permeable Bicyclic Peptide Inhibitors against
Intracellular Proteins. J. Am. Chem. Soc. 2014, 136 (28), 9830-9833.

Spokoyny, A. M.; Zou, Y.; Ling, J. J.; Yu, H.; Lin, Y.-S.; Pentelute, B. L. A
Perfluoroaryl-Cysteine SNAr Chemistry Approach to Unprotected Peptide Stapling. J.
Am. Chem. Soc. 2013, 135 (16), 5946-5949.

Zou, Y.; Spokoyny, A. M.; Zhang, C.; Simon, M. D.; Yu, H.; Lin, Y.-S.; Pentelute, B. L.
Convergent Diversity-Oriented Side-Chain Macrocyclization Scan for Unprotected
Polypeptides. Org. Biomol. Chem. 2013, 12 (4), 566--573.

Herce, H. D.; Schumacher, D.; Schneider, A. F. L.; Ludwig, A. K.; Mann, F. A.; Fillies,
M.; Kasper, M.-A.; Reinke, S.; Krause, E.; Leonhardt, H.; et al. Cell-Permeable
Nanobodies for Targeted Immunolabelling and Antigen Manipulation in Living Cells.
Nat. Chem. 2017, 9 (8), 762.

Sazani, P.; Kang, S.-H.; Maier, M. A.; Wei, C.; Dillman, J.; Summerton, J.; Manoharan,
M.; Kole, R. Nuclear Antisense Effects of Neutral, Anionic and Cationic Oligonucleotide
Analogs. Nucleic Acids Res. 2001, 29 (19), 3965-3974.

Mijalis, A. J.; Thomas III, D. A.; Simon, M. D.; Adamo, A.; Beaumont, R.; Jensen, K. F.;
Pentelute, B. L. A Fully Automated Flow-Based Approach for Accelerated Peptide
Synthesis. Nat. Chem. Biol. 2017, 13 (5), 464—466.

Simon, M. D.; Heider, P. L.; Adamo, A.; Vinogradov, A. A.; Mong, S. K.; Li, X.; Berger,
T.; Policarpo, R. L.; Zhang, C.; Zou, Y.; et al. Rapid Flow-Based Peptide Synthesis.
ChemBioChem 2014, 15 (5), 713-720.

253



Chapter 5: Perfluoroarene-Based Peptide Macrocycles to Enhance
Penetration Across the Blood-Brain Barrier

The work presented in this chapter was published in the following manuscript and is reproduced
with permission from the American Chemical Society:

Fadzen, C.M.,* Wolfe, ].M.,* Cho, C-F., Chiocca, E.A., Lawler, S.E., & Pentelute, B.L.
Perfluoroarene-Based Peptide Macrocycles to Enhance Penetration Across the Blood-Brain
Barrier. J. Am. Chem. Soc. 139, 15628-15631 (2017).

*: denotes authors contributed equally
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5.1. Introduction

The blood-brain barrier (BBB) poses a significant challenge to delivering therapeutics to
the brain, which limits treatment options for various central nervous system diseases, including
primary tumors, brain metastases, autoimmune diseases and infections.!™ The brain endothelial
layer that comprises the BBB is highly specialized, containing continuous tight junctions, a high
electrical resistance, and many efflux pumps that extrude drugs from the brain into the blood.
Previous efforts to deliver therapeutics across the BBB have focused on temporary chemical or
mechanical disruption of the barrier, or inhibition of efflux pumps.>® Both of these techniques
have significant limitations. Even when successful in mediating delivery across the BBB, these
approaches are nonspecific and thus may also enhance the delivery of unwanted substances into

the brain and cause neurotoxicity.?

Significant work to overcome the challenge of specificity has been devoted to molecular
delivery vectors, also called “BBB shuttles.”” These delivery vectors have classically targeted
receptors on the surface of brain endothelial cells, such as the insulin and transferrin receptors.'%-!
In addition to antibody-based BBB-shuttles, peptide shuttles have shown promise for cargo
delivery across the BBB.!>"!* Peptides are easier to characterize than antibodies and can be

prepared by chemical synthesis, enabling the incorporation of diverse chemical moieties to

modulate the shuttle’s properties.

Many peptides, however, do not possess an intrinsic ability to cross the BBB and are
susceptible to proteolytic degradation. Over the past 25 years, many chemical strategies have been
developed for peptide macrocyclization'>?! which can confer favorable biological properties to
the peptide, such as increased uptake into cells or resistance to proteolysis.?! 2> We recently
reported methodology that allows for the macrocyclization of an unprotected peptide between two
cysteine residues with a perfluoroaryl linker through SnAr chemistry in the presence of a mild
base.?2” We demonstrated that these perfluoroarene-based peptide macrocycles had increased
cellular uptake and increased resistance to proteolytic degradation compared with their linear

counterparts.

Here we show that our SNAr macrocyclization chemistry can be utilized to facilitate peptide
crossing of the BBB. We observed that several perfluoroarene-based, macrocyclic analogues of
transportan-10 (TP10) have enhanced uptake into two different cell types, including brain

endothelial cells. Therefore, we hypothesized that these macrocycles may serve as important
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delivery tools for transport across the BBB. To this end, we tested TP10 analogues in a culture-
based spheroid model of the BBB that recapitulates many of the important known barrier functions
of the BBB. We also tested the top TP10 analogue in mice to demonstrate the applicability of our
technology to in vivo brain penetration. Finally, we examined the generalizability of this
technology to a peptide of therapeutic interest both in the BBB spheres and in mice. This work

highlights the potential of perfluoroarene-based peptide macrocycles as brain-penetrating agents.
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5.2. Results and Discussion

Our initial experiments were designed to determine the extent to which macrocyclization
through our perfluoroaryl-cysteine SvAr chemistry could modulate the biological properties of a
model peptide known for its ability to translocate across membranes.?®?° Analogues of this model
peptide, TP10, were prepared containing two cysteine residues in a variety of i, i+7 configurations
(Figure 5.1). Cysteines were substituted rather than inserted into the sequence in an effort to
maintain the spatial relationships between the other amino acids of the peptide. In addition to the
macrocyclic aryl variants (denoted M), linear controls (denoted Q*) were also prepared in which
the cysteines were alkylated with 2-bromoacetamide in order to account for changes in behavior
that may arise from the cysteine mutation. To facilitate conjugation of a fluorophore via copper-
catalyzed click chemistry, 4-pentynoic acid was coupled to the N-terminus of all peptides using

standard solid-phase peptide synthesis conditions.

For our initial experiments, 5-carboxytetramethylrhodamine (5-TAMRA) was conjugated
to the N-terminal alkyne of all analogues. To examine these fluorophore-labeled constructs in a
biological context, we treated HeLa cells with 2.5 pM of each construct for 2 hours in serum-free
media. After washing with trypsin and buffer to remove any cell surface-adherent peptide, we
observed that all macrocyclic variants of TP10 demonstrated increased mean fluorescence
intensity compared with their respective alkyl control by flow cytometry (Figure 5.2). Encouraged
by these results, we sought to determine if this observation was recapitulated in hCMEC/D3
endothelial cells - an immortalized cell line that has been extensively characterized for brain
endothelial cell phenotype and is used in models of the BBB.3*3! Identical treatment conditions
were used except the treatment media for the hCMEC/D3 cells was supplemented with 2% human
serum. All macrocyclic variants of TP10 displayed an increase in mean fluorescence intensity with
respect to both the native TP10 sequence and their respective alkyl control (Figure 5.2), indicating
increased uptake into h(CMEC/D3 cells. Given that brain endothelial cells are a key component of
the BBB, we hypothesized that perfluoroarene-based macrocycles may also have increased ability

to cross the BBB and accumulate in the brain.

The stability of the macrocyclic TP10 analogues was assayed by incubating 100 pM of
each construct, with 1.75 nM Proteinase k at 37 °C. After 2 h of incubation with the protease, all
macrocyclic variants were still >90% intact, while <40% of the native TP10 remained (Figure 5.3).

Taken with the observation that the linear alkyl controls were no more stable than the native
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Figure 5.1. Macrocyclic TP10 analogues prepared via SxAr. (A) Workflow for generating
fluorophore-containing perfluoroarene-based macrocyclic TP10 analogues. (B) Peptide sequences
for the TP10 macrocycles. The N-terminus is capped with 4-pentynoic acid to provide a click
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Figure 5.2. Perfluoroarene-based macrocyclic TP10 analogues have increased uptake into
HeLa and brain endothelial cells. Flow cytometry analysis of HeL.a and hCMEC/D3 cells treated
with 2.5 uM of each peptide for 2 h at 37 °C. The macrocyclic variants display up to a 12-fold
increase in mean fluorescence intensity relative to native TP10 (n = 3).



TP10 (Figure 5.3), these data suggest that the perfluoroarene macrocycle confers beneficial
proteolytic stability. Finally, to ensure that the macrocyclic TP10 analogues did not compromise
the plasma membrane, a lactate dehydrogenase (LDH) assay was performed using Hela cells.
Neither M13 nor M14 showed appreciable LDH leakage at concentrations of 5 pM or below,
indicating that at biologically-relevant concentrations, the plasma membrane of the cells was not

compromised (Figure 5.4).

Our next set of experiments was designed to test if our macrocyclic peptides could
potentially cross the BBB using the cellular BBB spheroid model.*? The spheroid model employed
in this work consists of a 1:1:1 ratio of human brain microvascular endothelial cells (hCMEC/D3),
human brain vascular pericytes (HBVPs), and human astrocytes that spontaneously self-organize
into spheres when co-cultured. In the brain, the blood vessels are lined with endothelial cells, which
associate closely with pericytes and astrocytes to form the BBB.?? In the spheres, endothelial cells
interact with pericytes to line the outermost surface of the sphere, while astrocytes make up the
spheroid core (Figure 5.5). The ability of a molecule to penetrate the surface of the sphere and
accumulate in the core represents delivery into the brain. Importantly, previous work has shown
that these spheres display several of the key properties of the BBB, including high expression of
tight junction proteins, upregulation of drug efflux pumps, and receptor-mediated transport across

the barrier.’*

The spheres were treated with 5 uM of each TP10 analogue for 3.5 hours at 37 °C. After
treatment, the spheres were imaged by confocal microscopy. Quantification of spheroid entry was
performed by measuring the mean 5-TAMRA fluorescence intensity at a depth of 90 um into the
core of the spheroid (Figure 5.6). Of the three macrocyclic analogues, both M13 and M14
displayed increased penetration of the sphere with respect to both native TP10 and their alkyl
analogues (Figure 5.5). M13 showed the greatest increase with an 8-fold change over TP10. These
data suggest that both M13 and M14 may have increased ability to cross the BBB. Intriguingly,
the location of the perfluoroarene within the sequence significantly affected the ability of a given
analogue to enter the sphere, despite all analogues having increased uptake into brain endothelial

cells.

Next, we assessed whether or not the enhanced spheroid penetration we observed could be
translated to in vivo BBB penetration in a living system. Given the superior influx of M13 into the

spheres, M13 was chosen for further evaluation in mice. Cy5.5 was attached to the N-terminal

259



(=] -
=] - N
)

Fraction Remaining
=)
(=]

-
N

--TP10

e
-} -

Fraction Remaining
(=]
(-2}

0.4 1 -e-TP10 0.4 1
--M2
0.2 { -+M13 0.2 -
--M14
0 T T r v v T ) 0 : T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Time (min.) Time (min.)

Figure 5.3. Perfluoroarene-based macrocyclic TP10 analogues are resistant to proteolysis.
Over 2 h at 37 °C, the macrocyclic analogues are all stable to Proteinase K, while native TP10 is
degraded. All alkylated controls were degraded to the same or greater extent than the native TP10

peptide.
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Figure 5.4. Lactate dehydrogenase assay of perfluoroarene-based macrocyclic TP10
analogues. Release of lactate dehydrogenase (LDH) from HeLa cells after incubation with varying
concentrations of the macrocycles and controls for 2 h at 37 °C. TP10 M2 did induce some LDH
leakage and early signs of cytotoxicity, especially with increasing concentration. However, TP10
M13 and M14 did not display LDH release, which suggests the cell membrane remains intact.
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Figure 5.5. Perfluoroarene-based macrocyclic TP10 analogues display increased entry into
BBB spheroids compared to their linear counterparts. A schematic illustrating the cellular
composition of the spheres (not to scale). The confocal microscopy images display a representative
spheroid after incubation with 5 uM of each construct showing an overlay of both fluorescence (5-
TAMRA) and brightfield (scale bar = 100 pm). The images are at a z-depth of 90 um into the core
of the sphere. The plot shows the mean fluorescence intensity of a 100 um diameter circular region
that excludes fluorescence on the spheroid exterior (n=3-5).

Figure 5.6. Example of fluorescence quantification for a sphere treated with 5 pM BIM BH3
M4. For each sphere, a z-stack is collected. The image corresponding to a z-depth of 85-90 pm
into the sphere is extracted for quantification. The mean fluorescence intensity of the circle shown
above is quantified using ImagelJ. This is to ensure that the results are reflective of fluorescent
material in the core of the sphere, rather than on the outside in the endothelial cells.
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alkyne of M13 and Q*13. First, 100 pL of a 100 uM solution of each peptide was injected into the
tail vein (corresponding to ~1.5 mg/kg at time t = 0). Mice either received M13 or the alkyl control,
Q*13. After 4 hours, the mice were infused intravenously with 50 pL of 50 mg/mL TRITC-dextran,
which allows visualization of highly perfused blood vessels. At 4.5 hours, the mice were sacrificed.
The brain, spleen, kidneys, lungs, heart, and liver were excised, flash frozen, and imaged on an in
vivo imaging system (IVIS) (Figures 5.7A, 5.8). The total radiant efficiency from Cy5.5 in each
organ was quantified (Figure 5.9). The liver and kidneys were brightest for both M13 and Q*13 —
although the amount of signal was similar between the macrocycle and control. However, in the
brains of mice treated with the macrocycle, the total radiant efficiency was over double that of the

linear control, suggesting increased uptake of the macrocycle into the brain.

Given the resolution of the IVIS instrument, distinguishing fluorescence in the actual brain
tissue from fluorescence in the blood vessels of the brain can be challenging. Therefore, we
performed a more detailed analysis by ex vivo brain imaging using high-resolution confocal
microscopy to confirm the peptide was actually entering the brain parenchyma. The frozen brains
were cryosectioned into 30 pm slices after IVIS imaging and the slices were imaged by confocal
microscopy. M13 can be observed outside of the vessel and in the brain parenchyma, providing
evidence that the macrocyclic peptide is crossing the BBB and entering the brain tissue (Figures
5.7B, 5.7C). Additionally, a serum stability assay was performed by incubating each peptide in 5%
mouse serum and measuring degradation over 24 hours (Figure 5.10). M13 displayed greater
serum stability, suggesting that the increase in brain penetration is likely due to both increased

stability in serum and increased ability to cross the BBB.

Finally, we wanted to see if our findings could be generalized to a peptide of therapeutic
interest. We chose the BH3 domain of the pro-apoptotic BIM protein, as Bird et al. have conducted
an exhaustive staple scan of the peptide and demonstrated which positions are amenable to
mutation.>> We synthesized two BIM BH3 peptide sequences, but substituted cysteine residues for
the a,a-disubstituted olefin-bearing amino acids previously employed (Figure 5.11A). To evaluate
the ability of our perfluoroarene-based macrocyclic BIM BH3 variants to cross the BBB, we
performed the same sequence of experiments under the same conditions as we did with TP10.
First, TAMRA-labeled BIM BH3 analogues were tested in BBB spheres. BIM M4 had
significantly increased fluorescence in the core of the sphere, compared to both its linear alkyl

control and to a hydrocarbon-cyclized control (Figures 5.11B, 5.12). Conversely, although bright
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Figure 5.7. Enhanced in vivo brain penetration of a perfluoroarene-based TP10 macrocycle.
(A) IVIS imaging of mouse brains treated with Cy5.5-labeled TP10 analogues. One representative
brain in each group after excitation at 640 nm (n=2). (B) Confocal microscopy images of brain
cryosections showing a square area around a capillary. For full confocal images. see Figure xxx
(nuclei — Hoechst — blue, dextran — TRITC — red, peptide — Cy5.5 — white). (C) Quantification of
the diffuse Cy5.5 signal in the brain parenchyma from the confocal images, suggesting
accumulation of the TP10 analogues in the brain. The quantification was performed by selecting
regions (such as the cyan circles) outside the vessels that did not contain bright puncta and
averaging the mean fluorescence intensities from each region (n=10). M13 had a statistically
significant increase in mean fluorescence intensity compared with Q*13 by a Student’s r-test
(P<0.001).
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Figure 5.8. In vivo biodistribution of perfluoroarene-based macrocycles. Radiant efficiency of
Cy5.5 in each set of mouse organs after treatment with Cy5.5-labeled versions of TP10 M13. TP10
Q*13. BIM M4, and BIM Q*4. For imaging, the excitation wavelength was at 640 nm and the
emission was monitored through the Cy5.5 filter on the instrument.
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Figure 5.9. Quantification of the in vivo biodistribution of perfluoroarene-based
macrocycles. Total Cy5.5 radiant efficiency of organs from mice treated with Cy5.5-labeled
versions of TP10 M13, TP10 Q*13, BIM M4, and BIM Q*4. Two mice were in each treatment
group and the data points from each mouse organ are plotted individually. The fluorescent material
primarily ends up in the liver and kidneys for both the macrocyclic analogues and the alkyl
analogues. The macrocycles have increased accumulation in the brain, heart, and lungs compared
to their respective alkyl controls.
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Figure 5.10. Serum stability of perfluoroarene-based TP10 analogue in mouse serum. Serum
stability data (in triplicate) obtained from incubating M13 and Q*13 with 5% mouse serum. While
degradation of both peptides was seen over time, there was a greater fraction remaining of M13 at
time t =24 h.
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Figure 5.11. Enhanced in vivo brain penetration of a perfluoroarene-based BIM BH3
macrocycle. (A) Sequences of the BIM BH3 analogues prepared. (B) A plot of the mean
fluorescence intensity in the core of the sphere for TAMRA-labeled BIM BH3 analogues (n=6).
(C) IVIS imaging of mouse brains treated with Cy5.5-labeled analogues. One representative brain
in each group after excitation at 640 nm (n=2). (D) Confocal microscopy images of brain
cryosections showing a square area around a capillary. For full confocal images, see Figure xxx
(nuclei — Hoechst — blue, dextran — TRITC - red, peptide — Cy5.5 — white). (E) A plot showing
quantification of the diffuse Cy5.5 signal in the brain parenchyma from the confocal images.
suggesting accumulation of the BIM BH3 analogues in the brain. The quantification was
performed by selecting regions (such as the cyan circles) outside the vessels that did not contain
bright puncta and averaging the mean fluorescence intensities from each region (n=10). BIM M4
had a statistically significant increase in mean fluorescence intensity compared with BIM Q*4 by
a Student’s /-test (P<<0.0001).
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Figure 5.12. Comparison of perfluoroarene-cyclized BIM BH3 to hydrocarbon-cyclized BIM
BH3. The confocal microscopy images display a representative spheroid after incubation in a
solution of BBB media with 5 uM of each BIM BH3 analogue. The images show fluorescence (5-
TAMRA) and are at a z-depth of 85 um into the core of the sphere. The plot shows quantification
of the mean fluorescence intensity in the core of the sphere for all BIM BH3 analogues (n=8).
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on the sphere surface, M9 had little fluorescence in the sphere core. As a result, we carried Cy5.5-
BIM M4 and its alkyl control Cy5.5-BIM Q*4 forward for in vivo evaluation. The perfluoroarene
macrocycle had a modest increase in total radiant efficiency in the brain by IVIS relative to the
alkyl control (Figure 5.11C). When the brain was sectioned and imaged by confocal microscopy,
significantly more Cy5.5 fluorescence was observed in the brain parenchyma for BIM M4 than
BIM Q*4 (Figures 5.11D, E). Altogether, these data suggest that the perfluoroarene macrocycle
improves the ability of the BIM BH3 peptide to cross the BBB.

In conclusion, we have demonstrated with our proof-of-concept experiments that abiotic
peptide macrocycles can exhibit significantly enhanced penetration of the brain. While synthetic
peptide macrocycles have been engineered as successful inhibitors of protein-protein interactions,
especially for cancer therapeutics, they are just starting to be explored for crossing the BBB.'*
Here we show the first example of improving brain penetration solely through the introduction of
an abiotic macrocycle. The mechanism of transport across the BBB and the role of linker
placement remain to be elucidated. However, given the widespread interest in peptide
macrocyclization, we expect this finding may be of immediate use to the scientific community in

designing therapeutics and imaging agents for central nervous system diseases.
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5.3. Experimental
5.3.1. Materials

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-
Richelieu,  Quebec,  Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium-3-oxid-hexafluorophosphate (HATU), Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Lys(Boc)-
OH, Fmoc-L-Asp(tBu)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-Cys(Trt)-
OH, Fmoc-L-Gly-OH, Fmoc-L-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, Fmoc-L-Phe-OH,
Fmoc-L-Tyr(tBu)-OH, and Fmoc-L-Trp(Boc)-OH were purchased from Chem-Impex
International (Wood Dale, IL). Peptide synthesis-grade N,N-dimethylformamide (DMF), CH2Cly,
diethyl ether, f-butanol and HPLC-grade acetonitrile were obtained from VWR International
(Radnor, PA). Cy5.5-azide and 5-TAMRA azide were purchased from Lumiprobe Corporation
(Hallandale Beach, FL). Decafluorobiphenyl was purchased from Oakwood Products, Inc. (Estill,
SC). The LDH Assay kit was purchased from Promega (Madison, WI). The primary human
astrocytes, astrocyte growth medium and endothelial cell growth medium were obtained from
Lonza Bioscience (Walkersville, MD). The human brain microvascular pericytes and the pericyte
medium were obtained from ScienCell Research Laboratories (Carlsbad, CA). The hCMEC/D3
human cerebral microvascular endothelial cells were from Cedarlane Labs (Burlington, ON,
Canada). The human serum was from Valley Biomedical (Winchester, VA). All other reagents
were purchased from Sigma-Aldrich (St. Louis, MO), water was deionized before use, and
reactions were conducted in open-air on the benchtop.
5.3.2. Methods for LC-MS Analysis

For all experiments except for the proteolysis assays, LC-MS chromatograms and
associated mass spectra were acquired using an Agilent 6520 ESI-Q-TOF mass spectrometer
equipped with a C3 Zorbax column. Mobile phases were: 0.1% formic acid in water (solvent A)
and 0.1% formic acid in acetonitrile (solvent B). The following LC-MS method was used for
characterization of all TP10 analogues and for the serum stability assay: Zorbax SB C3 column:
2.1 x 150 mm, 5 um, 5% B from 0 to 2 min, linear ramp from 5% B to 65% B from 2 to 11 min,
65% B from 11 to 12 min and finally 3 min of post-time at 5% B for equilibration, flow rate: 0.8
mL/min. The following LC-MS method was used for characterization of all BIM BH3 analogues:
Zorbax SB C3 column: 2.1 x 150 mm, 5 um, 1% B from 0 to 2 min, linear ramp from 1% B to

61% B from 2 to 11 min, 61% B to 99% B from 11 to 12 min and finally 3 min of post-time at 1%
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B for equilibration, flow rate: 0.8 mL/min. All data were processed using Agilent MassHunter
software package. Y-axis in all chromatograms shown represents total ion current (TIC) unless
noted. For the proteolysis assays, LC-MS chromatograms and associated mass spectra were
acquired using an Agilent 6550 iFunnel Q-TOF mass spectrometer equipped with a Jupiter C4
Phenomenex column. The following LC-MS method was used: Phenomenex Jupiter C4: 150 x 1.0
mm ID, 5 pm, linear gradient from 1% B to 91% B over 16 min, flow rate: 0.1 mL/min.

5.3.3. General Method for Peptide Preparation

Fast-flow Peptide Synthesis: Peptides were synthesized on a 0.1-mmol scale using an
automated flow peptide synthesizer.’® A 200 mg portion of ChemMatrix Rink Amide HYR resin
was loaded into a reactor maintained at 90 °C. All reagents were flowed at 80 mL/min with HPLC
pumps through a stainless steel loop maintained at 90 °C before introduction into the reactor. For
each coupling, 10 mL of a solution containing 0.2 M amino acid and 0.17 M HATU in DMF were
mixed with 200 pL diisopropylethylamine and delivered to the reactor. Fmoc removal was
accomplished using 10.4 mL of 20% (v/v) piperidine. Between each step, DMF (15 mL) was used
to wash out the reactor. Special coupling conditions were used for arginine, in which the flow rate
was reduced to 40 mL/min and 10 mL of a solution containing 0.2 M Fmoc-L-Arg(Pbf)-OH and
0.17 M PyAOP in DMF were mixed with 200 pL diisopropylethylamine and delivered to the
reactor. For the TP10 analogues, 4-pentynoic acid was coupled in flow on the automated peptide
synthesizer using the same conditions as standard amino acids. For the BIM BH3 analogues, the
resin was incubated for 30 min at room temperature with 4-pentynoic acid (1 mmol) dissolved in
2.5 mL 0.4 M HATU in DMF with 500 pL diisopropylethylamine. After completion of the
synthesis, the resins were washed 3 times with DCM and dried under vacuum.

Peptide Cleavage and Deprotection: Each peptide was subjected to simultaneous global
side-chain deprotection and cleavage from resin by treatment with 8 mL of 94% (v/v)
trifluoroacetic acid (TFA), 2.5% (v/v) 1,2-ethanedithiol (EDT), 2.5% (v/v) water, and 1% (v/v)
triisopropylsilane (TIPS) for 6 min at 60 °C. The TFA was evaporated by bubbling N> through the
mixture until only an oil and the resin remained. Then ~35 mL of cold ether was added to
precipitate and wash the peptide (chilled at —80°C). The crude product and resin were pelleted
through centrifugation for three minutes at 4,000 rpm and the ether decanted. The ether
precipitation and centrifugation was repeated two more times. After the third wash, the pellet was

redissolved in 50% water and 50% acetonitrile containing 0.1% TFA, filtered through a fritted
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syringe to remove the resin and lyophilized. In the re-synthesis of BIM BH3 analogue 4 for Cy5.5-
labeled constructs, the crude peptide was redissolved in 70% water, 20% acetonitrile, and 10%
DMF, which improved peptide recovery.

5.3.4. Macrocyclization, Alkylation, and Fluorophore Labeling Procedures

Macrocyclization of TP10 Analogues: The crude TP10 peptides were dissolved in DMF,
and stock solutions of decafluorobiphenyl in DMF and Tris in DMF were added such that the final
concentration in the reaction vessel was 1 mM of a given TP10 analogue, 2 mM
decafluorobiphenyl, and 30 mM Tris (Figure 5.13). After 5 h, DMF was removed by rotary
evaporation to a final volume of 10 mL and the reaction was quenched by adding 90 mL of 85:15
water:acetonitrile containing 4% TFA. The crude reaction was purified by mass-directed semi-
preparative reversed-phase HPLC (Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 pm). Solvent
A was water with 0.1% TFA additive and Solvent B was acetonitrile with 0.1% TFA additive. A
linear gradient that changed at a rate of 0.5%/min was run from 20% B to 60% B. Using mass data
about each fraction from the instrument, only pure fractions were pooled and lyophilized. The
purity of the fraction pool was confirmed by LC-MS.

Alkylation of TP10 Analogues: The crude TP10 peptides were dissolved in a buffer of 6 M
guanidine*HCI, 0.2 M sodium phosphate, 50 mM 2-bromoacetamide, and 20 mM tris(2-
carboxyethyl)phosphine (TCEP)*HCI, pH 7.1 to a final concentration of 1 mM peptide. After one
hour, the reaction was quenched by bringing the pH of the solution to 2 with 6 M HCI. The crude
reaction was purified by mass-directed semi-preparative reversed-phase HPLC (Agilent Zorbax
SB C3 column: 9.4 x 250 mm, 5 um). Solvent A was water with 0.1% TFA additive and Solvent
B was acetonitrile with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min
was run from 20% B to 60% B. Using mass data about each fraction from the instrument, only
pure fractions were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-
MS.

Procedure for Fluorophore Labeling of TP10 Analogues by azide/alkyne Huisgen
Cycloaddition: Purified TP10 constructs (0.5 pumol) were each dissolved in 200 uL 50:50 r-
butanol:water in a 1.7 mL microcentrifuge tube. The following solutions were added to the
microcentrifuge tube in order: 10 pL of 50 mM 5-tetramethylrhodamine azide (5-TAMRA azide)
in DMSO, 100 pL of 500 mM Tris pH 8 in water, 50 pL of 100 mM copper(Il) sulfate in water,
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10 pul. of 10 mM Tris(benzyltriazolylmethyl)amine (TBTA) in DMSO, 10 pL of 100 mM
TCEP*HCI in water, 100 pL of 1 M ascorbic acid in water and 520 pL 50:50 t-butanol:water.
After one hour, the reaction was diluted with 9 mL of 85:15 water:acetonitrile containing 0.1%
TFA, filtered and purified by mass-directed semi-preparative RP-HPLC (Agilent Zorbax SB C3
column: 9.4 x 250 mm, 5 um). Solvent A was water with 0.1% TFA additive and Solvent B was
acetonitrile with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min was run
from 20% B to 60% B. Using mass data about each fraction from the instrument, only pure
fractions were pobled and lyophilized. The purity of the fraction pool was confirmed by LC-MS.
For the Cy5.5 labeled versions of TP10 M13 and Q*13, the same procedure was used, only the
concentration of peptide was 1.5 mM and 15 pL of 100 mM CyS5.5 azide in DMSO was added,
instead of the 5-TAMRA azide.

Purification of Crude BIM BH3 Peptides: The crude BIM BH3 peptides were redissolved
in 70% water and 30% acetonitrile containing 0.1% TFA, filtered through a 0.22 um nylon filter
(the filter was rinsed with 1 mL 50% water and 50% acetonitrile) and purified by mass-directed
semi-preparative reversed-phase HPLC (Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 pm).
Solvent A was water with 0.1% TFA additive and Solvent B was acetonitrile with 0.1% TFA
additive. For the native BIM BH3 sequence, a linear gradient that changed at a rate of 0.5%/min
was run from 15% B to 55% B. For the two analogues with cysteine substitutions, a linear gradient
that changed at a rate of 0.5%/min was run from 30% B to 60% B. Using mass data about each
fraction from the instrument, only pure fractions were pooled and lyophilized. The purity of the
fraction pool was confirmed by LC-MS.

Procedure for Macrocyclization of Purified BIM BH3 Peptides: The purified, cysteine-
containing BIM BH3 analogues were dissolved in DMF and a stock solution of decafluorobiphenyl
in DMF was added such that the final concentration in the reaction vessel was 1 mM of a given
BIM BH3 analogue and 2 mM decafluorobiphenyl. Diisopropylethylamine was added such that
its final concentration in the reaction mixture was 50 mM. After 2 hours, the reaction mixture was
diluted by a factor of two with water containing 0.1% TFA and filtered through a through a 0.22
um nylon filter. The filter was rinsed with 1 mL 50% water and 50% acetonitrile with no additive.
The reaction mixture was then diluted to 30% organic components (DMF and acetonitrile) with
water containing 0.1% TFA to prepare the sample for loading onto the HPLC column. The crude

reaction was purified by mass-directed semi-preparative reversed-phase HPLC (Agilent Zorbax
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SB C3 column: 9.4 x 250 mm, 5 um). Solvent A was water with 0.1% TFA additive and Solvent
B was acetonitrile with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min
was run from 30% B to 60% B. Usihg mass data about each fraction from the instrument, only
pure fractions were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-
MS.

Procedure for Alkylation of Pure BIM BH3 Peptides: Initially, the same conditions were
used to alkylate the purified, cysteine-containing BIM BH3 analogues as with the crude TP10
analogues. However, given poor recovery in the original conditions, we tested other conditions for
the alkylation of BIM BH3 analogue 4 to ensure we had enough material for in vivo studies. BIM
BH3 analogue 4 and 2-bromoacetamide were dissolved in 50% buffer containing 0.2 M sodium
phosphate and 50 mM #ris(2-carboxyethyl)phosphine (TCEP)*HCI, pH 8 and 50% DMTF to a final
concentration of 1 mM peptide and 50 mM 2-bromoacetamide. After one hour, the reaction was
quenched by bringing the pH of the solution to 2 with 6 M HCI. The crude reaction was purified
by mass-directed semi-preparative reversed-phase HPLC (Agilent Zorbax SB C3 column: 9.4 x
250 mm, 5 pm). Solvent A was water with 0.1% TFA additive and Solvent B was acetonitrile with
0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min was run from 20% B to
60% B. Using mass data about each fraction from the instrument, only pure fractions were pooled
and lyophilized. The purity of the fraction pool was confirmed by LC-MS.

Procedure for Fluorophore Labeling of BIM BH3 Analogues by azide/alkyne Huisgen
Cycloaddition: Purified BIM BH3 analogues were labeled with 5-TAMRA azide using copper-
catalyzed “click” chemistry. (see “Procedure for Fluorophore Labeling of TP10 Analogues by
azide/alkyne Huisgen Cycloaddition”). For BIM BH3 wt, BIM BH3 Q*4 and BIM BH3 Q*9:
After one hour, the reaction was diluted with 9 mL of water containing 0.1% TFA, filtered through
a0.22 pm nylon filter (rinsed with 1 mL of 50:50 water:acetonitrile) and purified by mass-directed
semi-preparative RP-HPLC (Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 um). Solvent A was
water with 0.1% TFA additive and Solvent B was acetonitrile with 0.1% TFA additive. A linear
gradient that changed at a rate of 0.5%/min was run from 25% B to 55% B. Using mass data about
each fraction from the instrument, only pure fractions were pooled and lyophilized. The purity of
the fraction pool was confirmed by LC-MS. For BIM BH3 M4 and BIM BH3 M9: After 1 h, the
reaction was diluted with 1 mL of water containing 0.1% TFA, filtered through a 0.22 um nylon

filter (rinsed with 1 mL of 50:50 water:acetonitrile) and purified by mass-directed semi-preparative
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RP-HPLC (Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 pm). Solvent A was water with 0.1%
TFA additive and Solvent B was acetonitrile with 0.1% TFA additive. A linear gradient that
changed at a rate of 0.5%/min was run from 35% B to 65% B. Using mass data about each fraction
from the instrument, only pure fractions were pooled and lyophilized. The purity of the fraction
pool was confirmed by LC-MS.

For the CyS5.5 labeled versions of BIM BH3 M4 and Q*4, the same procedure was used only Cy5.5
azide in DMSO was added instead of 5-TAMRA azide. Also, a different linear gradient was used
for purification, which changed at a rate of 0.5%/min and ran from 40% B to 70% B.

Preparation of Hydrocarbon Cyclized BIM BH3 Peptide: The peptide was synthesized
using our standard fast-flow solid phase synthesis conditions with a 50 mg portion of ChemMatrix
Rink Amide HYR resin. For each Fmoc-(S)-2-(4-pentenyl)Ala-OH residue and the residue
immediately following, modified coupling conditions were utilized. For these residues, amino acid
and HATU (150 pmol) were dissolved together in 2 mL NMP. Next, 120 pL of
diisopropylethylamine was added to the vial and shaken to mix. The activated amino acid solution
was flowed over the resin bed at a flow rate of 0.2 mL/min at a temperature of 90 °C. For the N-
terminal isoleucine residue, the Fmoc protecting group was not removed prior to olefin metathesis.
The olefin metathesis was carried out using a modified protocol from Kim et al.3” Briefly, the
peptidyl resin was swelled with 2 mL of DCE. The resin was treated with 1 mL of a 6 mM solution
of Grubbs’ first-generation catalyst in DCE under constant nitrogen bubbling at room temperature.
After 2 hours, the reaction progress was assessed by removing a small portion of resin, subjecting
the resin to cleavage, and analyzing the peptide by LC-MS. Given incomplete metathesis, the
reaction was then allowed to proceed overnight. The resin was washed 3 times with DCE, then 3
times with DMF, and the Fmoc group was removed by treatment with 20% piperidine in DMF (2
X 4 minutes). Then, 4-pentynoic acid was coupled at room temperature (1 mmol in 2.5 mL of 0.4
M HATU with 500 pL diisopropylethylamine). The peptide was cleaved using a cocktail of 95%
(v/v) TFA, 2.5% (v/v) water, and 2.5% (v/v) TIPS for 6 min at 60 °C, triturated three times with
ether, resuspended in 50% water and 50% acetonitrile, and lyophilized.

The crude, lyophilized hydrocarbon cyclized BIM BH3 peptide was redissolved in 70%
water and 30% acetonitrile containing 0.1% TFA, filtered through a 0.22 um nylon filter and
purified by mass-directed semi-preparative reversed-phase HPLC (Agilent Zorbax SB C3 column:

9.4 x 250 mm, 5 pm). Solvent A was water with 0.1% TFA additive and Solvent B was acetonitrile
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with 0.1% TFA additive. A linear gradient that changed at a rate of 0.5%/min was conducted from
25% B to 55% B. Using mass data about each fraction from the instrument, only pure fractions
were pooled and lyophilized. The purity of the fraction pool was confirmed by LC-MS.
Finally, S-TAMRA was conjugated the purified hydrocarbon cyclized BIM BH3 peptide using
copper-catalyzed “click” chemistry. (see “Procedure for Fluorophore Labeling of TP10 Analogues
by azide/alkyne Huisgen Cycloaddition™). Again, the reaction was purified by mass-directed semi-
preparative RP-HPLC (Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 um). Solvent A was water
with 0.1% TFA additive and Solvent B was acetonitrile with 0.1% TFA additive. A linear gradient
that changed at a rate of 0.5%/min was run from 25% B to 55% B. Using mass data about each
fraction from the instrument, only pure fractions were pooled and lyophilized. The purity of the
fraction pool was confirmed by LC-MS.
5.3.5. Flow Cytometry Assays

HelLa Flow Cytometry Experiment: Hela cells were maintained in DMEM supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) Pen Strep at 37 °C and 5% CO,. Twelve hours
before treatment, HeLa cells were plated at a density of 60,000 cells per well in a 24-well plate. 1
mM stocks of each of the peptides were prepared in DMSO. Concentration of the stocks was
quantified by absorbance using a UV/Vis spectrophotometer and a 5-TAMRA extinction
coefficient of £€=54,124 M-'em™! at A=552 nm (determined experimentally by creating a standard
curve of 5-TAMRA azide dissolved in DMSO/PBS). Then, each peptide was diluted to a final
concentration of 2.5 uM in serum-free DMEM. To treat the cells, the overnight growth media was
aspirated from each well and 200 pL of a given 2.5 uM peptide stock was applied. Cells were
incubated for 2 hours at 37 °C and 5% CO; with the peptide treatment, and then the treatment
media was aspirated. Trypsin—EDTA. 0.25 % (100 pL) was added to the cells and incubated for 15
min at 37 °C and 5% COz. To quench the trypsin, 400 pL of phenol-red free DMEM supplemented
with 10% (v/v) fetal bovine serum was added to each well. The dissociated cells in media were
transferred to microcentrifuge tubes and spun at 500 rcf for 3 min. The supernatant was removed,
the pellets were washed with 1 mL of phosphate-buffered saline (PBS), and the tube was spun
again. The supernatant was again removed and the pellets were resuspended in 500 pL. PBS with
2% FBS (v/v) along with 1 uL of 1 mg/mL propidium iodide in water. Flow cytometry analysis
was carried out on a BD LSRII flow cytometer. Gates were applied to the data to ensure that only

data from healthy, living cells were taken into account. Cells that were highly positive for
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propidium iodide or had forward/side scatter readings that were sufficiently different from the
main cell population were excluded. Each histogram contains at least 5,000 gated events (Figure
5.15).

hCMEC/D3 Cell Flow Cytometry:_ hCMEC/D3 cells were maintained in EGM-2 media
with all included growth factors, cytokines, and supplements at 37 °C and 5% CO.. Twelve hours
before treatment, hCMEC/D3 cells were plated at a density of 60,000 cells per well in a 24-well
plate. The same 1 mM DMSO stocks of the peptides from the HeLa cell experiment were used.
Each peptide was diluted to a final concentration of 2.5 pM in BBB-media (EGM-2 with 2%
human serum without FBS or VEGF). To treat the cells, the overnight growth media was aspirated
from each well and 200 pL of a given 2.5 uM peptide stock was applied. Cells were incubated for
2 hours at 37 °C and 5% CO; with the peptide treatment, and then the treatment media was
aspirated. Trypsin-EDTA 0.25 % (200 pL) was added to the cells and incubated for 15 min at 37
°C and 5% COz. To quench the trypsin, 800 pL. of BBB media was added to each well. The
dissociated cells in media were transferred to microcentrifuge tubes and spun at 500 rcf for 3
minutes. The supernatant was removed, the pellets were washed with 1 mL of PBS, and the tube
was spun again. The supernatant was again removed and the pellets were resuspended in 500 puL
PBS with 2% FBS (v/v) along with 1 pL of 1 mg/mL propidium iodide in water. Flow cytometry
analysis was carried out on a BD LSRII flow cytometer. Gates were applied to the data to ensure
that only data from healthy, living cells were taken into account. Cells that were highly positive
for propidium iodide or had forward/side scatter readings that were sufficiently different from the
main cell population were excluded. Each histogram contains at least 5,000 gated events (Figure
5.16).
5.3.6. Proteolysis Assay

Proteolysis Assay for Macrocyclic TP10 Analogues: For each peptide, 10 pL of PBS, 0.1
uL of Proteinase K (0.005 mg/mL stock solution in PBS), and 1 pL of peptide (1 mM DMSO stock
solution) were combined in a PCR tube. The resulting reaction mixture was capped and incubated
at 37 °C for 2 hours. At each time point, 0.5 pL of the crude reaction was transferred to an LC-MS
vial and quenched by addition of 39 pL of 50:50 water:acetonitrile. A 0.8 pL portion of the
quenched reaction was injected onto an Agilent 6550 iFunnel Q-TOF MS. Time points were taken
at t = 0 min, 30 min, 60 min, and 120 min. An extracted ion current (EIC) for the +4 charge state

m/z was analyzed using the MassHunter software. The EIC peak was integrated and percent
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Figure 5.15. Histograms from flow cytometry experiments with HeLa cells. Histograms
showing HeLa cells after treatment with each construct (n=3). The mean of the mean fluorescence

intensities from the three experiments is displayed in Figure 5.2. CO is an untreated, cell-only
control.
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Figure 5.16. Histograms from flow cytometry experiments with hCMEC/D3 brain
endothelial cells. Histograms showing hCMEC/D3 cells after treatment with each construct (n=3).
The mean of the mean fluorescence intensities from the three experiments is displayed in Figure
5.2. CO is an untreated, cell-only control.
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peptide intact was determined by (EICti/EICto) * 100 in which EICt, is the peak integration at a
given time point and EICty is the peak integration at time t = 0 (Figure 5.3).

Proteolysis Assay for Linear TP10 Analogues: For each peptide, 10 pL. of PBS, 0.1 pL of
Proteinase K (0.05 mg/mL stock solution in PBS), and 1 pL of peptide (1 mM DMSO stock
solution) were combined in a PCR tube. The resulting reaction mixture was capped and incubated
at room temperature for 2 hours. At each time point, 0.5 puL of the crude reaction was transferred
to a LC-MS vial and quenched by addition of 39 puL of 50:50 water:acetonitrile. A 0.8 uL. portion
of the quenched reaction was injected onto an Agilent 6550 iFunnel Q-TOF MS. Time points were
taken at t = 0 min, 20 min, 40 min, 60 min, and 120 min. An extracted ion current (EIC) for the +4
charge state m/z was analyzed using the MassHunter software. The EIC peak was integrated and
percent peptide intact was determined by (EICti/EICto) * 100 in which EICt; is the peak integration
at a given time point and EICty is the peak integration at time t = 0.

5.3.7. Lactate Dehydrogenase Assay

HeLa cells were maintained in DMEM supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) Pen Strep at 37 °C and 5% CO,. Twelve hours before treatment, HeLa cells were
plated at a density of 10,000 cells per well in a 96-well plate. Stocks (1 mM) of each of the peptides
were prepared in DMSO. Concentration of the stocks was confirmed by absorbance using a
UV/Vis spectrophotometer and a 5-TAMRA extinction coefficient of €=54,124 M-'cm™! at A=552
nm. Each peptide was diluted to a final concentration of 10 uM in serum-free DMEM. To treat the
cells, the overnight growth media was aspirated from each well and a serial dilution was
performed, such that the total volume in each well was 100 pLL and concentrations of 5 uM, 2.5
uM, and 1 uM were evaluated. Additional wells included a DMSO control, to ensure the quantities
of DMSO used to solubilize the peptide would not cause membrane leakage and two sets of cell
only wells - one to serve as the negative control and the other to be frozen and thawed after
incubation to serve as a positive control. Cells were incubated for 2 hours at 37 °C and 5% CO;
and then the supernatant treatment media was transferred to another clear-bottom 96-well plate for
the assay. The assay was performed using the CytoTox 96® Non-Radioactive Cytotoxicity Assay
(Promega) according to the included technical bulletin. After completion of the assay, the final
solution in each well was diluted 1:1 with PBS such that the measured absorbance was in the linear

range of the instrument. The absorbance was measured on a BioTek Epoch Microplate
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Spectrophotometer. Additional controls at this step included DMEM only and 5 uM TAMRA-
azide, to confirm that there was no background absorbance at 490 nm.
5.3.8. BBB Spheroid Assay

Primary human astrocytes were cultured in AGM media with all included growth factors,
cytokines, and supplements at 37 °C and 5% CO,. Astrocytes used in spheres were between
passage number two and five. Human brain microvascular pericytes (HBVP) were cultured in
pericyte medium containing 2% FBS, pericyte growth supplement and Pen Strep. HBVPs used in
spheres were between passage number two and ten. hCMEC/D3 endothelial cells were maintained
in EGM-2 with all included growth factors, cytokines, and supplements at 37 °C and 5% COa.
hCMEC/D3 endothelial cells were between passage 27 and 32. All cells were grown in T75 tissue
culture flasks. For co-culture conditions for spheroid formation and functional assays, spheroids
were maintained in BBB-media (EGM-2 with 2% human serum without FBS or VEGF) at 37 °C
and 5% CO..

Sterile 1% agarose (w/v) was transferred into a tissue culture hood and 50 pL of the solution
was dispensed into each well of a 96-well plate and allowed to cool and solidify. Primary human
astrocytes, HBPVs, and hCMEC/D3 cells were treated with trypsin-EDTA 0.25% and incubated
for 15 minutes at 37°C and 5% CO2. The trypsin in each flask was quenched with BBB-media.
Each cell type was counted with a hemocytometer and 1000 cells of each cell type were seeded
onto the 96-well plate containing the solidified agarose in a 1:1:1 ratio to a final volume of 100
nL. Cells were incubated in a humidified incubator at 37 °C and 5% CO: for 48 hours, in order to
allow the cells to assemble into multicellular BBB spheroids.

Microcentrifuge tubes containing a 5 uM solution of each peptide analogue in BBB-media
were prepared. Five to ten multicellular BBB spheroids were added to each tube. Spheroids were
incubated for 3 hours at 37 °C on a rotator. The spheres were then removed and washed three times
with PBS, fixed in 3.7% formaldehyde, and transferred into Nunc Lab-Tek II thin-glass 8-well
chambered coverglass (Thermo Scientific). The spheroids were imaged using a confocal
microscope under a 20x objective. Z-slices captured through each spheroid (up to 100 pm depth)
were analyzed using the ZEN imaging software (blue edition; 2012 version). In order to quantify
the mean fluorescence intensity, the image at a depth of 88 pm in the z-plane was used. The mean
fluorescence of a 100 um circle centered on the center of the sphere in the XY-plane was quantified

using ImagelJ (Figure 5.6).
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Figure 5.17. Confocal images of representative spheres treated with BIM BH3 analogues.
The confocal microscopy images display a representative spheroid after incubation in a solution
of BBB media with 5 uM of each BIM BH3 analogue. The images show fluorescence (5-TAMRA)
and are at a z-depth of 85 um into the core of the sphere. The plot (also Figure 5.11B) shows
quantification of the mean fluorescence intensity in the core of the sphere for all BIM BI3
analogues (n=0).



5.3.9. Serum Stability Assay

PBS (95 uL), mouse serum (5 uL), and peptide solution (0.5 pL. of a 10 mM DMSO stock
solutions of Cy5.5-TP10 M13 and Cy5.5-TP10 Q*13 quantified by mass) were combined in a 0.7
mL microcentrifuge tube. The resulting mixture was capped and incubated at 37 °C for 24 hours.
At each time point, 5 pL of the solution was transferred to a different 0.7 mL microcentrifuge tube,
flash frozen in liquid N2, and lyophilized. Upon drying, the samples were redissolved in 30 pL of
50:50 water:acetonitrile containing 0.1% TFA, transferred to an LC-MS vial, and 1 pl. was
injected onto the Agilent 6520 (Figure 5.18, 5.19). Time points were takenatt=0h, 1.5h, 3 h, 6
h, 12 h, and 24 h. An extracted ion current (EIC) for the +5 charge state m/z was analyzed using
the MassHunter software. The EIC peak was integrated and the fraction of peptide intact was
determined by EICti/EICto in which EICt, is the peak integration at a given time point and EICto
is the peak integration at time t = 0.

5.3.10. In Vivo Imaging System Analysis

The lyophilized Cy5.5-TP10 M13, Cy5.5-TP10 Q*13, Cy5.5-BIM M4, and Cy5.5-BIM
Q*4 powders were dissolved to a final concentration of 2 mM in DMSO by mass. Each peptide
was then diluted to a concentration of 100 uM in a solution of 50:50 polyethylene glycol (PEG)-
300:0.9% sodium chloride (v/v) irrigation solution. A 100 uL dose of each peptide solution was
administered intravenously via the tail vein into healthy 8-week old female nude mice. After 4
hours, 100 pL of 50 mg/mL tetramethylrhodamine isothiocyanate-labeled dextran (155 kDa) in
0.9% sodium chloride was injected via the tail vein. Mice were sacrificed 30 min later by cervical
dislocation. The brain, heart, lungs, kidneys, spleen, and liver were excised from each mouse,
frozen on dry ice and imaged using an In Vivo Imaging System (Perkin Elmer) at an excitation of
640 nm (Figure 5.7A, Figure 5.8, Figure 5.11C, and Figure 5.20). Using Living Image software,
regions of interest were drawn around each organ and the total radiant efficiency of Cy5.5 from
each organ was quantified (Figure 5.9).

VIS Study of TP10 Constructs 24 hours after treatment with lower concentration: The
lyophilized Cy5.5-TP10 M13 and Cy5.5-TP10 Q*13 powders were dissolved to a final
concentration of 2 mM in DMSO by mass. Each peptide was then diluted to a concentration of 10
uM in a solution of 50:50 polyethylene glycol (PEG)-300:0.9% sodium chloride irrigation
solution. A 100 pL dose of each 10 uM peptide solution was administered intravenously via the

tail vein into healthy 8-week old female nude mice. The mice were sacrificed 24 hours after
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Figure 5.18. Total ion current (TIC) chromatograms of the serum stability assay with peptide
TP10 M13. One representative trial. A = albumin * = Cy5.5-TP10 M13
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Figure 5.19. Total ion current (TIC) chromatograms of the serum stability assay with peptide
TP10 Q*13. One representative trial. A = albumin * = Cy5.5-TP10 Q*13
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Figure 5.20. IVIS images of mouse brains. Cy5.5 radiant efficiency of each set of brains from
mice treated with Cy5.5-labeled versions of TP10 M13, TP10 Q*13, BIM M4, and BIM Q*4. For
imaging, the excitation wavelength was at 640 nm and the emission was monitored through the
Cy5.5 filter on the instrument. One brain from each group is presented in Figure 5.7A and 5.11C.
The bright spot on the left brain in the BIM Q*4 group is due to a small amount of spleen that was
frozen to the brain. The organs were all frozen next to each other and removal of the spleen risked
damage to the brain.

@ o Py 1108

-5 y N Pl

4 ' | |

o \ / \ i

F—L < -ﬁ-ﬂf,'j "‘o-v‘"

s} P

= !” ‘"“ Y ,h-\“, - ;

5 : }"‘ | a .\' : e

= = \ j

= k\.r’ \,wj Send
Excitation: 640 nm ETr:S::u‘:ly
:Emlsslon £y8.5 [plsicm?/sr] / [uWiem?]

Figure 5.21. IVIS Images of TP10 analogues at lower concentration. Three brains treated with
Cy5.5-TP10 Q*13 (top) and three brains treated with Cy5.5-TP10 M13 (bottom) after excitation
at 640 nm to image Cy5.5.
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treatment (by COz asphyxiation). Brains were excised and immediately imaged using an In Vivo
Imaging System (Perkin Elmer)(Figure 5.21).
5.3.11. Confocal Microscopy of Ex Vivo Brain Slices

After imaging the frozen brains with the IVIS instrument, cryosections (30 um) of the
brains were obtained using a Microm HM 550 cryostat. Brain slices were fixed in 3.7%
formaldehyde for 10 min, stained with Hoechst dye (1:1000 in PBS), mounted with a coverslip in
VectaShield Antifade mounting media and imaged under a confocal microscope (63x oil-
immersion objective). Tile scans (2x2) and z-slices were merged to generate a 2D maximum

intensity projection using ZEN imaging software (black edition; 2012 version).
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Cy5.5 Nuclei + Vessels Merge

Figure 5.22. Confocal images of brain slices after treatment with TP10 analogues. Images of
brain slices after treatment with Cy5.5-TP10 M13 (top) and with Cy5.5-TP10 Q*13 (bottom)
(nuclei — Hoechst — blue, dextran — TRITC — red, peptide — Cy5.5 — white). The left panel is only
the Cy5.5 channel, the middle panel is a merge showing Hoescht for identification of nuclei and
tetramethylrhodamine-labeled dextran in the vessels, and the right panel is a merge of all three

channels. The square selections in each image are enlarged and shown in Figure 5.7B.
Cy5.5 Nuclei + Vessels Merge
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Figure 5.23. Confocal images of brain slices after treatment with BIM analogues. Images of
brain slices after treatment with Cy5.5-BIM M4 (top) and with Cy5.5-BIM Q*4 (bottom). The left
panel is only the Cy5.5 channel, the middle panel is a merge showing Hoescht for identification
of nuclei and tetramethylrhodamine-labeled dextran in the vessels, and the right panel is a merge
of all three channels. The square box is the area that has been enlarged and displayed in Figure
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5.5. Appendix of LC-MS Characterization

C = site of cyclization, C = site of alkylation, and z = 4-pentynoic acid
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LC-MS characterization of purified TP10 M2. TIC and mass spectrum at peak maximum.
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LC-MS characterization of purified TP10 M13. TIC and mass spectrum at peak maximum.
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LC-MS characterization of purified TP10 M14. TIC and mass spectrum at peak maximum.
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LC-MS characterization of purified TP10. TIC and mass spectrum at peak maximum.
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LC-MS characterization of purified TAMRA-TP10. TIC and mass spectrum at peak maximum.
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LC-MS characterization of purified TAMRA-TP10 M2. TIC and mass spectrum at peak
maximum.
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TAMRA-ACYLLGKICLKALAALAKKIL
Mass Exp: 2921.7
Mass Obs: 2921.7

Mass Spectrum at 9.28 min
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LC-MS characterization of purified TAMRA-TP10 Q*2. TIC and mass spectrum at peak
maximum.
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LC-MS characterization of purified TAMRA-TP10 M13. TIC and mass spectrum at peak
maximum.
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TAMRA-AGYLLGKINLKACAALAKKCL
Mass Exp: 2866.6
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Mass Spectrum at 7.84 min
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LC-MS characterization of purified TAMRA-TP10 Q*13. TIC and mass spectrum at peak
maximum.
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LC-MS characterization of purified TAMRA-TP10 M14. TIC and mass spectrum at peak
maximum.

292



TAMRA-AGYLLGKINLKALCALAKKIC
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Mass Spectrum at 8.57 min
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LC-MS characterization of purified TAMRA-TP10 Q*14. TIC and mass spectrum at peak
maximum.
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LC-MS characterization of purified Cy5.5-TP10 M13. TIC and mass spectrum at peak
maximum.
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Cy5.5-AGYLLGKINLKACAALAKKCL
Mass Exp: 3019.7
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Mass Spectrum at 9.44 min

45 5 55 6 65 7 75 8 85 9 95 10 105 11 115
Counts vs. Acquisition Time (min)

604.94981

756.18491

L 1007.57905
: |

600 700 800 900 1000 1100 1200 1300
Counts vs. Mass-to-Charge (m/z)

LC-MS characterization of purified Cy5.5-TP10 Q*13. TIC and mass spectrum at peak
maximum.
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6.1. Introduction
Glioblastoma (GBM) is the most common primary malignant brain tumor. Even with the

current standard of care, which involves maximal safe surgical resection followed by radiation
concurrent with temozolomide, the median survival from time of diagnosis is fifteen months.!
Radical resection of the primary mass is not curative because of infiltrating tumor cells present
throughout the whole brain. These infiltrating cells enable recurrence of the disease.? Although
many experimental drugs have been tested in clinical trials for GBM over the past few decades,
none have changed disease progression in any meaningful way. One limitation in the development
of new drugs is poor drug delivery across the blood-brain tumor barrier (BBTB).*

Platinum-based chemotherapeutics such as cisplatin, carboplatin, and oxaliplatin are
widely used for the treatment of malignancies.® Cisplatin for example, is a platinum(II) with two
ammonia ligands and two chloride ligands. The mechanism of action for cisplatin involves
exchange of a chloride ligand for water, followed by preferential platination of the nucleophilic
N7 atom of a purine nucleobase. Another ligand substitution can occur with a nearby guanine base
forming a DNA cross-link.>” The cells are arrested at the G2/M transition of the cell cycle in an
attempt to repair the DNA lesion. If DNA repair is unsuccessful, the cells initiate apoptosis. The
platinum-based chemotherapeutics also react with off-target nucleophiles, which can lead to
significant toxic side effects such as nephrotoxicity.?

One solution to mitigate off-target toxicity and improve the therapeutic index of
platinum(II) chemotherapeutics is administering them as Pt(IV) prodrugs. The Pt(Il) center of
cisplatin is oxidized to Pt(IV) with the addition of two axial ligands. Upon internalization into
cells, the Pt(IV) prodrug is reduced and enables the in situ generation of the native Pt(II) species
inside a cancer cell. Unfortunately, premature reduction in the bloodstream can often limit the
clinical utility of Pt(IV) prodrugs. Work to increase serum stability has focused on using the
additional ligands to improve affinity for human serum albumin.’

Bioactive functional groups can be appended to the Pt(IV) center through the axial
ligands.'%'* For example, the Pt(IV) prodrug can be functionalized symmetrically with ligands
containing carboxylates. These can be used to attach peptides to the Pt(IV) prodrugs that improve
cellular uptake or target the drug to a particular cell type.!">'? In fact, the Pt(IV) ligands could
potentially be leveraged to attach a peptide that improves uptake into GBM.
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For recurrent GBM, carboplatin has been a part of several clinical trials either as a single-
agent or in conjunction with other chemotherapies with limited modulation of disease prognosis.'>-
'” We posit that the BBTB may be one reason for the limited efficacy observed with platinum(II)
therapeutics in GBM. To begin to address this challenge, we propose the preparation of conjugates
between Pt(IV) prodrugs and perfluoroaryl macrocyclic peptides. We have recently shown that
perfluoroaryl macrocyclic peptides have increased uptake into brain endothelial cells, have
increased stability in mouse serum, and can improve the delivery of a small molecule organic dye
across the blood-brain barrier.'® These studies suggest that macrocyclic peptides could improve
the delivery of Pt(IV) prodrugs to the brain.

Here we show the synthesis of a Pt(IV) prodrug — perfluoroaryl macrocyclic peptide
conjugate (PtIV-M13) with efficacy against patient-derived glioma cells (GCs), improved serum
stability, and improved brain uptake in vivo. First, we describe the synthesis of PtIV-M13 and
demonstrate that the Pt(IV) prodrug is compatible with perfluoroaryl-cysteine SnAr chemistry.
Next, we perform in vitro experiments illustrating the efficacy of the conjugate against two glioma
lines. Finally, we assess the pharmacokinetics and biodistribution of the conjugate after tail vein
injection in mice. The amount of platinum in the brain after treatment with PtIV-M13 is 15-fold
greater than cisplatin at five hours. This work highlights the potential of Pt(IV)-macrocyclic

peptide conjugates represent a unique and promising approach for GBM therapy.
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6.2. Results and Discussion

Pt(IV) prodrug synthesis began with the oxidation of cisplatin (1) to 2 with hydrogen
peroxide in water (Scheme 1).° Reaction with succinic anhydride in dimethylformamide allowed
the generation of asymmetric Pt complex 3, as well as the symmetric disuccinate. From the reaction
mixture, symmetric disuccinate is removed by acetone as the disuccinate is soluble in acetone and
the asymmetric monosuccinate is not. Finally, complex 3 was reacted with n-butyl isocyanate to
afford the final asymmetric Pt(IV) prodrug 4, which has a single carboxylate for subsequent
functionalization. The single carboxylate can be used for attachment to a peptide on resin. Pt(IV)
prodrug 4 was characterized by '"H-NMR spectroscopy, electrospray ionization mass spectrometry,
and elemental analysis.

For conjugation, we chose the peptide TP10 M13 since it exhibited the highest uptake into
the brain in previous work.!® TP10 containing two cysteine residues for cyclization was prepared
by automated fast-flow peptide synthesis.!® Additionally, a linear control sequence (TP10 L13)
was synthesized in which serine residues were substituted for cysteine (Figure 1A). Prodrug 4 was
coupled to the N-terminus of each resin-bound peptide using standard active ester chemistry. The
prodrug-peptide conjugates were cleaved from the resin with trifluoroacetic acid and purified by
reversed-phase high-performance liquid chromatography (RP-HPLC). Next, the cysteine residues
of the prodrug-peptide conjugate were cyclized using decafluorobiphenyl. The product (PtIV-
M13) was characterized by liquid chromatography-mass spectrometry (LC-MS) (Figure 1C). No
reduction of the prodrug was observed during the perfluoroaryl cyclization reaction, despite the
presence of two unprotected thiols.

The cytotoxicity of the PtIV-M13 conjugate was evaluated against patient-derived glioma
cells (GCs).2%2! To evaluate the in vitro efficacy of the conjugate, G9 neurospheres were treated
with PIV-M13, prodrug 4, and cisplatin for 80 hours. After treatment, the potency of the
compounds was assessed by the CellTiter-Glo luminescent cell viability assay (Figure 2). The
assay involves lysis of the cells and quantitation of the amount of ATP present, which is directly
proportional to the number of living cells in culture. The 1Cso of PtIV-M13 conjugate against the
G9 cells was determined to be 4.51 + 0.22 uM, which is similar to cisplatin at 4.34 + 0.66 uM.
However, prodrug 4 was not potent, perhaps due to an inability to enter cells (Figure 2A). As a
result, in the follow-up in vitro experiment with another GC line, PtIV-L13 was used as a control

instead as this should have similar properties to the PtIV-M13, only without the perfluoroaryl. The
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Figure 6.1. Synthetic Route for Preparing 4 from Cisplatin.
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Figure 6.2. Synthesis and purification of PtIV-M13. (A) The amino acid sequences of TP10
M13 and the linear control TP10 L13. (B) Perfluoroaryl cyclization of Pt(IV)-prodrug
functionalized peptide. Incubating a peptide with an N-terminal Pt(IV) prodrug and two free thiols
(I mM) with 2 mM decafluorobiphenyl in the presence of base for one hour yields the macrocyclic
PtIV-M13. (C) LC-MS analysis of the starting material, crude reaction, and purified material after
reversed-phase high-performance liquid chromatography. All chromatograms are total ion currents
(TIC). The observed molecular weight of the final conjugate is consistent with intact Pt(IV)
prodrug.
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Figure 6.3. PtIV-M13 has similar efficacy to cisplatin against patient-derived glioma
initiating cells. (A) G9 neurospheres were treated with cisplatin, PtIV-M13, and prodrug 4 (PtIV).
After 80 hours, cell viability was measured by the CellTiter Glo assay. The data are shown in terms
of luminescence normalized to untreated cells. The error bars are the standard deviation of three
replicates. (B) G30 neurospheres were treated with cisplatin, PtIV-M13, and the linear control
PtIV-L13. After 72 hours, cell viability was measured by the CellTiter Glo assay. The data are
shown in terms of luminescence normalized to untreated cells. The error bars are the standard
deviation of three replicates.
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Figure 6.4. In vitro characterization of the PtIV-M13 conjugate compared with cisplatin. (A)
G9 GCs were treated with 5 uM of cisplatin or the PtIV-M13 conjugate for 5 hours. The whole
cell concentration of platinum was then evaluated by GFAAS. The error bars represent the standard
deviation of three replicate wells. (B) G9 GSCs were treated with 5 uM of cisplatin or the PtIV-
M13 conjugate for 5 hours. The cells were fractionated into different components and the amount
of platinum was quantified by GFAAS. The error bars represent the standard deviation of three
different wells treated with the compound.
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same experiment was repeated on G30 GCs. The PtIV-M13 conjugate had similar potency of 4.04
uM. The linear control conjugate PtIV-L13 was not as potent, with an ICsp of 28.75 uM, suggesting
that the perfluoroaryl macrocycle helps improve the potency of the prodrug-peptide conjugate
(Figure 2B).

To further characterize the in vitro effects of the conjugate, we investigated the cellular
uptake and cellular localization of PtIV-M13. G9 GSCs were treated with 5 uM of cisplatin or the
PtIV-M13 conjugate for 5 hours. The whole cell concentration of platinum was then evaluated by
graphite furnace atomic absorption spectroscopy (GFAAS). The amount of platinum in the cells
after treatment with the PtIV-M13 conjugate was six times greater than with cisplatin, suggesting
the PtIV-M13 conjugate has superior uptake into cells (Figure 3A). The subcellular distribution
was examined by fractionating the different cellular components. Most of the platinum from PtIV-
M13 is present in the cytosol. The amount of nuclear platinum is relatively similar between the
PtIV-M13 conjugate and cisplatin (Figure 3B).

Finally, to evaluate PtIV-M13 in vivo, we performed pharmacokinetic and biodistribution
studies in healthy mice. For pharmacokinetics, 100 pL of a 100 pM solution of PtIV-M13 or PtIV-
L13 dissolved in saline (corresponding to a dose of ~2.5 mg/kg) were injected into the tail veins
of mice. The brain and a blood sample were isolated at 1, 2.5, and 5 hours. A portion of the brain
was dissolved in nitric acid and the amount of platinum in the brain and serum were quantified by
GFAAS. For both PtIV-M13 and PtIV-L13, the serum concentration decreased over time and the
brain distribution increased over time (Figure 4A). Although the read-out is platinum, platinum(II)
is rapidly cleared by the kidney, suggesting that the majority of the quantified platinum in the
serum comes from intact conjugates. Therefore, the results indicate that PtIV-M13 is more stable
in serum and has more brain uptake than its linear control.

To study the biodistribution, 100 pL. of a 100 uM solution of PtIV-M13, PtIV-L13, or
cisplatin dissolved in normal saline were injected into the tail vein of mice. After five hours, the
mice were sacrificed and the brain, heart, lungs, kidney, spleen and liver were removed. The
amount of platinum in each organ was measured by dissolving a portion of the respective organ in
nitric acid and then quantifying the amount of platinum by GFAAS (supporting information). The
brains of the mice treated with the PtIV-M13 conjugate exhibited a 15-fold increase in the amount
of platinum compared with cisplatin, suggesting the perfluoroaryl macrocycle improves the

amount of drug that reaches the brain (Figure 4B).
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Figure 6.5. PtIV-M13 conjugate improves platinum stability and distribution of platinum to
the brain. (A) The left plot is the concentration of platinum in serum at 1, 2.5, and 5 hours after
treatment with either PtIV-M13 or the linear control PtIV-L13 (n = 3 animals for each time point).
The error bars are the standard deviation from three different animals injected with the compound.
The right plot is the brain concentration of platinum at 1, 2.5, and 5 hours after treatment with
either PtIV-M13 or the linear control PtIV-L13 (n = 3 animals for each time point). The error bars
are the standard deviation from three different animals injected with the compound. (B) The
concentration of platinum in the brain of mice 5 hours after treatment with either PtIV-M13, PtIV-
L13, or cisplatin (n = 4 animals for each treatment group). The results are significant with a p-
value of less than 0.0001 by a One-Way ANOVA test. After treatment with PtIV-M13, the amount
of platinum in the brain at 5 hours is 15-fold greater than cisplatin.
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Figure 6.6. The perfluoroaryl moeity increases distribution to the brain, cerebellum, spleen
and liver. The concentration of platinum in each organ after treatment with either PtIV-M13, PtIV-
L13, or cisplatin (n = 4 animals for each treatment group).
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In conclusion, covalent attachment of a Pt(IV) prodrug to a brain penetrant perfluoroaryl
macrocyclic peptide increases the in vivo stability of the prodrug and increases the distribution of
platinum to the brain. The PtIV-M13. conjugate is the first compound to combine the benefits of
oxidized platinum prodrugs with perfluoroaryl macrocyclic peptides. The observed efficacy
against patient-derived, glioma cells is promising, and future work will focus on whether or not
conjugates of this nature will be efficacious against GBM in vivo. However, we expect that this
work will be of immediate use to those working in therapeutic development for oncology. Given
the devastating nature of GBM, any maverick chemical approaches such as perfluoroaryl peptide-

linked platinum prodrugs, will be helpful to broadening the scope of therapeutics available.
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6.3. Experimental
6.3.1. Materials and Instrumentation

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-sur-
Richelieu,  Quebec,  Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium-3-oxid-hexafluorophosphate (HATU), Fmoc-L-Arg(Pbf)-OH, Fmoc-L-His(Trt)-
OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Asp(tBu)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-L-Ser(tBu)-
OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-GIn(Trt)-OH, Fmoc-L-Cys(Trt)-OH,
Fmoc-L-Gly-OH, Fmoc-L-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, Fmoc-L-Ile-OH, Fmoc-
L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH, Fmoc-L-Tyr(tBu)-OH, and Fmoc-L-Trp(Boc)-
OH were purchased from Chem-Impex International (Wood Dale, IL). Peptide synthesis-grade
N,N-dimethylformamide (DMF), CH,Cl,, diethyl ether, f-butanol and HPLC-grade acetonitrile
were obtained from VWR International (Radnor, PA). Decafluorobiphenyl was purchased from
Oakwood Products, Inc. (Estill, SC). Glioma stem cell lines G9 and G30 were previously
described. The neurobasal media and GlutaMax, B-27, EGF, and FGF supplements were all
obtained from Thermo Fisher Scientific (Waltham, MA). The G9 cells were transduced with
copepod GFP using pCDH from Systems Biosciences (Mountain View, CA) and the G30 cells
were transduced with Firefly luciferase using LPP-hLUC from GeneCopoecia (Rockville, MD).
The CellTiter-Glo Luminescent Cell Viability Assay was obtained from Promega (Madison, WI).
Athymic mice were obtained from Envigo (South Easton, MA). All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO), Strem (Newburyport, MA) or Alfa Aesar (Tewksbury, MA),
water was deionized before use, and reactions were conducted in open-air on the benchtop.
Deuterated solvents were purchased from Cambridge Isotope Laboratories (Andover, MA). 'H
NMR spectra were recorded on a Varian Inova 500 NMR spectrometer with an Oxford Instruments
Ltd. Superconducting magnet in the Massachusetts Institute of Technology Department of
Chemistry Instrumentation Facility (MIT DCIF). Electrospray ionization mass spectrometry (ESI-
MS) of the small molecules was performed on an Agilent Technologies 1100 series liquid
chromatography/MS instrument. Graphite furnace atomic absorption spectroscopic (GFAAS)
measurements were taken on a Perkin Elmer A Analyst 600 spectrometer.
6.3.2. Method for LC-MS Analysis

The following method was used on an Agilent 6520 ESI-Q-TOF mass spectrometer
equipped with a C; Zorbax column (300SB C3, 2.1 x 150 mm, 5 um) for characterization of all
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peptides and peptide-prodrug conjugates. Mobile phases were: 0.1% formic acid in water (solvent
A) and 0.1% formic acid in acetonitrile (solvent B). Method: 1% B from 0 to 2 min, linear ramp
from 1% B to 61% B from 2 to 11 min, 61% B to 99% B from 11 to 12 min and finally 3 min of
post-time at 1% B for equilibration, flow rate: 0.8 mL/min.

6.3.3. Synthesis of Pt(IV) Prodrug

Synthesis of cis, cis, trans-[ Pt(NH3);Clo(OH)2J*: To a 250 mL round bottom flask, cisplatin
(600 mg, 2 mmol) and H,0; (20 mL, 30 wt% in H,O) was added. The reaction mixture was stirred
at 50 °C for 2 h. Then, the reaction was heated to 100 °C for 30 min. A clear solution was generated.
The reaction was cooled to RT and then left at 4 °C for 24 h. The product precipitated as yellow
crystals and was isolated by centrifuge. The product was washed by 10 mL of EtOH twice and by
10 mL of EtO twice. The yellow product was vacuum dried. (Yield: 535 mg, 80%)

Synthesis of  cis,cis,trans-[Pt(NH3) Cl>(O.CCH,CH-COOH)(OH) J°: The cis,cis, trans-
[Pt(NH;3)2Cl2(OH).] (100 mg, 0.30 mmol) and succinic anhydride (28 mg, 0.28 mmol) was stirred
in 10 mL of dry DMF overnight. The insoluble material was removed by filtration and the solvent
was removed under vacuum. 10 mL acetone was added to the reaction to precipitate a yellow solid.
The solid was isolated by centrifuge and washed with 10 mL acetone three times and dried in
vacuo. "H NMR (500 MHz, DMSO-de) 8 5.87 (m, 6H, NH3), 2.32 (m, 4H, CH>). ESI MS: (MeOH
+0.1% TFA): m/z = 435.0 [M+H]".

Synthesis of cis,cis,trans -[Pt(NH3):CL,(O:CCHCH>COOH) (n-Butyl Carbamate)]: To a
solution of cis,cis, trans-[Pt(NH;3).Cl,(0,CCH>CH,COOH)(OH)] (328 mg, 0.76 mmol) in 20 mL
of DMF, n-butyl isocyanate (150 mg, 1.52 mmol) was added and the reaction was stirred at room
temperature for 24 h. Then, a filtration was applied to remove the insoluble precipitates. The
solvent was removed and the yellow solid was washed by acetone (10 mL*2) and Et;O (10 mL*2)
and dried under vacuum to generate the pale yellow product (Yield: 372 mg, 92%). '"H NMR (500
MHz, DMSO-ds) 8 12.09 (s, 1H, OH), 6.61 (m, 6H, NH3), 6.54 (t, 1H, NH), 2.88 (m, 2H, CH>),
2.47 (t,2H, CH»), 2.36 (m, 2H, CH>), 1.23~1.32 (m, 4H, CH>), 0.84 (t, 3H, CH3). ESI MS: (MeOH
+ 0.1% TFA): m7=z = 5340 |[M-H]". Elemental Analysis calculated for
CoH21CL2N3O06Pt+2/3DMSO: C, 21.20%; H, 4.31%; N, 7.18%; found: C, 21.58%; H, 4.10%; N,
7.50%.
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Figure 6.7. "H-NMR Analysis of prodrug 4.
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6.3.4. General Method for Peptide Preparation

Fast-flow Peptide Synthesis: Peptides were synthesized on a 0.1-mmol scale using an
automated flow peptide synthesizer.!® A 200 mg portion of ChemMatrix Rink Amide HYR resin
was loaded into a reactor maintained at 90 °C. All reagents were flowed at 80 mL/min with HPLC
pumps through a stainless-steel loop maintained at 90 °C before introduction into the reactor. For
each coupling, 10 mL of a solution containing 0.2 M amino acid and 0.17 M HATU in DMF were
mixed with 200 pl diisopropylethylamine and delivered to the reactor. Fmoc removal was
accomplished using 10.4 mL of 20% (v/v) piperidine. Between each step, DMF (15 mL) was used
to wash out the reactor. After completion of the synthesis, the resins were washed 3 times with
DCM and dried under vacuum. A 100 mg portion of the peptidyl resin was transferred to a 3 mL
Torviq fritted syringe and subsequently swelled in DMF. Prodrug 4 (50 mg, 94 pmol, ~ 4
equivalents with respect to theoretical loading of resin) was dissolved in 625 uL of 0.4 M HATU
in a scintillation vial. 50 pL of diisopropylethylamine was added to the vial. The vial was briefly
sonicated and the coupling solution was transferred to the fritted syringe containing the peptidyl
resin, after draining the DMF from the resin. The syringe was capped and mixed on a nutating
mixer for one hour. Followin the one hour incubation, the coupling solution was removed from
the resin and the resin wwas washed 5 times with DMF, 5 times with DCM and dried under
vacuum.

Peptide Cleavage and Deprotection: Each peptide was subjected to simultaneous global
side-chain deprotection and cleavage from resin by treatment with 4 mL of 94% (v/v)
trifluoroacetic acid (TFA), 2.5% (v/v) water, and 2.5% (v/v) triisopropylsilane (TIPS) for 2 hr at
room temperature. Note: with PtIV-L13, some reduction of the prodrug was observed upon
cleavage. We hypothesize this is due to TIPS in the cleavage cocktail with a peptide that has fewer
trityl-protected residues than PtIV-M13. For general use, researchers may want to omit TIPS from
their cleavage cocktail. After cleavage, the TFA was evaporated by bubbling N2 through the
mixture until only an oil and the resin remained. Then ~35 mL of cold ether was added to
precipitate and wash the peptide (chilled at —80°C). The crude product and resin were pelleted
through centrifugation for 3 min at 4,000 rpm and the ether decanted. The ether precipitation and
centrifugation was repeated two more times. After the third wash, the pellet was redissolved in

50% water and 50% acetonitrile containing 0.1% TFA and lyophilized.
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Sequence: (PtIV)-AGYLLGKINLKASAALAKKSL-NH,

Mass Expected: 2642.3
Mass Observed: 2641.4
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Figure 6.8. LC-MS Analysis of PtIV-L13.
Sequence: (PtIV) —AGYLLGKINLKAQAALAKKQL-NHZ
Mass Expected: 2673.3
Mass Observed: 2673.3
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Figure 6.9. LC-MS Analysis of PtIV-M13 prior to macrocyclization.
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Peptide Purification: After lyophilization, the peptides were redissolved in water and
acetonitrile containing 0.1% TFA, filtered through a 0.22 pm nylon filter and purified by mass-
directed semi-preparative reversed-phase HPLC. Solvent A was water containing 0.1% TFA and
Solvent B was acetonitrile containing 0.1% TFA. A linear gradient that changed at a rate of
0.5%/min was used from 15% Solvent B to 55% Solvent B over 80 min. The peptides were purified
on an Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 pum. Using mass data about each fraction
from the instrument, only pure fractions were pooled and lyophilized. The purity of the fraction
pool was confirmed by LC-MS (Figure 6.8, 6.9).

6.3.5. Macrocyclization Procedure for PtIV-M13

The purified, pre-cyclization PtIV-M13 peptide was dissolved in DMF, and stock solutions
of decafluorobiphenyl in DMF and Tris in DMF were added such that the final concentration in
the reaction vessel was 1 mM of peptide, 2 mM decafluorobiphenyl, and 30 mM Tris. After 1 h,
the reaction was quenched by diluting the reaction by a factor of ten with 85:15 water:acetonitrile
containing 2% TFA. The crude reaction was purified by mass-directed semi-preparative reversed-
phase HPLC (Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 pm). Solvent A was water
containing 0.1% TFA and Solvent B was acetonitrile containing 0.1% TFA. A linear gradient that
changed at a rate of 0.5%/min was run from 20% B to 60% B. Using mass data about each fraction
from the instrument, only pure fractions were pooled and lyophilized. The purity of the fraction
pool was confirmed by LC-MS (Figure 6.10).

6.3.6. Cytotoxicity Assays

G9 and G30 cells were maintained in neurobasal media supplemented with 2% (v/v) B-27
Supplement (50X), 1% (v/v) GlutaMAX, 1% (v/v) Pen Strep and 20 pL each of 20 ng/mL EFG
and FGF for each 500 mL of media at 37 °C and 5% CO,.2"?* For routine passage of the cells, the
cells and media were transferred from a T-75 tissue culture flask to a 15 mL conical tube. The tube
was spun at 500 rcf for 3 min. The supernatant media was aspirated and 2 mL of StemPro Accutase
were used to resuspend the cells. The cells were left in Accutase for 10 min at room temperature.
The Accutase was quenched with 8 mL of media and then the desired amount of cell suspension
was transferred to a new flask.

G9 Cytotoxicity Assay: 20 h before treatment, G9 cells were plated at a density of 10,000
cells per well in a 96-well plate (100 pL/well). Note: the cells must be incubated with Accutase

prior to counting to disrupt the spheres and generate a single cell suspension. 2.5 mM stocks of
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Sequence: (PtIV) —AGYLLGKINLKAQAALBKKQL-NH 2

Mass Expected: 2967.3
Mass Observed: 2967.3
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Figure 6.10. LC-MS Analysis of PtIV-M13 after macrocyclization.
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PtIV-M13 and prodrug 4 were prepared in DMSQO, and a 2.5 mM stock of cisplatin was prepared
in PBS. Concentration of the stocks was determined by graphite furnace atomic absorption
spectroscopy (GFAAS). Treatment media stocks were prepared by serial dilution with the
supplemented neurobasal media such that there were treatment wells with concentrations of 150,
75,30, 15, 3, and 0.3 pM. To treat the cells, 50 uL of each treatment media stock was added to the
overnight growth media, such that the final volume in the well was 150 L and the final treatment
concentrations were 50, 25, 10, 5, 1, and 0.1 uM respectively. Cells were incubated for 80 h at 37
°C and 5% CO, with the peptide treatment. At 80 h, the plate was removed from the incubator and
the cells were allowed to equilibrate to room temperature. Then, 130 pL of CellTiter-Glo reagent
was added to each well. The plate was incubated for 10 min away from light. After incubation, 10
uL from each well was transferred to a new plate and each well in the new plate was diluted with
90 uL of PBS. The luminescence was read on a Perkin Elmer 1450 MicroBeta TriLux Microplate
Scintillation and Luminescence Counter. The luminescence of each sample was normalized to
untreated control wells and the data were plotted in GraphPad Prism.

G30 Cytotoxicity Assay: 20 h before treatment, G30 cells were plated at a density of 10,000
cells per well in a 96-well plate (100 pL/well). Note: the cells must be incubated with Accutase
prior to counting to disrupt the spheres and generate a single cell suspension. 2.5 mM stocks of
PtIV-M13 and PtIV-L13 were prepared in DMSO, and a 2.5 mM stock of cisplatin was prepared
in PBS. Concentration of the stocks was determined by graphite furnace atomic absorption
spectroscopy (GFAAS). Treatment media stocks were prepared by serial dilution with the
supplemented neurobasal media such that there were treatment wells with concentrations of 150,
75,30, 15, 3, and 0.3 pM. To treat the cells, 50 pL of each treatment media stock was added to the
overnight growth media, such that the final volume in the well was 150 pL and the final treatment
concentrations were 50, 25, 10, 5, 1, and 0.1 uM respectively. Cells were incubated for 72 h at 37
°C and 5% CO: with the peptide treatment. At 80 h, the plate was removed from the incubator and
the cells were allowed to equilibrate to room temperature. Then, 130 pL of CellTiter-Glo reagent
was added to each well. The plate was incubated for 10 min away from light. After incubation, 10
uL from each well was transferred to a new plate and each well in the new plate was diluted with
90 uL of PBS. The luminescence was read on a Perkin Elmer 1450 MicroBeta TriLux Microplate
Scintillation and Luminescence Counter. The luminescence of each sample was normalized to

untreated control wells and the data were plotted in GraphPad Prism.
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6.3.7. Cell Uptake Assays

Whole Cell Uptake Assay: 12 h before treatment, G9 cells were plated at a density of
300,000 cells per well in a 6-well plate (2.5 mL/well). The 2.5 mM stock of PtIV-M13 in DMSO
and the 2.5 mM stock of cisplatin in PBS were used to prepare 30 uM treatment solutions in
supplemented neurobasal media. 0.5 mL of treatment media was added to each well such that the
final treatment concentration was 5 uM. The cells were incubated for 6 h at 37 °C and 5% CO..
Each well of cells was transferred to its own 15 mL conical tube and centrifuged at 500 rcf for 3
min. The media was aspirated and the cells were treated with Accutase (1 mL) for 10 min at room
temperature. After quenching the Accutase with 4 mL of PBS and the cells were counted with a
hemocytometer. The cells were centrifuged, the PBS aspirated, and then the cells were
resuspended in 5 mL of PBS. This PBS wash was repeated one additional time and then the amount
of platinum was quantified by GFAAS.

Cellular Distribution Assay: 12 h before treatment, G9 cells were plated at a density of
370,000 cells per well in a 6-well plate (2 mL/well). The 2.5 mM stock of PtIV-M13 in DMSO
and the 2.5 mM stock of cisplatin in PBS were used to prepare 15 pM treatment solutions in
supplemented neurobasal media. 1 mL of treatment media was added to each well such that the
final treatment concentration was 5 ]J.M The cells were incubated for 6 h at 37 °C and 5% CO..
Each well of cells was transferred to its own 15 mL conical tube and centrifuged at 500 rcf for 3
min. The media was aspirated and the cells were treated with Accutase (1 mL) for 10 min at room
temperature. After quenching the Accutase with 4 mL of PBS and the cells were counted with a
hemocytometer. The cells were centrifuged, the PBS aspirated, and then the cells were
resuspended in 5 mL of PBS. This PBS wash was repeated one additional time and then the
cytoplasm, nucleus, and membrane fractions were isolated using the Thermo Scientific NE-PER
Nuclear and Cytoplasmic Extraction kit. The platinum content in the cytoplasm, nucleus, and
membrane was analyzed by GFAAS.

6.3.8. DNA Platination Assay

12 h before treatment, G9 cells were plated at a density of 2,000,000 cells per well in a 6-
well plate (2 mL/well). 4 uL of either the 2.5 mM stock of PtIV-M13 in DMSO or the 2.5 mM
stock of cisplatin in PBS were added to a given well such that the final treatment concentration
was 5 uM. The cells were incubated for 22 h at 37 °C and 5% CO.. Each well of cells was

transferred to its own 15 mL conical tube and centrifuged at 500 rcf for 3 min. The media was
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aspirated and the cells were treated with Accutase (1 mL) for 10 min at room temperature. After
quenching the Accutase with 4 mL of PBS and the cells were counted with a hemocytometer. The
cells were centrifuged, the PBS aspirated, and then the cells were resuspended in 5 mL of PBS.
This PBS wash was repeated one additional time and the cell pellet was suspended in DNAzol (1
mL, genomic DNA isolation reagent, MRC). The DNA was precipitated with pure ethanol (0.5
mL), washed with 75% ethanol (0.75 mL x 3), and redissolved in 1 mL of § mM NaOH. The DNA
concentration was determined by UV-Vis spectroscopy and the platinum content was quantified
by GFAAS (Figure 6.11).
6.3.9. In Vivo Pharmacokinetics

PtIV-M13 and PtIV-L13 powders were dissolved to a final concentration of 10 mM in
DMSO (determined by GFAAS). Each peptide was then diluted to a concentration of 100 uM in
0.9% sodium chloride (v/v) irrigation solution. A 100 pL dose of each peptide solution was
administered intravenously via the tail vein into healthy 5-6-week old atyhmic, female nude mice.
At 1, 2.5 and 5 hours, the mice were sacrificed by cervical dislocation, blood was collected
periorbitally, and the brains were excised and frozen on dry ice immediately. The blood samples
were allowed to coagulate at room temperature for 30 to 60 min. The blood was subsequently spun
at 2,500 rcf for 10 min at 4 °C. The serum was collected with a pipette and frozen in a -20 °C
freezer for storage. The concentration of platinum in each serum sample was determined by
GFAAS. Additionally, a small portion of each brain was dissolved in 500 pL of nitric acid and the
amount of platinum was quantified by GFAAS.
6.3.10. In Vivo Biodistribution

PtIV-M13 and PtIV-L13 powders were dissolved to a final concentration of 10 mM in
DMSO and cisplatin was dissolved to a final concentration of 5 mM in PBS (determined by
GFAAS). Each compound was then diluted to a concentration of 100 uM in 0.9% sodium chloride
(v/v) irrigation solution. For the cisplatin sample, DMSO was added such that the % DMSO
matched the peptide solutions. A 100 uL dose of each treatment was administered intravenously
via the tail vein into healthy 6-8-week old atyhmic, female nude mice. At 5 hours, the mice were
sacrificed by cervical dislocation and the brain, brainstem/cerebellum, heart, lungs, spleen, liver,
and kidneys were excised and frozen on dry ice immediately. A small portion of each organ was

dissolved in 500 pL of nitric acid and the amount of platinum was quantified by GFAAS.
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cisplatin or PUV-M13. The error bars are the standard deviation of triplicate experiments.
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